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“The great moments of your life won’t necessarily be the things you do, they’ll also be
the things that happen to you. Now, I’m not saying you can’t take action to affect the
outcome of your life, you have to take action, and you will. But never forget that on
any day, you can step out the front door and your whole life can change forever. You
see, the universe has a plan, kids, and that plan is always in motion. A butterfly flaps
its wings, and it starts to rain. It’s a scary thought, but it’s also kind of wonderful.
All these little parts of the machine constantly working, making sure that you end up
exactly where you’re supposed to be, exactly when you’re supposed to be there. The
right place at the right time.”

Ted Mosby, How I met your mother, S4E22
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Abstract

Biosensors are of great interest for medical diagnostics, food quality control, and
health management. In particular, optical biosensors are attractive because of the
facility of detection in realtime. For achieving DNA biosensing, a supramolecular
approach is attractive as it avoids to covalently label DNA and allows to transduce
signals over long timescales.

In this context, the objective of this thesis is to assemble DNA and cationic
πconjugated molecules through supramolecular selfassembly and to study the
effects of DNA structural changes on the (chir)optical signals of the πconjugated
probes.

In the first part of the thesis, we study the supramolecular selfassembly of
different cationic πconjugated probes (oligomers and polymers) with various
DNAs using (chir)optical spectroscopy and microscopy techniques. The interactions
between DNA and the molecular probes leads to modifications of their (chir)optical
and fluorescence signals. In particular, we observe that the complexation between
chiral DNA and achiral probe lead to induced circular dichroism signals which
depend on the sequence and topology of DNA.

Thanks to our understanding of the (chir)optical properties, the second part con
sists in the use of theseDNA/probes supramolecular complexes for achieving i) DNA
DNA hybridization sensing; ii) probing the enzymatic activity of methyltransferases.
For hybridization sensing, our goal is to detect a specific DNA from pathogenic
bacteria through fluorescence signals. Our results with a poly(fluoreneethynylene)
probe show good sensitivity and selectivity to the target, with a distinction to a non
complementary sequence at the level of a single mismatch. For probing the enzymatic
activity, we selected a HpaII enzyme that selectively methylates DNA containing
CCGG sequences, and we tested different probes for which we have monitored the
spectroscopic signals in relation to the enzymatic activity towards DNA. Our results
allow us to identify the relevant to probe the enzymatic activity in realtime. Alto
gether, our results permit to propose πconjugated probes of interest towards a label
free optical detection of DNA structural changes.
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Chapter 1

Introduction

Biosensing can be defined as the recognition between a substrate and a receptor,
leading to a transduction of a signal. The transduction corresponds to the production
of a signal when interactions between the sensors and the analyte occur. Thus,
biosensors present a great interest for food quality control, medical diagnostics and
for human health management.1–3 In particular, optical biosensors are attractive
because they offer great advantages compared to other analytical techniques as
a direct detection of analytes, the facility of the detection, and the possibility of
monitoring spectroscopic properties in realtime. To probe biomolecules like DNA,
it is necessary to use molecules acting as optical transducers, which presents some
affinity with DNA.4–7

In this context, πconjugated polyelectrolytes (CPEs) constitute a promising class
of materials for biomedical applications, as they combine aqueous solubility and
tunable structural and optoelectronic properties. CPEs can be defined as polymers
combining πconjugated backbones and substituents with ionic functionalities. The
sensitivity of their optical properties to the changes in the CPE microenvironment
makes them candidates of choice as signal transducers to probe biological targets.
Recently, different CPEs were used to detect nucleic acids, either by electrochemical
or optical methods, and recent advances show their great potential for biosensing.8–11

To combine DNA as the receptor unit and CPEs as the signalling unit, we will use
supramolecular selfassembly.12 This approach relies on the use of noncovalent
interactions to spontaneously assemble molecular structures into complex, functional
architectures. The noncovalent interactions with the receptor DNA can be tuned
by a proper design of the πconjugated backbone and its ionic functionalities. This
supramolecular approach is simpletouse, allowing detection over large timescales,
and avoids chemical modifications of DNA by a label (radioisotope, dye, or anti
body), which can strongly modify its properties.

Thus, the objective of this thesis is to take advantage of the supramolecular
selfassembly of anionic DNA with various types of cationic πconjugated struc
tures, in order to develop a (chir)optical detection of DNA recognition or chemical
modification. In this thesis, two types of biosensors are targeted:
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The first consists of using DNA hybridization biosensing for the detection of
DNA of interest like bacterial genomic DNA (gDNA). Fast and simple detection
of bacterial gDNA presents a great interest for the food quality in order to prevent
spoilage food in food industry. This method will save analysis time and reduce
the risk of contamination, a major problem with PCR (and quantitative PCR) tests
widely used in testing for food industry samples.13 The recognition method consists
of exploiting the complementarity between single strand DNA sequences and a
target DNA, which is detected by fluorescence signals of CPEs.

The second aims at detecting enzymatic activity towards DNA. In particular,
DNA methylation which is a chemical modification  addition of a methyl group
 of certain nucleotides (in this case, cytosines) by the action of a methyltrans
ferase enzyme. This enzyme has an essential role in the epigenetic regulation. It
allows the biological function regulation and the alteration of the gene expression.
The variation of methylation rate and the appearance of abnormal pattern of
DNA methylation are linked to a gene repression like “tumor suppressor gene”,
consequently linked to an abnormal cellular growth. Thus, the detection of the
methylation rate presents a great challenge for medical diagnosis for cancers like
carcinoma and colorectal cancers. It is necessary to develop fast, simpletouse
biosensors, which can detect the methylation rate based on the (chir)optical and
fluorescence signals from CPEs. Specific oligonucleotides with controlled length
and welldefined sequences have been selected for the study of the DNAmethylation.

To achieve these goals, after an introduction to the subject (Chapter 2) and a
methodological part (Chapter 3), we focus on the study of supramolecular self
assembly of different cationic πconjugated probes (oligomers and CPEs, see Fig
ure 1.1) with relevant DNAs in Chapter 4 and 5. We assess the selfassembly using
different (chir)optical spectroscopies and microscopy techniques. Then, thanks to the
understanding of the properties of various CPE/DNA complexes, the second part con
sists of the use of these complexes for achieving hybridization sensing and for probing
the enzymatic activity of methyltransferase with CPE/DNA complexes.
In the DNA hybridization biosensing part (Chapter 6), the fluorescence properties of
CPE (in this case, PFE) is used for the detection of bacterial DNAs. To that end, a
specific fluorescence method is used, the Fluorescence Resonance Energy Transfer
(FRET). A FRET signal is observed when the PFE interacts with the DNA triplex
(the ssDNA probe, linked to a fluorescent DYE and the target DNA). To understand
the detection of target DNA, DNAs with different mismatches in their sequences are
used. It allows to observe the evolution of the fluorescence spectra with a variable
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complementarity of the probe and the target DNA, and to determine the sensitivity
and the selectivity of the FRET method to probe bacterial DNAs.
In chapter 7, we aim at establishing relationships between the (chir)optical signals and
the methylation rate. Wellestablished techniques like methylation quantification kits
are used to evaluate the methylation level. We rely essentially on chiroptical signals
and fluorescence, due to the sensitivity of these signals when a perturbation occurs.
Thus, a method with a rapid detection of methylation of DNA could be helpful for
cancer diagnosis, and the detection of CpG methylated could possibly help to detect
specific cancer types.14,15

Figure 1.1: Chemical structures of studied CPEs and oligomer probes.
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Chapter 2

DNA: the Importance of this
Biological Material

2.1 Discovery of the DNA Structure

Deoxyribonucleic acid, called “DNA”, has drawn huge interest for more than 70
years. One of the first interests was in 1940 with the group of Oswald Avery, from the
Rockefeller Institute in New York, when they found out that a nonvirulent bacterium
(pneumonia bacterium, pneumococci) can be irreversibly transformed into a virulent
species with a treatment of high molecular weight DNA from a virulent bacterium of
the same species.16 They concluded in 1944 that ”DNA is responsible for the trans
forming activity”.17

Researchers had some difficulties discovering the structure of DNA, as it exhibits
a good resistance to selective chemical hydrolysis compared to the ribonucleic acid
or “RNA”. In 1951, Alexander Todd and his team at Cambridge determined the D
configuration and the glycosylic linkage for the ribonucleosides. They also developed
the method of phosphorylation of the 3’ and 5’ phosphates of deoxyadenosine.18 The
knowledge was enough to determine the primary structure of DNA as a linear polynu
cleotide. Erwin Chargaff studied the base composition of DNA and used one of the
first commercial ultraviolet spectrophotometer to establish the relative abundance of
bases in DNA.19 His work showed that the variation of base composition of DNA
follows a universal 1:1 ratio of adenine with thymine (AT) and guanine with cyto
sine (GC). That means the proportions of purines (A and G) is always equal to the
proportion of pyrimidines (C and T). One of the most significant discoveries about
DNAwas the description of its secondary structure by Francis Crick and JimWatson,
thanks to the Xray diffraction works of Maurice Wilkins and Rosalind Franklin.20,21

F. Crick, J. Watson, and M. Wilkins received the Nobel prize in Chemistry in 1962.
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2.2 Structure of DNA

DNA is made of two polymer chains and the monomers are called nucleotides.
The later are the phosphate derivatives of nucleosides, as shown for an adenine base
in Figure 2.1.17,22

Figure 2.1: Chemical structure of an adenine (left), and corresponding nucleoside and nu
cleotide.22

Two different types of bases are present in DNA : purines: adenine (A) and Gua
nine (G); and pyrimidines: Cytosine (C) and Thymine (T), shown in Figure 2.2.

Figure 2.2: Chemical structures of the different nucleobases.22

All nucleotides are built from three constituents : a heterocyclic base, a pentose
sugar and a phosphate residue. These moieties are joined in the polynucleotide chain
by a phosphodiester linkage between a 3’hydroxyl (from one esterified sugar) and
a 5’hydroxyl (from another esterified sugar). One polynucleotide is called a “single
stranded DNA”, or ssDNA. Two single strands of DNA can interact together by hy
drogen bonds to form a double strand DNA, or dsDNA. The pairing between adenine
and thymine and between guanine and cytosine is the result of a complementary rela
tionship between the sequence of bases. To maximize these interactions, an adenine
interacts with a thymine by 2 hydrogen bonds and the cytosine interacts with a gua
nine with 3 hydrogen bonds (see Figure 2.3). These interactions are the result of a
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complementary relationship between two bases from the two single strands. For ex
ample, with the sequence 5’ATGC3’ on one chain, the opposite chain must have
the complementary sequence 3’TACG5’ to form a double strand DNA. This rule
is known as the “WatsonCrick pairing”. It comes from the complementarity both of
shape and hydrogen bonding between adeninethymine and cytosineguanine. Fur
thermore, the two strands have the same helical geometry, which means that the base
pairing hold the bases together with the opposite polarity. In other words, the base at
the 5’ end of one strand must interact with the base at the 3’start of the other strand.
These strands have an antiparallel orientation and two strands form a double helix
structure, which is typically righthanded (see Figure 2.3). Most Xray diffraction
studies of DNA showed three types of structures: the socalled B, A and Z forms.23,24

Figure 2.3: On the left, representation of the interactions between two polynucleotide chains
.On the center, the helical structure of DNA is represented schematically or on the right, in

CPK representation.22

TheB form of DNA is observed in water content with low salt concentrationwhile
the A form of the DNA is observed in water content with high salt concentration. The
B type is the structure under physiological condition. This structure presents a wide
major groove (22 Å) and a narrow minor groove (12 Å), see Figures 2.3 and 2.4 and
has also a 10 base pairs per turn. The A form of DNA presents a narrower major
groove and a broader minor groove than the B form and has 11 base pairs per turn
(see Figure 2.4). The Btype of the DNA is the major form found in cells. However,
DNA can adopt an Atype structure within DNAprotein complex. In real life, DNA
is not perfectly regular: the rotation per base pairs is not constant in all the DNA
structure and the width of the minor and the major grooves change locally, depending
on the local sequence. In A and B types, we can find a righthanded structure. It is
also possible that DNA forms a lefthanded structure and this form is known as Ztype
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DNA. To obtain this particular form, an alternating (dGdC)n sequence is necessary.
It was also observed that DNA with GTTTG or GACTG sequences can also have
a lefthanded structure when a bromination or a methylation on the 5th carbon on
the cytosines occurs.25 In an ideal Zform duplex, all the nucleotides would have
the syn conformation for their glycosylic bonds. However, it is not possible for the
pyrimidines because of the “clash” between the O2 of the pyrimidine and the sugar
furanose ring.

Figure 2.4: vdW representation of 10 base pairs of a B form (left), an A form (middle) and
a Z form (right) DNA. The sugar phosphate backbones are in red and green, the bases are in

pink and blue. Phosphorus atoms are in black.17

In the Ztype DNA, the cytosine takes the anti conformation and the guanine the
syn conformation. The name ZDNA results from this antisyn system of the gly
cosylic bonds that alternates regularly along the backbone of DNA (see Figure 2.4
right). This structure generates a ”zigzag” backbone path and causes a helical repeat
of two successive bases (purine pyrimidine) with a chain sense opposite with respect
to the A and Btypes DNA.
As said earlier, two single strands of DNA can interact together to form a double
strand DNA. This phenomena is called hybridization. As both strands of the dsDNA
are linked together by hydrogen bonds, these can be separated with a process called
dehybridization or more generally known as denaturation. For example, it happens
when a DNA solution is heated higher than is melting point (the temperature when
half of the DNA is denaturated, see Figure 2.5). These phenomena are reversible and
it is possible to observe them by UVVis experiment when absorbance is measured
as a function of temperature at a wavelength of 260 nm, i.e., where the nucleobases
absorb. When the temperature increases and reaches the melting point of the dsDNA,
the absorbance increases. That means the duplex DNA is hypochromic compared to
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two separated single strand DNA. This hypochromic effect can be explain by the
base stacking which decreases the capacity of the bases to absorb the UV light in the
duplex DNA.22

Figure 2.5: Evolution of the relative absorbance of DNA as a function of the temperature.
The melting temperature corresponds to the inflection point of the sigmoid at 52°C.
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2.3 DNA and Genes

2.3.1 The Gene Structure

The human genome consists of DNA made of around 3.4 billion of base pairs.
If this DNA could be decompacted from a single cell, the length of DNA would be
around 2 meterslong. To keep all of it inside the cell, DNA is compacted thanks to
histone proteins. When DNA is wrapped around histones, they form together a com
plex, called nucleosome (Figure 2.6). The nucleosomes are linked together such as
a “string of beads” thanks to DNA. The compaction of nucleosomes leads to an or
ganized structure called chromatin. Finally, the compaction of chromatin forms one
chromosome. At the chromosome stage, DNA is 10,000 times more compact than
the naked DNA. Humans have 46 chromosomes (23 from the father and 23 from
the mother) and the set of chromosomes corresponds to the human genome (Figure
2.6). When cells replicate the chromosomes, they need to be replicated faithfully with
no loss of DNA. They need to separate into the daughter cells after the replication
(called segregation). The conservation of the endpoint of chromosomes depends on
the telomeres and the segregation depends on the centromeres. Telomeres are crucial
components as they prevent shortening the DNA until essential gene, which can be
lost and cause cell death.26 Centromeres can be found in the middle of the chromo
some (called metacentric chromosomes) or near a telomere (called telocentric chro
mosome).27,28 Today, we know that the function of the DNA consists in the storage
and the transmission of the genetic information. Genes are the basic units of genetic
information. The pioneering work of Avery and his coworkers showed that genes are
assembled of nucleic acids.29 Today, if we have to define what a gene is, it will be de
fined as a discrete nucleic acid that encodes an RNA or a protein that has a biological
function.30–32

2.3.2 The Transcription and the Replication

A gene is a nucleic acid region that encodes a functional component. It is possi
ble to find different gene structures in the living cells. The simplest one consists of
large coding region with specific structures at the beginning and the end of the coding
DNA, the promoter and the terminator respectively (as shown the Figure 2.7). The
second structure consists of several coding genes, lying next to each other (called
operons) under the control of a unique promoter.34 The third one consists of a coding
gene, split in the internal region between the promotor and the terminator.35,36 DNA
must be copied faithfully to transmit its genetic information to the daughter cells and
must be transcribed faithfully into RNA to construct and maintain the function of
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Figure 2.6: a) Representation of the condensation of the DNA into human cell nuclei(18),
b) Representation of the centromere and the telomeres and c) A microscopy image of the 23

human chromosomes with a Giemsa coloration.33

the organism. Both DNA transcription and DNA replication occur in the cell nucleus
from the same DNA, are both copying processes, often occur at the same time. The
difference appears in their mechanism. For the transcription, only a small part of the
DNA is transcribed to an RNA, allowing the formation of proteins (after translation)
or structural RNAs, needed at a specific moment of cell life. Thus, the transcription
needs to be polyvalent to respond to the needs of the cells. In contrast, DNA repli
cation needs all the genetic information in the cell to be copied (only once) into the
daughter cells to be as identical as possible to the parent cells. It must be extremely
accurate with rounds of proofreading and error correction. The transcription process
enables copying DNA into an RNA molecule and involves different phases such as
the initiation of transcription, elongation, termination and RNA processing.
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Figure 2.7: Basic gene structure with the normal case on the top, the operon with several
coding genes in the middle and interrupted gene in the bottom (adapted of ref31).

2.4 Epigenetics and the Methylation of DNA

2.4.1 What is Epigenetics ?

In the word ”epigenetics”, “epi” means ‘outside of’ or ‘in addition to’. The gene
is an assembly of nucleotides that encode essential information about the function of
the cells like DNA transcription, DNA repairing, tumour suppression, etc. By ”epi
genetics”, we define cellular regulatory mechanisms (as chemical modifications) that
are not encoded by the DNA sequence, but are nevertheless transmissible during mi
tosis and meiosis, while genetics come as the study of the gene, genetic variation and
heredity of organisms.37

2.4.2 Methylation of DNA

Methylation is the addition of a methyl group from a specific molecule, a S
adenosylmethionine (SAM or AdoMeth) to the 5th carbon on a cytosine from a DNA
(Figure 2.8) to obtain a 5methylcytosine (5mC) and a SadenosylHomocysteine
(SAH). Note that adenosine can also be methylated in bacteria.38 This transfer of
methyl groups is catalysed by a methyltransferase (Mtase), a specific enzyme for the
methylation of DNA. The Mtase differ as a function of species (mammals, plants,
fungi, bacteria, etc.) . Here, two types of Mtases are described, the HpaII from the E.
Coli bacteria and the DNMTs family from mammal cells. Before going further, it is
relevant to explain why the methylation has a major role in epigenetics.
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Figure 2.8: Schematic representation of the methylation of DNA.

In mammals, the methylation of DNAmostly takes place at the dinucleotide CpG
level (for CytosinephosphateGuanine). These CpG are present in rich regions called
CpG islands.39 These islands are defined as a region between 0.2 and 2 kilobases with
a CpG content superior of 50% with a CpG/GpC ratio of 0.6 minimum.40 These CpG
islands represent 1 to 2% of the entire human genome.41 They are present around gene
promoter regions and are strongly methylated to allow the repression of the gene.
Conversely, the demethylation (weakly methylated region) allows the expression of
the gene.42The particularity of the methylation is that the genome is not affected in
the same way by the methylation. In fact, there are 3 different processes implemented
to diversify the methylation : 1) the global demethylation, 2) the de novo methyla
tion, and 3) the maintenance methylation. The global demethylation appears after the
fecundation stage. The methylated genomes are “erased” to obtain a new one in the
embryo. Once all specific cells are developed, the methylation, called de novomethy
lation, occurs. Then, the methylation profiles are replicated during the replication in
the daughter cells. this phenomena is called maintenance methylation. In this thesis,
I will focus only on de novomethylation. This methylation induces a steric hindrance
around the gene promoter which consequently blocks the DNA transcription in this
region. That means the methylation and demethylation of DNA provide a specific
control of the gene expression, giving to cells their own functional identity indepen
dently from their genetic identity.43

HpaII Metyltransferase

This enzyme is found in bacteria E. Coli that carry the clonedHpaII modification
gene fromHaemophilus parainfluenzae from biotype II. The choice of this enzyme is,
in first attempt, because of the simplicity of the methylation compared to the DNMT
enzyme as they are commercially available. This situation is perfect to understand
how the methylation works without too much experimental complications. This kind
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of bacterium is capable of natural genetic transformation, which is a bacterial adap
tation for DNA transfer.44These Mtase recognise the “CCGG” specific sequences of
DNA to methylate the second Cytosine to obtain a “CCmGG” sequence. The methy
lation occurs on both strands in the DNA.37 SAM molecule and DNA are used to
achieve methylation.

Mammal DNA Methyltransferase (DNMT)

De novo MethylTransferases or DNMTs are responsible of the methylation in
mammals. As shown in Figure 2.9, DNMT1 methylates the hemimethylated DNA
(DNA with only one strand methylated) due to the cellular division. DNMT2 methy
lates the integrated retroviral sequences (note that the role of DNMT2 is not well
defined yet). Then, the DNMT3 family (DNMT3A and DNMT3B) is responsible of
the de novo methylation with also the help of the stimulatory factor DNMT3L.45

Figure 2.9: Schematic representation of the methylation of DNA in mammals.46

A methylation site in DNA can be methylated without dissociating the enzyme
from the DNA. It means that the enzyme is continuously interacting with DNA. This
kind of methylation is called processive methylation. Another case exists where the
enzyme is dissociated from the DNA after each round of binding andmethylation. It is
called distributive methylation. These methyltransferases use a base flipping mech
anism to rotate the cytosine out of the DNA and insert the target in the catalytic
pocket.47,48 In this thesis, I will focus on the enzyme responsible for the complete
methylation, the DNMT3 family. The team of H. Gowher and A. B. Norvil have
shown DNMT3A methylates DNA in a distributive manner as shown in the Figure
2.10. Furthermore, DNA is bound to the enzyme in a cooperative fashion.49–51 This
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binding allows the enzyme to methylate a large amount of methylation sites on same
DNA, increasing its efficiency. However, DNMT3B methylates multiple CpG sites
thanks to a processive mechanism in a noncooperative way as shown in the Figure
2.10.

Figure 2.10: Schematic representation of the different interactions of the DNMT3A and
DNMT3B with the DNA during the methylation (methylated C in black and nonmethylated

C in white).50

Once DNA is methylated, it is possible to remove methyl groups to demethylate
DNA. Until 2009, it was difficult to show and explain how the methylation works but
the enzyme allowing the demethylation were discovered by the group of M. Tahil
iani et al. These enzymes are called TenEleven Translocation (TET).52 They ox
idize 5 methylcytosine (5mC) to 5hydroxymethylcytosine (5HmC). Furthermore,
they can continue to oxidize the cytosine to obtain a 5formylcytosine (5fC) and a
5carboxylcytosine (5caC). 5fC and 5caC are recognized and excised by a Thymine
DNA glycosylase enzyme (TDG), setting off the base excision repair (BER) pathway
to obtain an unmodified cytosine, completing the demethylation pathway as shown
in Figure 11.53,54 Note that all these modifications can be lost in the daughter strand
during DNA replication in the absence of maintenance activity, as demethylation can
occur by a passive mechanism. The TET oxidation function conflicts with DNMT
family members and prevent the hypermethylation (see Chapter 2.4.3). Both TET
and DNMT (the DNMT3A, the best competitor) act as counteractive and synergistic
manner.55

2.4.3 Role of the Methylation in the Cancer Study

Methylation and cancer are 2 major elements which are intimately linked in the
tumorigenesis by the hypomethylation and the hypermethylation phenomenon. To be
more specific, it is more accurate to speak about global hypomethylation and regional
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Figure 2.11: Demethylation pathway in mammal cells.

hypermethylation. In the first case, the hypomethylation of cancer cells are character
ized by a sharp decline between 20 and 60% of 5mC rate compared to normal cells.
This could lead to a genomic instability like an overexpression of the genes.56,57.
The hypermethylation is a regional effect which appears in the CpG islands, those
responsible of the tumor suppressor gene repression, which are responsible for gene
repression in the case of colorectal or renal cancer.14,15 The frequency of hyperme
thylation varies as a function of the specific tumor. Vast hypermethylation occurs in
the colorectal cancer but minor methylation occurs for the breast cancer. It is possi
ble that the 5mC generate a mutation by spontaneous deamination which produces
a transition in the genetic code from the cytosine to a thymine, as represented in the
Figure 2.12.36 To summarise, in the normal way, deamination changes a CG, GC or
CC steps into a UG, GU or CU respectively. In this case, cells contain a repair en
zyme, called ‘uracil glycosylase’, which can cut out U bases and a repair polymerase
pairs the G site with C to fix the damage as shown in the Figure 13.15,58 Sometimes,
methylation occurs and the 5mC is transformed into a Thymine during the methyla
tion.59 A mutation in the genetic code occurs. Unfortunately, Uglycosylase cannot
repair the thymine mutation. ‘Thymine glycosylase’ are present but are less efficient
than uracil glycosylase at removing defects. These TG steps mutations correlate with
cancer development. Most mutations for the brain and colon cancers are linked with
this kind of mutation. Thus, Biosensors present a great interest in medical diagnos
tics as they can be used for disease identification. In particular, optical biosensors,
as they are attractive because of the facility of the detection (one step), possibility to
monitor spectroscopic properties as a function of time, no PCR needed and they are
labelfree. In this context, CPEs have a great potential as optical signal transducer.
In fact, they combine interesting properties as good solubility in aqueous solution, a
good fluorescence emission and a good sensitivity from their optical properties due
to the changes of conformation and assembly with a target (bio)molecule. They will
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be used to develop simple and fast (bio)sensor to obtain an optical detection.60–64.

Figure 2.12: Effect of the deamination on cytosine and 5 methylcytosine bases.

Figure 2.13: Schematic representation on how to repair the DNA deaminated.
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2.5 Method Used for the Detection of Biomolecules

2.5.1 Chemosensors, a Sensitive Tool for Biomolecules Detection

Sensors are considered to be a chemical indicator coupled with a device platform
and the indicator undergoes reversible reaction with the analyte,12,65 By reversible
reaction, it means noncovalent interactions dominate. That means supramolecular
chemistry has a crucial role in the chemosensing. When the sensor interacts with the
analyte, the sensor must be in contact with a signalling unit responsive to the sensor
analyte binding. These units will produce a signal which can be an emission of an
electromagnetic radiation (for photochemical sensing), a current (for electrochemi
cal sensing) or another measurable change (i.e. : pH, colours of the solution,…). The
transduction corresponds to produce a signal when an interaction between the sensor
and the analyte occurs. To simplify, a chemical sensor can be represented as a “mouse
which interacts with a cheese” as shown in the Figure 2.14. A perfect chemical sen
sor must have a great stability, an analyte selectivity and affinity and an emission of
detectable signal. In this case, biosensors meet well the conditions for biosensing.

Figure 2.14: Schematic representation of a chemical sensor. The mouse interacts with the
cheese to produce a signal thanks to a transducer.12,65

Biosensing is the recognition between a substrate and a receptor, leading to a
transduction of a signal.66 It can be an electrochemical, magnetic or optical signal.
DNA is increasingly considered in biosensors and can be used either as the biological
target or as probe for recognition. Usually, DNA detection systems consist of the hy
bridization of a DNA target and its complementary probe. These systems exploit the
complementarity of the singlestranded DNA sequences. In the context of this PhD
thesis, DNA is the target and a particular family of molecules are used to transduce
the signal, the πconjugated polyelectrolytes (CPEs). Optical detection of the DNA
needs to use a molecule which presents some affinity with the DNA. Thus, CPEs
constitute an interesting class of materials for biosensing, as they combine tunable
structural characteristics and optical properties for the detection of DNA, RNA and
proteins,66,67 as described in the next section.
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2.5.2 The Optical Detection by πConjugated Polyelectrolytes (CPE)

Polyelectrolytes are ionic polymers with a πconjugated electronic backbone.
Usually, this backbone contains ramification with ionic (anionic or cationic) groups to
facilitate the solubility of the compounds in aqueous solution, and to provide possible
electrostatic interactions with a charged biomolecular target. Indeed, a good solubil
ity in aqueous solution is necessary to achieve detection of biomolecules such as ATP
or DNA.68 CPE usually show intense absorption (and emission) in the UVvis range.
Compared to small molecules, the CPE are more optically sensitive to the analytes
when different conditions are modified, as ionic strengths or with different solvents,
as in the example shown in the Figure 2.15 with a poly(paraphenyleneethynylene)
carboxylate (PPECO2

−)polyelectrolyte.

Figure 2.15: On the left, chemical structure of the PPECO2
− . On the right : effect on the

emission of the PPECO2
− with the evolution of the Ca2+ ions concentrations with 10µM of

PPECO2
−. The emission intensity decreases with the [Ca2+] increasing.66

It is also possible to observe a conformational change of the conjugated backbone
by absorbance and by circular dichroism (CD). Mario Leclerc’s team pioneered DNA
detection by conjugated polymers and this work showed us how to probe DNA by us
ing the conformational effect on photoactive polythiophene derivatives as illustrated
in the Figure 2.16.67,68 This complex formation is based on electrostatic interaction
between a CPT and a ssDNA probe. The yellow solution corresponds to the pure
cationic polythiophene (CPT). When DNA is added in solution, the colour of the so
lution changes from yellow to red due to the formation of a “duplex” between CPT
and DNA. This duplex modifies the conformation of the polymer, going from a coiled
conformation when pure to a highly conjugated planar conformation upon interaction
with DNA. It is also possible to obtain a ‘triplex’ if CPT is added to a DNA duplex so
lution. The colour of the solution changes from yellow to red when triplex is formed
with complementary DNA.
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Figure 2.16: 1) UVvis spectrum and pictures of CPT corresponding to the curves
with the pure CPT a), the CPT/DNA1 duplex (b), the CPT/DNA1/DNA2 triplex (c),
CPT/DNA1/DNA2’ mixture with 2 mismatch (d), CPT/DNA1/DNA2” mixture with 1 mis
match (e) with a concentration of 8∗10−5M for CPT (on a monomeric unit basis) and 2)

schematic representation of the duplex and triplex formation.69

Our laboratory has also studied the complexation of CPT with different oligonu
cleotides. Different signals can be observed if the subsituent are different as shown
in the work of J. RubioMagnieto et al.70,71 CPT with different cationic substituents
are shown in the Figure 2.17. They showed that modifying the substituent on the
CPT allows to understand the effect of polythiophene backbone conformation and
the nature of the charge groups on the selfassembly with DNA. These CPT were
synthesized by the group of S. Clément from the University of Montpellier, Institut
Charles Gerhardt.72,73The different precursors are the 1methylimidazole, pyridine,
trimethylamine and the trimethylphosphine. These different polymers were synthe
sized following the Kumada catalysttransfer polycondensation.73

Figure 2.17: On the left, synthesis of the cationic polymer. On the right, CD spectra of
ssDNAd(T)20:P3HTR mixture in a 1:1 molar ratio.74

In these experiments, P3HTR (R being the different substituents) was mixed at
1:1 molar ratio with an oligonucleotide (ssDNAd(T)20) having 20 thymine bases.
Pure DNA shows a characteristic positive and negative band at 275 nm and 245 nm
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respectively and the pure P3HTR are CD silent as they are achiral. Once the polymers
are mixed with DNA, an induced CD signal (ICD) appears in the polymer region (see
Figure 2.17), showing that the interaction with DNA induced a chiral conformation
to the polymers. The intensity of the ICD varies with the cationic groups as PMe3 >
NMe3 > Im > Py. This work also showed that the ICD signal is modified depending
on theDNA sequence present in the solution. This sensitivity of the CD signal to DNA
sequence is essential for biosensing. In a more recent work, it was shown that using
one of these P3HTR, the P3HTPMe3, allow us to probe the enzymatic cleavage of the
DNA by an endonuclease. As the ICD signal of the CPT/DNA complex is sensitive to
the DNA sequence, the evolution of the ICD can be monitored as a function of time.75

During the experiment with the cleavage enzyme (aHpaI enzyme), the ICDdecreased
as a function of time and a blueshift appeared in the polymer region (Figure 2.18).
A decrease of the DNA signal was also observed during the cleavage. The intensities
of ICD maxima (negative and positive signals) were plotted as a function of time to
observe the evolution of the enzymatic activity.

Figure 2.18: On the left, Time evolution of CD spectra of dsR43 + P3HTPMe3 complexes
upon addition of 3U of HpaI per µg of DNA and on the right, evolution of the CD intensities
of the positive (black crosses) and negative (red crosses) signals as a function of time.76

One of the most used methods for biosensing is fluorescence spectroscopy, due to
the sensitivity of the fluorescence signal when a perturbation occurs. Thus, a method
with a rapid detection of DNA could lead to sensing devices.77–82 In fluorescence,
Förster Resonance Energy Transfer (FRET) method83 consists to use a conjugated
polymer as a donor and used a fluorophore linked on the DNA as the acceptor. This
experiment is based on the complementarity between two ssDNA to form a polymer
ssDNA1/ssDNA2 complex, in order to observe a FRET signal (Figure 2.19). When
the strands are complementary, a duplex is formed and the distance between the
donor and the acceptor is decreased, which strongly increases the FRET signal. If
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the polymerssDNA1 is not complementary to the ssDNA2, the distance is too large
to observe a FRET signal.82,83

Figure 2.19: Schematic detection of biosensing with a πconjugated polymer used for FRET
method based on the complementarity of the DNA with PNA.80,83

2.5.3 AFM and Methylation of DNA

Atomic ForceMicroscopy (AFM) has been used to study the effect of methylation
of DNA through changes in its microscopic morphology. V. Cassina et al. worked on
the methylation of the cytosine bases on dsDNA.84–86 This study used AFM to obtain
nanometer resolution images of DNA on atomically flat surfaces. These DNA pre
sented different levels of methylation. The methylation effects can be characterized
by using the contour length and the persistence length parameter. These parameters
were also used to describe DNA conformation.86–88It was shown that methylation
did not modify the contour length but produced changes for the persistence length of
DNA.89 The contour length (Lc) describes the length at its maximum extension. The
persistence length (Lp) is the measure of the bending stiffness, related to the rigidity
of the DNA chain. Three DNAwere studied. Bare DNA (a 5780 bp DNA), Met1 with
mild methylation and Met2 with strong methylation. By observing the morphology
of each sample, DNA appeared to be more stretched when the methylation increased
(Figure 2.20). Higher the methylation level was, more elongated and stretched DNA
was.

Moreover, they calculated the Lc of each DNA and concluded that methylation
of the DNA does not affect the Lc (with an average of 1810 ± 70 nm). Nevertheless,
Figure 2.21 shows us that methylation of the DNA significantly modifies the rigidity
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Figure 2.20: dsDNA on Mica with the bare DNA on the left, Met1 on the centre and Met2
on the right.84

of the DNA by measuring the endtoend distance of the DNA. The modification of
the DNA stiffness can have a role of gene silencing in the interaction between methy
lated DNAwith nucleosome.88,89 S. Kizaki et al.worked on the nucleosomewrapping
and the effect of the methylation on the DNA wrapping.89 Nucleosome is a signif
icant barrier for DNAbending protein which controls the gene expression process.
Thus, if changes appeared in the nucleosome structure, it would be closely related
to gene regulation. In this study, the researchers wanted to determine if the structure
of the nucleosome could change with the methylation of the DNA. Nucleosome with
model DNA and methylated model DNA were compared on AFM and they showed
(Figure 2.22) that the assembled methylated nucleosome was more compact than the
unmethylated one. This effect suggested that the methylation of DNA induced and
overwrapped DNA around the histone octamer in the nucleosome.

Figure 2.21: Mean square value of the endtoend distance in function of the separation L
along the curvilinear distance for bare DNA (left) and Met2 (right).
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Figure 2.22: Effect of the methylation of the DNA on the wrapped length with a) unmethy
lated DNA and b) with methylated DNA around the histone octamer.90

2.5.4 Comparison Between Methods for the Detection of Methylation

We can find two great families of biosensors, electrochemical and optical biosen
sors. In the case of electrochemical biosensor, a Working Electrode (WE) is used to
provide a rapid response (as an electrical signal) with the target sample in solution.
The recognition of the target is possible by biorecognition element (BE) which needs
to be modified and optimized to be efficient. This electrode can be modified to in
crease the sensitivity and the selectivity of a target by surface modification with Hg,
Au, Pt or C for example.90–102 Even if the technique is sensitive and can be specific
to the methylated DNA, it needs a lot of different steps to prepare the methylation
detection.97–103 For example, this technique is often coupled with PCR to increase
the amount of DNA and consequently increases the detection of DNA. Another one
is the bisulfite treatment (BT) and the restriction enzyme biosensing (RE method)
present serious disadvantages such as the loss of samples (e.g. the cleavage of the
DNA) and the irreversibility of the techniques as the BT treatment (with the C to U
conversion). The immuno/affinity method also presents some problems such as the
antibody specificity (cross reaction) and the antibody quantity (accurate dilution).
Neither immuno nor affinitybased techniques provide information about distinct
patterns in DNA sequences. All these techniques also need a lot of different steps to
allow the detection of DNA target. They need, in general, to modify the electrode with
a gold surface to maximize the interaction between the gold and DNA target. Then,
methyltransferases and endonucleases are used to detect the methylation on the DNA
target to observe a modification of the potential in the solution. The different methods
for the electrochemical biosensing are showed in the Figure 2.23.
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Figure 2.23: Scheme of principles of Bisulfite treatment (BS), restriction endonuclease (RE)
and the immuno/affinity reaction with specific antibodies and specific proteins with methy

lated DNA (black circle) and DNA (white circle).91

Using optical method to detect the methylation of the DNA in only one step would
be extremely advantageous. Furthermore, it would be monitoring the methylation in
real time during the enzymatic activity. When the specific and pertinent wavelength
will be known, it would be possible to follow the enzymatic activity during a long
period of time, from several seconds to several hours. The spectroscopic methods
allow us to study the evolution of the methylation rate as a function of time. These
chiroptical techniques allow us to study the methylation of DNA without using DNA
amplification (i.e. PCR) and without DNA modification like adding a fluorophore or
a radioisotope (i.e. labelfree). Of course, different techniques like ELISA can be also
used to confirm the experiments, as it was realised during this thesis.
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Chapter 3

Methodology

In this chapter are presented the experimental methods to study the supramolec
ular selfassembly and microscopic morphology of DNA/CPE systems.

3.1 UVVisible Absorption Spectroscopy

Spectroscopy is the study of the interaction between matter and electromagnetic
radiation as a function of the wavelength of the radiation frequency.104,105 The stud
ied spectrum can be defined by the range of frequencies of electromagnetic radiation
 microwaves, infrared, visible light, ultraviolet, Xrays with their respective wave
lengths and photon energies. Spectroscopy uses the radiation interactions with matter
to obtain information about the analyte. At the outset, the analyte is generally at the
lowest energy state, called the ground state. It is stimulated through an interaction
with a photon. This stimulus causes a transition state to a higher energy level, called
an excited state. To return to the ground state, the analyte emits an electromagnetic
radiation. In absorbance spectroscopy, the amount of light absorbed by the sample in
function of the wavelength is measured, providing qualitative and quantitative infor
mation about the sample, i.e., the concentration of the analyte in solution. The Beer
Lambert law is an empiric relation that allows to connect the absorption of a sample
to its concentration in the solution. This law is used for diluted solution, typically
below 10−3 Molar (M). The formula is represented below:

A = l ∗ c ∗ ϵ

Where A is the absorption, l is the optical length path (cm), C is the concentration of
the sample (mol/L) and ϵ is the molar extinction coefficient (L.mol−1.cm−1), specific
to each molecule. The relationship between Absorption and Transmittance (T) is :

T =
I

I0

A = −(log10)T = log10(
I0
I
)

I0 is the incident intensity of the incident light arriving on the sample from the
lamp and I is the intensity of the light after absorption by the sample. As said earlier,
the BeerLambert law can be applied to determine the absorbance of DNA and to
measure the concentration of DNA in solution.17 DNA absorbs in the UV region
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in the 240280 nm range, with a λmax around 260 nm. The ε of DNA varies with
the sequence of DNA. The exact position of the λmax depends not only on the base
composition but also the basepairing interaction, the salt concentration and the pH
of the solution. UVVis absorption is a particularly sensitive method to determine the
melting temperature of DNA, i.e., when the strands unwind as mentioned in chapter
2. Finally, measuring spectra provides extensive information when combined with
circular dichroism spectroscopy.

3.2 Circular Dichroism Spectroscopy (CD)

3.2.1 Chirality

”Chirality” comes from the Greek chiros (χείρ), which means ’hand’. An object is
chiral if it is not superimposed with its own image in amirror. Chirality is omnipresent
in nature and many natural objects, macroscopic or microscopic, are chiral (Figure
3.1).106–109

Figure 3.1: Example of chiral objects.107

Optical activity was highlighted by Francois Arago and JeanBaptiste Biot who
observed that crystals and several aqueous solutions can deflect the light that is cross
ing the object. Later, Louis Pasteur supposed that the origin of chirality was a molec
ular origin and used for the first time the words ”molecular dissymmetry” in his work
about tartaric acid crystals in 1847. He observed that crystals of tartaric acid could
deviate a polarized light while paratartric acid crystals did not have optical activity.
Knowing that both acids have the same chemical formula, the idea was that paratar
taric acid crystals was made of two crystals interacting differently with the light, these
interactions compensating each other. He decided to separate the two crystals manu
ally and concluded that the two crystals were optically active with an identical optical
activity but with opposite signs. Louis Pasteur was the pioneer of stereochemistry, a
coined word which was published for the first time in ”The Chemistry in Space” by
Jacobus Van’t Hoff. The word ”chirality” will be proposed by Lord Kelvin in 1898.
In chemistry, a molecule is chiral if it does not present plane of symmetry. These
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molecules are called enantiomers. This word comes from the Greek ”εναντίος”, enan
tios, meaning “opposite” and ”μέρος”, meros, “place”. Enantiomers distinguishing
feature is to turn in the opposite direction the polarisation plan of a linear polarized
light. If they are mixed in equivalent concentrations, this mixture is called racemic
mixture.

3.2.2 Circular Dichroism

Circular Dichroism (CD) is a technique that can give information about the struc
ture of chiral molecules and the interactions that can occur between different kinds of
molecules, using circularly polarized light.110,111 To understand how to obtain a cir
cularly polarized light, the property of a ray of light, which has both an electric and
a magnetic field, must be taken into account (see Figure 3.2). These fields oscillate
perpendicular to each other. The electric field can be mathematically decomposed in
two orthogonal components which have a sinusoidal behaviour. If a phase shift of
π/2 is present between the two components, the polarization is called circular. This
polarization can be clockwise or anticlockwise. A CD signal is the result of the differ
ential absorption between the anticlockwise and the clockwise polarized light. Chiral
molecules absorb both circularly polarized light to differing extents and this differ
ence is the origin of the CD signal. The BeerLambert law can be modified as follows:

CD = ∆A = Aac − Ac = ∆ϵ ∗ c ∗ l

Aac and Ac absorption with anticlockwise and clockwise circularly polarized
light, respectively. Usually, the quantity used to describe the CD signal is elliptic
ity, θ, expressed in millidegrees (mdeg). The relation between θ and CD is shown
below:

CD =
θ(mdeg)

32982

CD is often used to analyze DNA samples. If the purine and the pyrimidine bases
from the DNA are isolated, they are planar and then achiral. They are, consequently,
chiroptically inactive and do not exhibit a CD signal. Nevertheless, when they are
in the nucleotide chain, the glycosylic bond from a sugar to purine or pyrimidine
induces a chiral perturbation of the UV absorption of the bases. The CD signal dif
fers from a DNA to another just by the difference in the sequence of DNA and the
chiral interactions between contiguous bases. This is the result of a sequence effect
and the secondary structure of DNA.110 Two signals of same intensity with opposite
sign, called Cotton effect, can be observed in DNA region which corresponds to an
excitonic coupling. When two coupled chromophores absorb light at the same wave
length, they are excited to a new state at higher energy (see Figure 3.3). The isolated
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Figure 3.2: Sketch representing the light propagation on the left and the circular polarized
light on the right.111

excited states of chromophores are coupled together to form two new excited states,
the α state, the most stable one, and the β state, the least stable one, as shown in Figure
3.3. This is referred to the Davydov splitting effect, which describes the splitting of
optically excited monomer states into two excited dimer states upon the interaction
of two monomers.

Figure 3.3: Schematic representation of the excitonic couple formation.

Two electronic transitions are possible and consequently two absorbance peaks
appear on the spectra. The difference between α and β is so weak that the absorbance
spectrum of both interacting chromophores correspond to the spectrum of both iso
lated. In the case of CD spectrum, α or β absorbs either clockwise or anticlockwise
polarized light and it results in two peaks of same intensity but with opposite values,
as observed for CD spectra of DNA and in Figure 3.4.112,113
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Figure 3.4: Schematic representation of the Cotton effect in absorbance and circular
dichroism.

Thework of Kypr et al.114 demonstrated the incredible sensitivity of the CD signal
to the DNA sequence. CD spectra made it possible to observe various conformations
of DNA, which depended on its sequence. CD spectroscopy can be used for titration
to observe the interactions between a molecule and DNA as a function of concen
tration. Furthermore, kinetic experiments can be performed to determine association
constants of complexes (Ka). Therefore, it is possible to study the enzymatic activity
by CD spectroscopy, performing kinetic experiments. This technique was used dur
ing the present thesis to study the effect of DNA hybridization and the methylation
of DNA as a function of time.
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3.3 Atomic Force Microscopy (AFM)

Scanning Probe Microscopy (SPM) provide images of a sample surface using a
scanning probe, called a tip.17,115 AFM is one of the most used SPM techniques to
study the morphology of DNA samples at nanoscopic scale. To probe the surface, a
sharp tip is used to scan the sample (Figure 3.5). When the tip approaches the surface,
the closerange attractive force between the surface and the tip causes the cantilever
to deflect towards the surface. Once the cantilever is closer to the surface to make
contact with it, repulsive force takes over and the cantilever deflects away from the
surface. A laser beam is used to detect the cantilever deflection towards or away from
the surface as the cantilever flat top can reflect the incident beam. Thus, cantilever
deflections cause changes in the direction of the reflected beam. A Position Sensitive
photoDetector (PSD) is used to track these changes. Consequently, if a tip passes over
a sample surface with different features, the cantilever deflection is recorded by the
PSD. The topography of the sample can be observed by scanning the cantilever over a
region of interest while the PSD tracks the deflection of the cantilever. Tomaintain the
laser position constant, a feedback loop is used to control the height of the tip above
the surface. It means that the deflection of the cantilever remains constant during the
mapping.

Figure 3.5: Representation of the AFM functionality on the left and the 3 different modes on
AFM on the right.116

Three different methods are used in AFM to probe the surface of a sample (Figure
3.5). In the noncontact mode, the tip does not touch the surface of the sample and the
attraction forces are dominant. In the contact mode, the tip is in close contact to the
surface and the repulsive forces are dominant. The alternative contact mode (AC),
the most used method during this thesis, is called tapping mode. This mode consists
of making the cantilever tip to vibrate to a certain frequency to make the contact
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between the tip and the surface as short as possible in time. The advantage is that it
decreases the deformation by the tip and avoids damaging biological samples such as
DNA.25 Furthermore, it can image nonconducting surfaces in air but also in liquid
environments. Basically, three major effects can influence the quality of the imaging.
The first one is the position of the sample with regard to the tip. It is controlled by
the scanner with an accuracy of less than 1 nm. Secondly, the sharpness of the tip
influences the results. Third, the displacement of the tip relative to the surface is
determined with subnanometer accuracy. It is possible to immobilize the DNA on
the mica surface by using buffer with bivalent metal ions such as Mg2+. Mica surface
can also be used to stabilize and immobilize DNA onto a clean flat surface. Regarding
the second effect, the sharpness of the tip is paramount to avoid convolution effect
(Figure 3.6). This effect means a size difference is seen between the dimension of
the object observed by AFM and the real dimension of the object. Consequently, the
DNA diameter observed by AFM is around 1220 nm instead of 2 nm, as obtained
with crystal structures of DNA.117 This effect can be mathematically corrected by the
following equation with Rc, the radius of curvature, Rm the radius of the structure
and W, the apparent width of the molecule :

W = 4(Rc +Rm)

√
Rm(Rc −Rm)

Rc
, Rc > Rm

Figure 3.6: Convolution effect of a tip probe on an object with a smaller radius.117
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3.4 Fluorescence Spectroscopy

As shown with absorbance, the analyte is stimulated by undergoing an interaction
with a photon from near UV to IR. This stimulus causes an electronic state transition
to a higher energy level, an excited state. Then, the analyte emits radiation being in
an excited state S1 to come back to its ground state S0, this emission is called fluores
cence. (see Figure 3.7).17,118 Fluorescence emission only occurs from the excited state
S1.119 If a molecule is excited and found in the excited state S2, an internal Energy
Conversion (EC) can occur to reach excited state S1. This transition is nonradiative.
In our case, DNA is a nonfluorescent molecule so a fluorophore, linked to DNA, is
needed to observe a fluorescence signal from DNA.

Figure 3.7: Schematic representation of the absorption and the fluorescence mechanism.

In this thesis, a specific method will be used complementary to fluorescence stud
ies, the Förster Resonance Energy Transfer (FRET). FRET is a mechanism defined as
an energy transfer between a fluorescent donormolecule at the excited state (D*) to an
unexcited acceptormolecule (A). In the Förster approximation, this transfer originates
from dipoles interactions. This mechanism is very sensitive to the distance between
the donor and the acceptor molecules. To observe this phenomenon, the emission
spectra of the donor must overlap the absorption spectra of the acceptor (see Figure
3.8). The key parameter is the efficiency of depopulation (ET ) which is related to the
fluorescence lifetime in the presence (τT ) or not (τ) of resonance energy transfer. This
relation can be represented by the equation below:

ET = 1− τT
τ
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Figure 3.8: Schematic representation of the FRET technique.

Furthermore, ET can be relatedwith the donoracceptor distance (R) by the system
constant R0. This constant represents the distance at which there would be 50% of
maximal energy transfer. The equation becomes:

ET =
1

τD
(
R0

R
)6

with τD the mean lifetime of the excited donor.120,121 The final equation shows us
that the fluorescence transfer sensitively depends on the inverse of the sixth power of
the distance between the donor and acceptor molecules. This method allows the la
beling of specific sites in DNA samples. In this thesis, FRETmethod is used for DNA
hybridization detection. It is also possible to study the fluorescence by confocal opti
cal microscopy (COM, see also next section). COM is combined to AFM technique to
study the modification of DNA/CPEs and DNA/oligomers complexmorphology with
a resolution of around 50 nm. COM is a helpful, wellestablished technique for the
quantification of DNA methylation and has been used for the study of the chromatin
condensation in Prof. Sylvain Gabriele’s laboratory.
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3.5 Confocal Optical Microscopy (COM)

Confocal optical microscopy was invented in 1955 by Marvin Minsky.122 Instead
of using light like most microscopes, COM uses lasers. The advantage compared to
light is that laser emits a monochromatic light available in various wavelengths. Once
the laser is directed to a specific spot on the sample, the light emitted by the sample
comes back to the detector via an emission diaphragm (Figure 3.9). This diaphragm is
essential as it selects and collects the light coming only from the focal plane. The focal
plane of the sample is conjugated at the focal plane of the objective. This particularity
is called confocal mode123,124and allows to reduce the background noise from the out
of focus region.Moreover, the contrast and the details of the images will be improved.
Nevertheless, the number of collected photons decreases as the COM collects only
the photon from the focal plane. To counteract the loss of signal, a photomultiplier is
used to increase the incident signal. A vertical shift can be operated by changing the
optical layer and thus the focus where the laser is directed on. Then, a stack of images
can be obtained by scanning the sample surface on different optical planes separated
by a z distance. The smaller the step is, the higher the image quality. When all these
images are stacked together, a 3D image of the sample studied is available.

Figure 3.9: Representation of the optical path of the light beam in a confocal microscopy
system.125
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3.6 EnzymeLinked ImmunoSorbent Assay (ELISA)

The ELISA was first described by E. Engvall and P. Perlmann in 1971.126,127 The
method is mainly used in immunology to detect and/or estimate the amount of pro
teins, antibodies or antigens in a sample. It is a detection method in which the recogni
tion of a specific antibody is surveyed by a catalysed reaction generated by an enzyme
which modifies the colouring of the solution. The quantity of target molecules can be
determined by spectroscopy coupled to this technique. In this simple way, antigens
from the sample are attached to the surface. Antibodies that are specific to the antigens
(and linked to an enzyme) are applied all over the surface of the wells to bind with
the antigen. Then, the unbound antibodies are removed from the wells. The final step
consists of adding the enzyme’s substrate to produce a detectable signal, typically a
change of colour in the solution which can be detected by spectroscopy.
Different ELISA kits for specific molecules exist and four different types of kits can
be found: the direct ELISAmethod, the sandwich ELISAmethod, competitive ELISA
method and Reverse ELISA method.128 In the case of this thesis, the direct ELISA
method was chosen.
The direct ELISA consists in adding a buffer solution of the antigen into the 96well
plates to adhere to the plastic through the charge interactions as shown in Figure
3.10. A solution of nonreacting protein is added to each well as it allows to cover
the whole plastic surface in wells, uncoated by the antigen. Antibodies linked to an
enzyme are then added in solution and will bind specifically with the studied antigen
coated on the well surface. Then, a substrate of the enzyme linked to the antibodies is
added in the solution. This substrate changes the colour of the solution once it inter
acts with the enzyme. The higher the concentration of antigen, the more intense the
coloration of the solution is. A spectrophotometer can be used to give quantitative
values depending on the colour of the solution. The purpose of the enzyme is to act
as a signal amplifier. As ELISA method can be performed to evaluate either the pres
ence of antigen or the presence of antibody in a sample, it is a useful tool to determine
antibody concentrations. In this thesis, the MethylFlash™ Methylated DNA Quan
tification Kit or methylflash kit, has been used to demonstrate that DNA is actually
methylated in the same conditions during the spectrophotometric studies.129 This kit
is an ELISAlike experiment and instead of detecting an antigen, methylated DNA
is detected using specific antibodies to target DNA. This is a colorimetric assay with
a high sensitivity and a detection limit of 2 ng of target DNA. Furthermore, this kit
avoids cross reaction with nonmethylated DNA.
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Figure 3.10: Schematic representation of a direct ELISA experiment. On the left, representa
tion of a well with studied antigen (blue triangle). On the middle, the antigens interacting with
the specific antibodies (in green), linked to an enzyme (in yellow). On the right, the substrate

of the enzyme is added, changing the colour of the solution.
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Chapter 4

Interactions Between DNA and
πConjugated Polymers as Optical

Probes

A part of this study was published in :
M. Leclercq, J. RubioMagnieto, D. Mohammed, S. Gabriele, L. Leclercq, H. Cottet,
S. Richeter, S. Clément, and M.Surin, ”Supramolecular SelfAssembly of DNA with
a Cationic Polythiophene: From Polyplexes to Fibers”, ChemNanoMat, vol.5(6),
pp703709, 2019.

4.1 Introduction

Conjugated Polyelectrolytes (CPEs) are ionic polymers with a πconjugated
electronic backbone. Usually, this backbone contains side chains with ionic groups
(anionic or cationic). They provide interesting properties such as water solubility, a
main chain which allows the charge transport thanks to the πconjugated backbone,
variable band gap for light absorption and fluorescence and aggregation phenomena.
All these properties of CPEs allow these polymers to be used for optical application
such as Light Emitting Diodes (LED), photodetector devices and chemical and
biological sensors.11,130

In this Chapter, two different CPEs are studied, a cationic polythiophene (CPT)
and a cationic polyfluoreneethynylene (PFE) (see Figure 4.1).These polymers
were synthesised in the laboratory of Prof. Sébastien Clément, Institut Charles
Gerhard, Université de Montpellier. Both polymers have hexyl groups as side chains
with a phosphonium ion (for CPT) and a trimethylammonium (for PFE) at the
extremity of the hexyl chains. The length of these side chains was chosen to have
a good agreement between the solubility in organic and acqueous solution during
the synthesis of the polymers. Adding a trimethylphosphonium ion for CPT and a
trimethylammonium ion for PFE at the extremity of the hexyl chains increase the
solubility in acqueous solution and allow electrostatic interactions with the phosphate
ions from DNA. Moreover, intense ICD were observed for polymers substituted with
trimethylammonium/phosphonium groups interacting with DNA.71,131 In a previous
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study, CPT showed DNA sequencedependent chiroptical signals in the spectral
range of the polythiophene when mixed with oligonucleotides in solution.70

Cationic polythiophenes constitute an interesting class of polymers for prospective
applications in imaging, gene delivery and biosensing, as they combine solubility in
aqueous media and have sensitive optical properties for the detection of biomolecules
such as DNA.132–137

In the case of PFE, they are known to present high photoluminescence quantum
efficiency, high thermal stability, and easy color tunability. The PFE used present
optical properties for the detection of biomolecules by CD and fluorescence spec
troscopy for the detection of DNA. Cationic conjugated polyfluorene derivatives
have been used in rapid and sensitive detection of DNA in solution.138–140

In this thesis context, we study the supramolecular selfassembly of poly[3(6’
(trimethylphosphonium)hexyl)thiophene2,5diyl] (or CPT) and the poly[9,9di((6’
trimethylammonium)hexyl)fluorene2,7yleneethynylenel] (or PFE) with different
types of DNA such as singlestranded oligonucleotides or long genomic DNA.141–143

Here, we report on the supramolecular structures formed by the complexation of
the polymers and DNAs of various lengths. We demonstrate that, in aqueous buffered
solutions, the self assembly of the polymers and DNA leads to the formation of poly
plexes (i.e. polymer/DNA complexes). We describe the evolution of the chiroptical
properties from solution with a morphological study on the hierarchical selfassembly
of long DNA with CPT and PFE.144,145

Figure 4.1: Chemical structure of CPT and PFE under study.
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4.2 Chiroptical Properties

4.2.1 Methods and Studied Compounds

UVVis absorption and CD measurements were recorded using a ChirascanTM
Plus CD Spectrometer from Applied Photophysics. The measurements were car
ried out using 2 mm suprasil quartz cells from Hellma Analytics. The spectra were
recorded between 230 and 650 nm, with a bandwidth of 1 nm, time per point of 1 s and
two repetitions. The buffered water solvent reference spectra were used as baselines
and were automatically subtracted from the CD spectra of the samples. All spectra
was taken at 20°C. Different DNAs are used during these experiments such as three
single strand DNA (a G4 DNA, Tel22, two ssDNA, dT20 and ssNeur40) and three
double strand DNA (two short DNAs, dsR43 and dsNeur40 and a long DNA, stDNA),
which were used to study how the polymer interact with different DNA (Figure 4.2).
The “ε” of each DNA is 228500 L.mol−1.cm−1 for Tel22, 162600 L.mol−1.cm−1 for
dT20, 675778 L.mol−1.cm−1 for dsR43, 382900 L.mol−1.cm−1 for ssNeur40, 667404
L.mol−1.cm−1 for dsNeur40 and 26400000 L.mol−1.cm−1 for stDNA. Each oligonu
cleotide stock solution has a concentration of 100 µM and stDNA stock has a concen
tration of 1.4 mM of base pairs (or 0.7 µM of double strand). The molecular weight
of CPT and PFE is 17700 g/mol and 7200 g/mol respectively with a polydispersity
(Đ) of 1.3 for CPT and 2.8 for PFE.
For microscopy studies, the sample solutions were the same as for spectroscopic stud
ies. Samples for AFM imaging were produced as follows: freshly cleaved mica sub
strates were used and sunk into the solution during 5 to 10 min. The samples were
then removed from the solution and washed with MilliQ water, and then dried with
a gentle nitrogen flow. The AFM analyses were carried out in TappingMode in air at
room temperature using a Nanoscope III from Bruker, using NCHVA tips (f0 = 320
KHz) from Bruker probes. Confocal optical microscopy images were carried out by
placing droplets of solutions. Images were taken with a 1024×1024 pixels resolution
(length and width images=1640 μm) with the help of Dr. Danahe Mohammed.

4.2.2 Spectroscopic Titration of a Single Strand DNA with CPT

Spectroscopic titration is an interesting technique as it can provide information
about the complexation process. It allows to determine at which concentration the
molecule can form aggregates and at which ratio (molar or charge ratio) it is possible
to observe the appearance or the modification of a CD signal. In the case of this thesis,
CPT and PFE are achiral polymers. It means the pure molecule does not present a
CD signal. The titration aims to observe the appearance (or not) of a CD signal in the
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Figure 4.2: List of the different DNA sequences under study. Only 5’–>3’ sequences are
shown.

polymer region as a function of DNA concentration. During the titration, a certain
volume is added, which means a dilution effect can occur during the experiment and
modify the concentration. If a “x” µM of a species “X” is in solution and a “y” volume
of a ”Y” species is added, adding a “y” volume of “2x” µM solution of X is needed to
avoid the dilution effect and maintain the concentration of X constant in solution.146

Thus, UVVis and CD spectra were carried out on aqueous mixtures of CPT and DNA
in various charge ratio ((+)/()) (see also Appendix A.1) to observe the evolution and
the appearance of an ICD signal in the regionwhere the polymer absorbs, i.e., between
400 and 650 nm. It is to note that pure Tel22 has the particularity to adopt an anti
parallel G4 conformation with the presence of Na+ ions (for a 100 mM concentration
in solution).147 This structure presents three characteristic peaks in the CD spectra at
295 nm (positive), 262 nm (negative) and at 244 nm (positive) as shown on the black
CD spectra (figure 4.3).148–150 Each base of DNA possesses one negative charge (a
phosphonium charge) and CPT possesses a positive charge (the phosphonium ion in
the substituent chain)

Figure 4.3: UVVis and CD spectra of tel22 (black line),CPT (red line) and CPT/Tel22 com
plex (blue line) at a charge ratio of 1.
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Figure 4.3 shows us the UV and CD spectra of each pure molecule and CPT/Tel22
complex at a charge ratio of 1. A redshift of Δλ = +8 nm appears in the UVVis
spectra when CPT interacts with DNA and also a shift of DNA absorbance of Δλ =
+6 nm. However, no changes appear in the CD signal in the CPT spectral region. It
is clear that CPT interacts with DNA as the CD signal of Tel22 is modified when it
complexed with the polymer but we do not observe the appearance of an ICD signal.
The titration shows us that above a charge ratio of 1, aggregates appear in solution,
decreasing importantly the CD signal of DNA.

Figure 4.4 shows the UVVis and CD spectra of CPT/dT20 at a charge ratio of 1
. A large redshift of the UVVis maximum absorption wavelength is observed when
the polymer is mixed with dT20 (Δλmax = +28 nm at a charge ratio of 1) and a shift
is also observed in DNA region (Δλmax = +2 nm at a charge ratio of 1) . The dT20 is
wellknown to be a flexible DNA compared to dsDNA.

Figure 4.4: UVVis and CD spectra of dT20 (black line),CPT (red line) and CPT/dT20 com
plex (blue line) at a charge ratio of 1.

Compared to the CD spectra of the pure compounds in the same condition, two
significant effects are observed. First, a decrease of CD signal in the wavelength range
from 230–300 nm with respect to the pure signal of DNA. Then, the appearance of
a bisignate (+/) induced CD (from 400 nm to 600 nm). Indeed, ICD signals are es
sential to probe the supramolecular chirality in selfassembled systems. The ICD re
ported here for CPT/dT20 is the signature of a righthanded helical conformation of
the polythiophene chains in the supramolecular complexes.
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4.2.3 Spectroscopic Titration of a Double Strand DNA with CPT

Herein, the same experiment is carried out with two dsDNA, an oligonucleotide of
40 base pairs and a longer one of 2000 base pairs. Figure 4.5 summarizes the evolution
of the UVVis and CD spectra of the CPT/dsNeur40 titration (see also Appendix A.2).
A redshift of 11 nm is observed in the UVVis spectra when CPT interacts with the
dsNeur40. This redshift is weaker than for thus observed with the dT20. In the CD
spectra, the CD signal of DNA (between 220 and 320 nm) decreases and present also
a shift of both peaks of 10 nm for the positive peak and 5 nm for the negative peak. In
CPT region, an ICD appears between 400 and 650 nm. Suprisingly, the ICD signals
are inverted when compared to the ICD signals with dT20. Instead of observing a
positive peak at 550 nm and a negative peak at 475 nm, a negative peak is present at
520 nm and a positive peak at 440 nm.

Figure 4.5: UVVis and CD spectra of dsNeur40 (black line),CPT (red line) and
CPT/dsNeur40 complex (blue line) at a charge ratio of 1.

The signs show us that the chirality of CPT is the opposite of dsNeur40 chirality,
suggesting that the complexed CPT has a lefthanded helical conformation. M. Fos
sépré et al have studied this modification of the conformation by means of Molecular
Dynamics (MD) simulations of the CPT/dsR43 complex.151,152 They concluded that
the simulations reveal a rich dynamical behaviour of CPT when it was complexed
with dsR43. It was observed that CPT show different DNA binding modes, namely
minorgroove binding, majorgroove binding and phosphonium binding to the phos
phodiester backbone, see example Figure 4.6. In the complex, the CPT chains present
several syn portions of the thiophene rings, these portions presenting a lefthanded
character. Simulations of CD spectra by quantumchemical calculations showed that
these signals were related to the prevalence of lefthanded conformations of the poly
mer dominating the CD spectra at low energy, see Figure 4.6 right. Moreover, Figure
4.7 show us the mean position of exciton states of each thiophenes as a function of
the MD times. CPT tended to quickly switch between righthanded and lefthanded
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arrangements to finally adopt, after a certain time, a preferential lefthanded confor
mation.

Figure 4.6: On the left, Mapping of thiophene moities that interact with the DNA double
helix on final MD snapshots of CPT/dsR43 complexes (replica R3). The DNA fragments
are depicted in cartoon representation (backbones in orange; bases in green/blue sticks). The
polymer is depicted in low resolution (thiophene units centered on the sulfur atom). Blue par
ticles are related to thiophenes that closely interact with DNA double helix (contacts between
sulfur atoms of thiophene units and DNA atoms, SDNA contacts >0), yellow particles are
related to noninteracting thiophene moieties (no SDNA contact). The major interacting do
mains are framed in the SDNA contacts profiles. Phosphorus atoms of DNA phosphodiesters
groups and of polymer phosphonium groups are in orange and black spheres, respectively.
Noninteracting thiophene units (yellow) are due to DNAclose phosphonium moieties. On
the right, theoretical CD spectrum of the polymer in the CPT/dsR43 complexes for one of the
replicas MD simulations. Theoretical CD spectra were calculated using a simplified excitonic
model. Spectrumwas averaged over 4,000 frames for R3 (1 frame every 0.5 ns). Adapted from

ref152.
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Figure 4.7: Position (in the number of thiophene unit along the polythiophene chain) of the
exciton states contributing to the lowenergy part of the CD response (left helicity in red, right

helicity in blue) as a function of the Molecular Dynamics time. Adapted from ref151

When a long DNA (salmon DNA, stDNA) is mixed with CPT at a 1:1 charge
ratio in aqueous buffered solution, the redshift of the polymer main absorption band
is also observed (Δλmax = +6 nm, see Figure 4.8 and Appendix A.3) but much weaker
than for mixtures with singlestranded DNAs (with dT20, Δλmax is +28 nm). The CD
signal in the range 230–300 nm slightly decreased and we observe a very weak ICD
signals between 400 and 600 nm, much weaker than the ICD signals observed in
mixtures with singlestranded oligonucleotides and with dsNeur40.

Figure 4.8: UVVis and CD spectra of stDNA (black line),CPT (red line) and CPT/stDNA
complex (blue line) at a charge ratio of 1.
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Table 4.1: Absorption maxima wavelengths of different CPT/DNA complexes.

Complexa Charge ratio Near UV region visible region
λmax (nm) Δλmax

b λmax (nm) Δλmax
b

CPT/Tel22 1 261 +6 476 +8
CPT/dT20 1 267 +2 495 +27

CPT/dsNeur40 1 263 +3 479 +11
CPT/stDNA 1 264 +6 468 +10

b Measured at 20°C in a MQ water buffer with a λexc of the CPT at 468 nm.

The differences in the UVVis and CD spectra for mixtures with short oligonu
cleotides and long doublestranded DNA (salmon DNA) likely arises in the differ
ences in binding mechanisms: with singlestranded DNAs, besides electrostatic in
teractions, monomernucleobase interactions can occur (notably through πtype in
teractions), which planarize the πconjugated backbone.113 In contrast, with double
stranded DNAs the bases are paired in the inner part of DNA, and thus, the monomer
nucleobase interactions are less likely. It seems also that the length of DNA has an
effect on the signature of CPT’s ICD signal as the problem is not observed with ds
oligonucleotide. CPT clearly modifies the conformation of DNA as the CD signals of
DNA decrease importantly. Moreover, redshifts observed in the absorbance at DNA
and CPT region differ with DNA used during the experiment. These redshifts are
summarized in the table 4.1. The planarization of CPT backbone was also observed
in the work of L. Peterhans et al.131 They studied the interaction between ssDNA
and cationic poly(1Himidazolium,1methyl3[2[(4methyl3thienyl)oxy]ethyl]
chloride (also called CPT) by using two different ssDNA, a ssC20 and a ssA20 with
20 cytosines and 20 adenines respectively. With the first one, they showed that π
stacking interactions were favoured between DNA and CPT and induced a planar
conformation of CPT. However, ssA20 was more rigid than ssC20, therefore the π
stacking interactions between CPT and ssA20 were less likely. Moreover, the cationic
substituent played a major role in the interaction with DNA as the substituent must
have a specific length to favor and maximize πstacking interactions of imidazolium
with thiophenes.
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4.2.4 Spectroscopic Titration of a Single Strand DNA with PFE

A titration was carried out to study the complexation of PFE with different single
ssDNA and to observe if an ICD will appear when the charge ratio increases. This
experiment was carried out on aqueous mixtures of PFE and different DNA in various
charge ratio ((+)/()) to observe the appearance or not of an ICD in the polymer region
between 325 and 450 nm. In this subchapter, a ssDNA Tel22 is used. Figure 4.9 shows
us the UV and CD spectra of each pure molecule and PFE/Tel22 complex at charge
ratio of 1.

Figure 4.9: UVVis and CD spectra of Tel22 (black line), PFE (red line) and PFE/Tel22 (blue
line) at charge ratio of 1.

The evolution of PFE absorbance shows a redshift of 10 nm when PFE complex
with DNA at a charge ratio of 1. It is to note that DNA concentration remains con
stant during the titration. PFE absorbance increases during the experiment without
showing us another shift of its spectra (see also Appendix A.4) during the titration.
Nevertheless, In the CD spectra, a small modification is observed in PFE region at
425nm. During the titration, a weak ICD signal appears in PFE region between 375
and 475 nm and the intensity increases when the concentration of PFE also increases.
For the Tel22 CD signal, the negative peak at 262 nm completely disappears at the
end of the titration. Only the positive peak at 295 nm still present. PFE likely disturbs
the antiparallel G4 conformation of Tel22. Once a charge ratio of 2 is reached, ag
gregation occurs and the background noise becomes too intense to observe a correct
CD signal for PFE and DNA.
Figure 4.10 shows the UV and CD spectra of PFE/ssNeur40 at a charge ratio of 1. A
redshift of +6 nm is observed when PFE interact with DNA. Furthermore, the ab
sorbance of PFE slowly increase during the titration at low ratio (see Appendix A.5).
In the CD spectra, it is possible to observe an ICD signal in PFE region around 340
nm, as weak as the negative peak at 425 nm with PFE/Tel22 complexation. A posi
tive peak is present in PFE region at the same wavelength when PFE complex with
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ssNeur40 instead of a negative peak compared to PFE/Tel22 complexation. In the case
of DNA, the CD signal strongly decreases and does not evolve once the charge ratio
of 1 is reached. DNA retains its origin signal.

Figure 4.10: UVVis and CD spectra of ssNeur40 (black line), PFE (red line) and
PFE/ssNeur40 (blue line) at charge ratio of 1.

This clearly shows us that DNA sequences used during the titration influence the
ICD signals. In the case of DNA, the interactions between DNA and PFE induce
a modification of PFE conformation to obtain either an ICD signal with a negative
peak (with G4 DNA) or an ICD signal with a positive peak (with a common ssDNA).
Moreover, the complexation of PFE with ssDNA strongly modifies the CD signal of
DNA. In the first case, an effect on the structure appears during the complexation
and in the second case, DNA CD signal stay with a weaker intensity even at higher
charge ratio until the formation of aggregates at the charge ratio of 2. Compared to the
CPT/ssDNA complexation, only one ICD signal appears during the complexation. In
both cases, the appearance of aggregates at charge ratio of 2 prevents observing the
signals in UV and CD spectra.

4.2.5 Spectroscopic Titration of a Double Strand DNA with PFE

As using different ssDNA shows us significant difference in the ICD appearance
in PFE region, it is interesting to study the complexation of PFE with different
dsDNA, a short one (dsR43) and a longer one (stDNA) and see if the ICD signal
will be different. A titration of dsR43 with PFE was carried out and the results are
shown in Figure 4.11. A redshift of 8 nm is observed in the UV spectra. This shift
is near to that observed with ssDNA. However, in the CD spectra, the obtained
results are completely different compared to PFE/ssDNA complexation. Instead
of observing a weak negative ICD signal, two signals appear in PFE region: a
welldefined negative peak at 430 nm and a large positive peak at 385 nm. This
negative signal intensity increases until reaching a charge ratio of 1. The negative
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Figure 4.11: UVVis and CD spectra of dsR43 (black line), PFE (red line) and PFE/dsR43

(blue line) at charge ratio of 1.

peak shifts to 3 nm when the charge ratio increases (see Appendix A.6). In the
case of the polythiophene, we know that the complexation between DNA and the
CPT tends to induce a lefthanded helicoidal conformation of polymer, as seen by
the appearance of a ()/(+) signal. Based on the literature, two different works can
bring some information about the conformation of PFE. The work of Y. Zhao et al.
shows the evolution of the CD spectra for achiral polymers. They induced a chirality
to their polyfluorene by chiral solvation (dissolved in neat (r)(+)limonene (1R)
and (s)()limonene (1S)) and their polymer induces a supramolecular chirality
form.153 Thanks to this method, a 1R or 1Spolyfluorene can be obtained. When
the CD spectra from this study are compared with those from the titration, we can
observe that the 1Spolyfluorene has a similar spectrum which also present these
both welldefined negative peak and large positive peak. Another work from M.
Oda et al. showed the same CD spectra by using chiral polyfluorene, which is also
a Spolyfluorene.154 Thus, when PFE interacts with dsR43, the complexation could
induce a lefthanded conformation of PFE during the titration, as also observed for
CPT. To note that both used neutral methylated substituent for their polyfluorene,
while PFE used here possesses cationic substituents. Based on earlier reports153,154,
the modification of the PFE conformation can lead to an ICD signal in the PFE
region. More precisely, when PFE interacts with a chiral molecule or chiral solvent,
it induces a chiral conformation to PFE. The literature does not seem to look for other
factors than the conformation which would contribute to the formation of the ICD
signal. As it will be explained with T3Im (Chapter 5), conformational changes are
not the only possible contributions to the ICD signature. Additional theoretical study
would be necessary to determine the other factors (e.g. charger transfer, excitonic
coupling) which play an important role in ICD appearance. If we come back to
ssDNA experiment, based on the research of Y. Zhao and M. Oda, DNA also induced
(in these cases, this effect is weaker) this modification of the polymer conformation.
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Figure 4.12: UVVis and CD spectra of stDNA (black line), PFE (red line) and PFE/stDNA
(blue line) at charge ratio of 1.

The length of DNA and DNA sequences would tend to change the conformation
of the polymer. Shorter DNA would induce a lefthanded conformation and longer
DNA would induce a righthanded conformation to the polymer. If these parameters
influence the ICD signals of PFE, PFE/stDNA (long DNA) complex would present
a different ICD than observed with the PFE/dsR43 complex. These results are shown
in Figure 4.12 and Appendix A.7. In UV spectra, a redshift of 8 nm is observed.
The shift of PFE absorbance does not evolve strongly with different dsDNA. When
PFE interacts with stDNA, an ICD signal appears in its spectral region, showing us
a positive peak at 430 nm and a large weak negative peak at 380 nm. The positive
peak intensity increases during the titration but does not undergo a redshift. Once a
charge ratio of 2 is reached, aggregation occurs and the signal starts to be too noisy
to be analysed correctly. The CD signal of DNA has the same evolution than the
experiment with dsR43. Thanks to these results, a correlation between the complexed
PFE conformation and DNA length could exist. By increasing the length of DNA,
the ICD signal of PFE is inverted compared to the ICD of PFE/dsR43 (see also Figure
4.11). We could suppose that stDNA induce a righthanded conformation during
the titration with PFE. Note that the positive peak of PFE/stDNA complex is less
welldefined than the negative peak of PFE/dsR43 complex. We can also observe
that the sequence of DNA has an effect on the ICD signals.

Figure 4.13 and table 4.2 show the comparison of the different complexes spectra
for a charge ratio of 1 for each DNA. The ICD signals from the PFE/dsDNA com
plexes is interesting to observe. For the same charge ratio, the signal is inverted when
dsR43 and stDNA are used. The signal of PFE/dsR43 is more intense than PFE/stDNA
with the same ratio. The effects of the length, the sequences of DNA on the conforma
tion of PFE in the supramolecular complex are significant. The ICD signals of CPT
and PFE upon complexation of dsNeur40 can be also compared, as represented in the
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Figure 4.13: UVVis and CD spectra of DNA and PFE complexation at a charge ratio of 1.

Table 4.2: Absorption maxima wavelengths of different PFE/DNA complexes.

Complexa Charge ratio visible region
λmax (nm) Δλbmax

CPT/Tel22 1 425 +10
CPT/ssNeur40 1 421 +6
CPT/dsR43 1 423 +8
CPT/stDNA 1 423 +8

b Measured at 20°C in a MQ water buffer with a λexc of
PFE at 415 nm.

figure 4.14. The (+/) ICD signals indicate lefthanded helical conformation for both
polymers. The difference in the signals originates from the differences in absorption
but also could arise from the difference of interaction between the two polymer with
the same DNA. CPT has an average degree of polymerisation (DP) of 47, instead of
12 for PFE. It is to note that the length of dsR43 was wisely chosen to match the best
with the length of CPT in order to obtain an ICD signal by complexation with this
DNA. Besides, electrostatic interactions are different with PFE with two ammonium
ions per monomer instead of one phosphonium ion per monomer for CPT. The po
sition of the cationic substituents certainly plays a role: a single alkylphosphonium
group points in β position of thiophene unit for CPT (allowing synsyn conforma
tion), whereas the two alkylammonium groups point in the C sp3 of fluorene units
for PFE, which could reduce the extent of synsyn conformations despite the carbon
carbon triple bond in between fluorene units. In the case of stDNA and with the same
CPT concentration, ICD signal are less intense, which is also observed with PFE. The
difference between both polymers with stDNA is that ICD signal for CPT show us
a lefthanded conformation instead of PFE with a righthanded conformation during
the complexation.
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Figure 4.14: CD spectra of DNA,CPT/DNA and PFE/DNA complexation at a charge ratio
of 1.

4.3 AFM and Confocal Optical Study

4.3.1 Microscopic Morphology of CPT/stDNA Complexes

To further investigate possible hierarchical selfassembly processes of the poly
plexes on surfaces, we studied thin deposits of the mixture solution by microscopy
techniques. Figure 4.15 shows Atomic Force Microscopy (AFM) images of thin de
posits (made by soaking themica substrate into solutions) of pure CPT (Figure 4.15a),
pure stDNA (Figure 4.15b), and CPT/stDNA (Figure 4.15c–d) on a mica substrate
(dry thin deposits). Figure 4.15a showed that the pure polymer forms, as described
previously,155 granular structures of varying sizes, here with an average width of
around 0.1 μm and an average thickness of 1.7 nm. Thin deposits of pure stDNA
showed the typical wormlike structures of DNA (Figure 4.15b). In contrast to the
morphologies of pure compounds, thin deposits of CPT/stDNA exhibit a dendritic
morphology (Figure 4.15c), i.e. tens of μmlong elongated aggregates with fiberlike
branches (see zoom in Figure 4.15d) that extend over a few μm. In Figure 4.15c,
the width and thickness of the main stem appearing in diagonal of the image are
above 1 μm and around 8 nm, respectively. The branches at the periphery of this
structure have a diameter ranging from 0.1 μm to 0.25 μm, and a thickness of 3
nm in average. The granular and flat structures present in between the dendrites (or
branches) have an average height of around 1–2 nm, and are likely grains of uncom
plexed CPT, as observed for thin deposits of the pure polymer (see Figure 4.15a).
Hence, the selfassembly of stDNA with CPT leads to an extended dendritic mor
phology with different levels of organization. These observations can be related to
the works of Knaapila, Scherf et al., who studied the selfassembly of salmon DNA
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with a πconjugated copolymer containing a cationic polythiophene,a poly[3[6(N
methylimidazolium)hexyl]2,5thiophene] bromide or P3ImiHT, at various charge
ratios.156,157 They showed that the selfassembly between the copolymer and DNA
can yield fractal submicrometricscaled structures, such as the dendritic morphology
observed here. Note that the sharpest fibers on Figure 4.15d have an average diameter
around 30.0 nm ±3 nm. This is to compare to the estimates of the Rh of around 25
nm in solution (obtained by Tailor Dispersion Analysis158). It is likely that the fibers
grow by compaction and coalescence of polyplexes along an axis during the deposit
formation.

Figure 4.15: TappingMode AFM images of thin deposits on mica of solutions of a) pure
CPT ; b) pure stDNA, and (c,d) stDNA/CPT complexes. Image in d) corresponds to a zoom

in the area marked by a blue square depicted in c).

Confocal Optical Microscopy (COM) was used to visualise the CPT/stDNA com
plexes at a larger scale and to observe the fluorescence of the complexes when the
samples are excited at 480 nm. It is to note here that the samples are studied at the
solution/surface interface from a droplet deposited on a glass substrate. Figure 4.16a
shows a largescale image with many coiled fiberlike structures of different sizes
(typically a few tens μmlong), which are reminiscent of the elongated μmwide fiber
like aggregates observed with AFM. Since those fibers were observed in both types
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of AFM and COM analyses, this means that the selfassembly into fibers occurs at
the solution/ surface interface. A zoom showing the fluorescence image (excitation
at 480 nm) of a particularly long fiber is shown in Figure 4.16b, where the dendritic
structure can be observed as with AFM. Strikingly, a relatively homogeneous fluo
rescence is noted on both the large fiber and smaller branches, which shows that the
polymer is homogeneously complexed within the fibers. Based on the length distribu
tion of the fibers (shown in Figure 4.16c for a population over a hundred fibers), we
estimated a median length of 21 μm. Both microscopy analyses showed us the evo
lution of the morphology going from the pure compounds to the morphology arising
from the selfassembly of CPT/DNA, for which a dendritic structure is observed with
large fibers extending over tens of μm and thinner branched nano structures at their
periphery.

Figure 4.16: a, b) Confocal optical microscopy images of stDNA/CPT with the fluorescence
intensity (colour scale). c) Size distribution of the fibers along their long axis. The excitation
wavelength was 480 nm. The concentration of stDNA is 0.12 μM and the concentration of

polymer is 5 μM.
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4.3.2 Microscopic Morphology of PFE/DNA Complexes

To provide additional insights into the selfassembly of PFE with DNA, thin de
posits of PFE/DNA mixtures were studied by microscopy techniques. Appendix A.8
shows AFM images of thin deposits of pure PFE and PFE/DNA complexes. Two dif
ferent DNA were used, either a dsR43 or a stDNA. Pure PFE tends to form granular
structures with various sizes, with an average height of around 2.5 nm and an average
width of 150 nm, while the larger grains present a height of ± 13 nm and a width of
more than 400 nm). Pure dsR43 presents also a tendency to form granular structures,
which have sometimes a more elongated structure. dsR43 present an average height
of 4.2 nm with a width of 180 nm. Pure stDNA was already presented in the Figure
4.15 of this Chapter. As a reminder, thin deposits of pure stDNA showed the typical
wormlike structures of DNA. When PFE is mixed with dsR43 at a charge ratio of 1,
themorphology of the complex differs from both puremorphologies.When PFE com
plexes with the dsR43, either a large amount of grains structures appears or all these
grains formed a disk on the mica surface. This organisation of the grains is due to a
wetting effect during the sample drying. These grains from the Appendix A.8 present
an average height of 1.5 nm with an average thickness of 120 nm. The complexation
of PFE with dsR43 seems to forms also grains structure except that the height and
the thickness of the grains are minor that from the pure molecules. Moreover, images
of PFE/stDNA at a charge ratio of 1 were also obtained (Figure 4.17). Two different
morphologies were observed. The first one consist also to an assembly of grainlike
structures which present an average height of 12 nm with an average thickness of 300
nm. These images are reminiscent of those of the pure PFE. The other one present
larger aggregates structure with a height of 130 nm and a width that exceeds 20 µm.
This could be the results of the aggregation of PFE and stDNA. This morphology is
present in the center of the mica plates and can be observed with the microscope from
the AFM. It is complicated to confirm that the structures we observed on the images
from Figure 4.17 are the result of the complexation of PFE and stDNA, as the height
of these structures are similar to pure PFE. An idea was to dry overnight instead of
washing the sample with MQ water. This method would allow us to observe if the
washing step influences what we are observing on the sample. The AFM images of
PFE/stDNA complexes are shown in Appendix A.9. This shows us the presence of a
thin film on the mica surface which is located under the biggest structure. These last
present an average height of 130 nm.
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Figure 4.17: TappingMode AFM height images of thin deposits on mica of solutions of
PFE/stDNA complexes at a charge ratio of 1.
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4.4 Conclusion

Altogether, these results bring new insights into the selfassembly of DNA with
cationic polythiophenes and cationic polyfluoreneethynylene in aqueous solution
and on surfaces. The interaction between CPT and DNA depends on how CPT in
teracts with the bases of DNA, which is different with ssDNA and dsDNA. With
PFE, the interaction between PFE and DNA show us that the polymer can adopt two
different helicities in function of DNA complexed to PFE, with ICD signals opposite
to each other. Furthermore, the intensity of the signal depends on if a ssDNA or a
dsDNA is complexed to PFE. At higher charge ratio, the complexation of PFE with
DNA (all of them) leads to a formation of aggregates in solution. This aggregation
makes the signal impossible to be analysed.
When the solution of CPT/stDNA is deposited on a surface, we observed the for
mation of dendritic fibers, that can extend over tens of μm. Along these fibers, the
πconjugated polymer shows a relatively homogeneous luminescence. The formation
of grain structures is observed when PFE is complexed with oligonucleotide.
Altogether, these results provide some information on the formation of CPE/DNA
assemblies as polyplexes for prospective applications in cell transfection, or self
assembled fibers for organic bioelectronics.
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Chapter 5

Interactions Between DNA and
Oligothiophene as Optical Probe

5.1 Introduction

Oligothiophenes present a great interest for organic electronic devices and for
molecular electronics. Indeed, well defined πconjugated oligomers play a major
role in these fields thanks to their wellcontrolled chemical structure and conjugation
length,159,160 and have been studied in different domains as Organic Light Emitting
Diodes (OLEDs), Organic Field Effect Transistors (OFETs), chemosensors, biosen
sors and electrochemical devices.161,162

Thanks to the sulphur atom present in the ring, the complete structure is πconjugated
and oligothiophenes usually present excellent charge transport properties. For bio
logical applications, the water solubility is essential, notably for achieving sensing
materials in aqueous solution. Many efforts have been done to improve the con
formational sensitivity of oligothiophenes to external stimuli i.e., pH, temperature,
etc.163–166 G. Barbarella et al. have demonstrated it was possible to modify the size
and the functionalization of thiophene oligomers to make them fluorescent in the
entire visible range.167 Changes in conformation induce changes in absorption and
emission wavelengths and allow to increase the efficiency in the interaction between
oligothiophene and biological molecules.168 In this context, the design of novel
water soluble oligothiophenes as DNA probes presents a great interest.

In this Chapter, a terthiopheneimidazolium (T3Im) was studied, which was syn
thesised in the laboratory of Prof. Sébastien Clément, Institut Charles Gerhard, Uni
versité de Montpellier. (Figure 5.1). Imidazolium substituents were chosen as these
ions allow to increase the solubility of the molecule in aqueous solution and to
undergo electrostatic interactions with the phosphate groups from DNA. They al
low us to observe an ICD signal in the molecule region when they interact with
DNA.70 Moreover, imidazolium substituents are conjugated to the oligothiophene.
Thus, T3Im was studied in interaction with different DNAs. The selfassembly of
T3Im with DNA will be also studied by UVVis absorption, CD, fluorescence spec
troscopy and by microscopy techniques (AFM and COM).
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Figure 5.1: Chemical structure of T3Im under study.

5.2 Chiroptical Properties

5.2.1 Methods and Studied Compounds

UVVis absorption and CD measurements were recorded using a ChirascanTM
Plus CD Spectrometer from Applied Photophysics. The measurements were car
ried out using 2 mm suprasil quartz cells from Hellma Analytics. The spectra were
recorded between 225 and 450 nm, with a bandwidth of 1 nm, a time per point of
0.5 sec and two repetitions for each spectrum. The buffered water solvent reference
spectra were used as baselines and were automatically subtracted from the CD spectra
of the samples. Each spectrum was taken at 20°C. Different DNAs are used during
these experiments such as two single strands DNA (a G4 DNA “Tel22”, and a ssDNA,
ssNeur40) and three double strand DNA (a short and a long oligonucleotide, dsR43 and
dsR81 and a long DNA, a stDNA), to study how the oligomer interacts with differ
ent DNA. These DNA sequences are represented in Figure 5.2. The buffer used is a
MQ buffer (with a pH equal to 7.4) to stabilise DNA. The ε of each DNA is 228500
L.mol−1.cm−1 for Tel22, 382900 L.mol−1.cm−1 for ssNeur40, 675778 L.mol−1.cm−1

for dsR43, 1361420 L.mol−1.cm−1 for dsR81 and 26400000 L.mol−1.cm−1 for stDNA.
The molecular weight of T3Im is 664 g/mol.

Figure 5.2: List of the different DNA sequences under study. Only 5’–>3’ sequences are
shown.

Fluorescence measurements were recorded with the same instrument. They were
carried out with the excitation wavelength of DNA at 370 nm, the voltage of the de
tector (PMU) from the machine was 750 during the experiment the bandwidth used
was 1 nm and the analysed wavelength range was between 410 and 560 nm with a
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time per point of 1sec. The concentration of the terthiopheneimidazolium was 1 mM
in MQ water. This solution was stored in the freezer and protected from the light.
Each DNA stock solution has a concentration of 100µM in MQ water. stDNA comes
from Salmon testes DNA and can be obtained purified by Sigma Aldrich®.
Regarding the microscopy studies, the sample solutions were the same as for the spec
troscopic studies. The samples for AFM imaging were produced as follows: freshly
cleaved mica substrates were used, and a drop of solution was deposited on the sur
face of the mica. The samples were washed with MilliQ water, and then dried with
a gentle nitrogen flow. The AFM analyses were carried out in TappingMode in air
at room temperature, with a Nanoscope III from Bruker and an ICON from Brucker,
using NCHVA tips (f0 =320 KHz) from Bruker probes.
Confocal optical microscopy images were carried out by placing droplets of solutions,
and images were taken with a 1024×1024 pixels resolution. The confocal microscope
used in this work is a Nikon Eclipse Ti equipped with a C1 module driven by the
Nikon Elements Advanced Research program. The light sources are an Argon Ion
laser emitting a wavelength of 488 nm, a modulable diode of 408 nm and a Helium
Neon laser of 543 nm.

5.2.2 Spectroscopic Titration of Single Strand DNA with T3Im

First, the molar extinction coefficient (ε) of T3Im was estimated by following the
evolution of T3Im absorbance as a function of the concentration (Figure 5.3). The ε of
T3Im is 41366 L.mol−1.cm−1. This oligomer was complexed with two different types
of DNA. Two single strand DNA (Tel22, and a ssDNA, ssNeur40) and three double
strand DNA (two oligonucleotide, dsR43 and dsR81 and a long DNA, stDNA). They
were used to study the interactions between the oligomer and DNAs with different
sequences.

Figure 5.3: On the left, absorbance spectra of T3Im with the evolution of the concentration
in MQ buffer at 20°C. On the right, Calculation of T3Im molar extinction coefficient with

maximum of absorbance as a function of concentration.
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A titration was carried out to study the complexation of the oligomer with a G4
DNA Tel22. Each base of DNA possesses one negative charge (a phosphonium ion)
and each oligomer possesses two positive charges (the imidazolium on each side of
the oligomer). Figure 5.4 shows us how the CD and UVVis signals evolve during
the titration (DNA concentration is kept constant during the experiment). Compared
to the pure T3Im absorbance spectrum, a redshift (Δλmax = 5 nm) is observed in
the oligomer region when T3Im interacts with DNA at a charge ratio of 0.25 (see
Appendix B.1). This redshift decreases during the titration with a Δλmax = 3 nm. As
the pure T3Im is achiral, we do not observe a CD signal in the visible region where it
absorbs. Nevertheless, when the oligomer interacts with DNA, an ICD signal appears,
with a negative peak at 415 nm. We can also observe that the complexation disturbs
the conformation of DNA as the negative peak of DNA undergoes an intense decrease
of its signal until it vanishes at a higher charge ratio. The ICD signal was also subject
to changes at a higher charge ratio. This effect is due to the formation of aggregates
in solution during the experiment, which also explains the intense CD signal at 225
nm observed in the Appendix B.1.

Figure 5.4: UVVis (left) and CD spectra (right) of Tel22 (black line), T3Im (red line) and
T3Im/Tel22 (blue line) at a charge ratio of 1.

As a specific ssDNA was studied, it is also interesting to study ssDNA with no
specific conformation, the single strand DNA Vimentin 40, or ssNeur40 (Figure 5.5).
As seen previously, a titration was carried out by T3Im to ssNeur40. In Figure 5.5 in
the absorbance spectra, a redshift (Δλmax= 16 nm) appears at a charge ratio of 0.25
to finally decrease (Δλmax= 5 nm) at a charge ratio of 1. In Figure on the right, the
obtained ICD is different compared to T3Im/Tel22 ICD signal. At a charge ratio of
0.25, an ICD signal with a negative peak is observed at 405 nm. This signal looks like
the ICD signal from T3Im/Tel22 complex. However, When the ratio reaches the value
of 1, as represented in Appendix B.1 and Figure 5.5, the negative peak of T3Im shifts
to the left, loses intensity and a positive peak appears at 385 nm. Beyond a charge
ratio of 1, aggregates appear in solution.
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Figure 5.5:UVVis (left) and CD spectra (right) of ssNeur40 (black line), T3Im (red line) and
T3Im/ssNeur40 (orange and blue line) at a charge ratio of 0.25 and 1.

Table 5.1: Wavelength of absorption maxima from ssDNA/oligomer complexes at charge
ratio of 0.25 and 1.

Complex a Charge ratio
ssDNA/T3Im

Visible region of T3Im Charge ratio
ssDNA/T3Im

Visible region of T3Im
λmax Δλmax

b lλmax Δλmax
b

T3Im/Tel22 0.25 375 +5 1.0 373 +3
T3Im/ssNeur40 0.25 386 +16 1.0 375 +5
a Measured at 20°C in a MQ water buffer bwith a λexc
of CPT at 370 nm.

Compared to CPT, the appearance of the ICD signal of T3Im cannot be explained
only by changes of its conformation, as its structure is likely more rigid than CPT.
To understand how the ICD signal appears, the work of N. H. List et al. provides
some information about the ICD signal appearance with small molecules like 4’,6
diamidino2phenylindole (DAPI).169 It is known that DAPIs interacted in the mi
nor groove of DNA. Different phenomena contributed to the ICD signal : excitonic
couplings between DAPIs, electronic imprints, charge transfers, and offresonant
DAPI−nucleobase excitonic couplings. Together, these mechanisms provide a strong
positive ICD signal of DAPI bound to DNA.113

To come back to the effects of T3Im/DNA selfassembly on UVVis and CD spec
tra, the absorbance shifts at a higher ratio than 0.25 (see table 5.1, it could be due
to the excess of T3Im compared to T3Im/DNA complex which hides the complex
absorbance. We can observe that for the same oligomer, an ICD signal appears in its
region when it interacts with ssDNA and the signal will be different at a higher ratio
than 0.25. The obtained ICD signal can be specific to DNA with which it interacts.
The interaction of the oligomer with ssDNA modifies the conformation of DNA as
the CD signal of DNA changes during the titration (with a shift and an intense de
crease of the positive and negative peaks). Moreover, these changes could be due to
a coupled effect from an ICD of T3Im, as it also absorbs in the DNA region around
260 nm.
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5.2.3 Spectroscopic Titration of Double Strand DNA with T3Im

Herein, we will study three different double stranded DNA (dsDNA), an oligonu
cleotide of 43 base pairs, dsR43, another longer oligonucleotide, dsR81 and a stDNA,
which has 2000 base pairs. The interest is to observe whether the length and the se
quences of DNA could modify the ICD signal when they interact with the oligomer as
dsDNA are less flexible than ssDNA. Furthermore, the bases of DNA are inside the
structure of dsDNA, which makes the interaction with the oligomer different from
ssDNA cases. Furthermore, these dsR43 and stDNA are well known to our labora
tory.71,151,158 As shown in Figure 5.6, in the absorbance spectra, a redshift is observed
(Δλmax = +20 nm) and decreases at a higher ratio (Δλmax = +8 nm). In CD spectra,
the CD signal of DNA loses intensity when the charge ratio increases (see Appendix
B.2). The positive and negative peaks of DNA present also a shift of 3 nm for the neg
ative peak and 6 nm for the positive peak at a charge ratio of 1. A positive ICD signal
appears in T3Im region at 397 nm. The ICD gains intensity with the charge ratio and
remains constant when it reaches a charge ratio of 0.5. Noise appears on ICD signals
at a charge ratio of 1.5, when aggregates appear in the solution. The signal observed
with T3Im/dsR43 complexes is the same signal as observed with DNA/ssNeur40 com
plexes, except that the signal is more intense in the case of dsDNA complexation. In
contrast to CPT, CD signal changes of dsDNA are minor even at a higher charge
ratio, showing us that T3Im disturbs less the configuration of DNA than the CPT
itself when it interacts with dsDNA.

Figure 5.6: UVVis (left) and CD spectra (right) of dsR43 (black line), T3Im (red line) and
T3Im/dsR43 (orange and blue line) at charge ratio of 0.25 and 1.

To complete the study with oligonucleotides, a longer oligonucleotide was stud
ied: dsR81, see results in Figure 5.7. On the absorbance spectra, a redshift is observed
(Δλmax = +20 nm) and as in the other cases, the shift decreases (Δλmax = +6 nm) when
higher charge ratio are reached (see Appendix B.2).The ICD signal of T3Im tends to
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have a negative peak (more intense than the negative peak with the T3Im/dsR43 com
plex) at 426 nm and a positive peak at 370 nmwhen the charge ratio of 0.25 is reached.
This kind of ICD signal is similar to the ICD signal obtained with dsDNA/CPT com
plexes. This ICD signal undergoes a blueshift of the negative and positive peak to
reach a value of Δλmax = 13 nm and Δλmax = 17 nm respectively when the charge
ratio increases. Moreover, the CD signal of dsR81 undergoes a redshift (Δλmax =
+10 nm) for both peaks. These shifts appear during the titration when the charge ratio
increases. Compared to the Figure 5.6, the length and the sequence of DNA play a
major role in the ICD signal appearance. An ICD bisignate appears with the longer
dsDNA instead of a unique positive peak with dsR43.The induced signal obtained in
DNA region could be influenced by the sequence of DNA, as the GC ratio of dsR81 is
about 80%, compared to other DNA (ssDNA and dsDNA) with a GC ratio of around
40% and 60%.

Figure 5.7: UVVis (left) and CD spectra (right) of dsR81 (black line), T3Im (red line) and
T3Im/dsR81 (orange and blue line) at charge ratio of 0.25 and 1.

For a better understanding of the ICD signal during T3Im/dsR81 complexation, an
inverted titration was carried out. It means that instead of keeping the concentration
of DNA constant, the oligomer concentration is constant during the titration with
DNA. During the titration, the absorbance of T3Im underwent a significant redshift
(Δλmax = +23 nm). The intensity of the absorbance decreases until the charge ratio
of 0.5 is reached (Figure 5.8). With a higher charge ratio, the absorbance increases
and continues to red shift but the signal increases during the titration. Above a charge
ratio of 1, the absorbance stops to increase and to shift on higher λ.
In the CD spectra, an ICD signal appears in T3Im region (between 325 nm and 500
nm, see the zoom). At a lower charge ratio, the ICD tends to have a negative peak
at 425 nm and a positive peak at 370 nm, which is the same for the last titration
(Figure 5.7). When the charge ratio increases, the ICD signals tend to increase in
intensity until they undergo a redshift at a charge ratio of 0.75 (Δλmax = +20 nm
for the positive peak and Δλmax = +20 nm for the positive peak). Above the charge
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ratio of 1, the negative peak disappears and leaves only one positive peak. A loss of
intensity is observed when the charge ratio increases. These two titrations show us
that when the number of positive charges (from T3Im) is more significant than the
number of negative charges (in DNA), the ICD signals tend to have a bisignate ICD.
However, when the number of negative charges dominates, the ICD signal of T3Im
only shows one positive peak. The position of the positive peaks during the titration
differs as a function of the charge ratio during the titration.

Figure 5.8: UVVis (left) and CD spectra (right) of T3Im and dsR81 titration at pH = 7.4 at
20°C. The [T3Im] was 0.31 µM and constant. The measurements were obtained with a MQ

water buffer.

The titration with stDNA is a mix of what happened with T3Im/dsR43 and
T3Im/dsR81 complexation. In Figure 5.9 on the absorbance spectra, a redshift in
the oligomer region (Δλmax = +17 nm) is observed, loses intensity with a charge ratio
at 0.25 (Δλmax = +4 nm). If we look at the CD spectra, an ICD signal appears and
presents a strong positive peak at 397 nm in T3Im region and a weak negative peak
at 445 nm when the charge ratio increases (see Appendix B.3). In stDNA CD spectra,
the negative peak and the positive peak present a redshift during the titration (Δλmax

= +5 nm). A blueshift is also observed for the ICD signal of the oligomer (Δλmax =
4 nm). In the case of T3Im/stDNA complexation, the negative ICD signal in T3Im
region is not as strong as the ICD signals obtain with dsDNA81.
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Figure 5.9: UVVis (left) and CD spectra (right) of stDNA (black line), T3Im (red line) and
T3Im/stDNA (orange and blue line) at charge ratio of 0.25 and 1.

Table 5.2: Absorption maxima wavelength from T3Im/DNA complexes at charge ratio of
0.25 and 1.

Complexa Charge ratio T3Im/DNA Visible region of T3Im Charge ratio T3Im/DNA Visible region of T3Im
λmax

b Δλmax
b Δλmax

b

T3Im/Tel22 0.25 375 +5 1.0 +3
T3Im/ssVim40 0.25 386 +16 1.0 +5
T3Im/dsR43 0.25 390 +20 1.0 +8
T3Im/dsR81 0.25 390 +20 1.0 +6
T3Im/stDNA 0.25 387 +17 1.0 +4
a Measured at 20°C in MQ water buffer at pH = 7.4 b with
a T3Im λmax at 370 nm.

5.2.4 CD Titration Comparison

The different titrations can be summarised in Figure 5.10 and table 5.2. This
Figure shows us how the ICD signal varies as a function of the sequence of DNA.
The ICD signal is specific to each DNA used in these experiments. The signals
obtained for ssDNA are different compared to the signals obtained for dsDNA. Only
a negative peak is present in T3Im region with ssDNA while a bisignate appears
with dsDNA. It is important to note that with long DNA, a negative peak also
appears at a higher charge ratio. The ICD signal remains constant at a higher ratio
even after the formation of aggregates in solution. The absorbance also shows us
different shifts as a function of DNA under study. T3Im absorbance undergoes a
redshift at the beginning of the titration, which can evolve between +5 and +20 nm
and then undergoes a shift at lower λ continuously when the charge ratio increases
to ultimately conserve a redshift but weaker (between +3 and +8 nm). G4 DNA
presents the weakest shift compared to ssDNA and dsDNA at a charger ratio of 0.25.
It can be explained by the fact that Tel22 is stabilized by Na+ ions. There could be a
competition between the interaction of the G4 with the Na+ and T3Im and the G4.
For ssDNA and dsDNA, the shift of absorbance is not significant between them.
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Figure 5.10: CD spectra of all T3Im/DNA complexes at a charge ratio of 0.25.

In order to obtain more information on the complexation of T3Im with dsDNAs,
molecular modelling calculations were carried out by Dr. Mathieu Fossépré to ob
tain information about the complexation of T3Im/dsDNA (dsR81) at a charge ratio
of 0.25. Docking calculations showed that T3Im had three different binding modes,
i.e. minor and major groove binding modes but also top/bottom binding mode along
dsR81 structure (Figure 5.11).

Figure 5.11: a) Binding mode of T3Im on dsR81 with a zoom of top, minor and major binding
modes; b) table of RMSD values and c) the evolution of the endtoend distance of dsR81 for

each strand as a function of time.

In theminor groove (a), electrostatic and vdW interactions are strongly significant
while πstacking are favoured for the top/bottom binding mode. Molecular dynamics
(MD) simulations were then performed to study the dynamics of T3Im/dsR81 com
plex. In (b), RootMeanSquare Deviation (RMSD) calculations showed that T3Im
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ligands had a different dynamic according to the binding mode. T3Im ligands re
lated to DNA major groove binding have an increased mobility (higher RMSD val
ues), whereas lower RMSD values are corresponding to T3Im ligands located in
dsR81 minor grooves. Consequently, T3Im ligands present meaningful conforma
tional changes according to their binding mode. For example, the two dihedral angles
between the thiophenes can vary between 20° and 90° in function of the bindingmode
(minor groove, major groove or top/bottom of dsDNA). Interestingly, the interaction
of T3Im ligands with dsDNA has also a significant impact on the helical properties of
dsDNA (c). In particular, the headtotail length of dsR81 increased throughout MD
time.

5.2.5 Titration by Fluorescence Spectroscopy

T3Im presents a high fluorescence emission. It is also interesting to understand
how the fluorescence spectra evolved when the oligomer interacts with a DNA.
Herein, fluorescence titrations were carried out, one with dsR81 concentration con
stant and the other one with T3Im concentration constant. The results are shown in
Figure 5.12.

Figure 5.12: Fluorescence titration spectra of dsR81 by T3Im (on the left) and T3Im by dsR81

(on the right). The [dsR81] was 0.08 µM and the [T3Im] was 9.7 µM. These experiment were
carried out at 20°C with a pH = 7.4, the λexc was 370 nm.

Two different peaks can be observed on both spectra at 445 and 470 nm. On the
left graph, the fluorescence signal increases during the titration and when the charge
ratio of 2 is reached, the intensity decreases. Aggregation appears at a charge ratio
of 1.25, but the signal remains constant until reaching a charge ratio of 5. No shift
of λ appears in this titration experiment. In the other case on the right graph, when
T3Im is titrated by DNA, the signal decreases constantly until the signal forms tends
to be different after a charge ratio of 1.5 is reached. Nevertheless, the signal intensity
increases and a weak shift of 3 nm appears at the charge ratio of 5 (see black arrow).
The maxima of the spectra (at 470 nm) were plotted (see Figure 5.13).
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Figure 5.13: Evolution of both fluorescence titration of T3Im with dsR81.

To complete these results, it was demonstrated in the work of Healy et al.170, that
the fluorescence signal of DAPI (a 4′,6diamidino2phenylindole) increased when
DNA concentration also increased until it reached a fluorescence emission maxi
mum even if DNA concentration continued to increase. Another study showed also
the same evolution of the fluorescence emission of the bisbenzimidazole molecule
from the work of BostockSmith and Searle.171. Its fluorescence emission increased
until reached a maximum limit of fluorescence emission. In the case of T3Im, its flu
oresence emission decrease with the concentration of DNA which increase, which
is the opposite effect compared to the litterature. These phenomena are the opposite
of what we observe with T3Im as the emission loses in intensity as a function of
the concentration of DNA. We can suppose that, when T3Im interact with DNA, the
fluorescence intensity decreases if the positive charge dominates in solution. Until
the negative charge dominates, a “turnon” effect appears in solution, increasing the
fluorescence intensity of T3Im.
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5.3 Microscopy Morphology of DNA/T3Im Com
plexes

As in the case of the polymers, we have first studied the morphology of pure T3Im
and when it is complexed with DNA. Thin deposits of pure T3Im and a T3Im/stDNA
mix on mica substrates were studied. Figure 5.14 shows AFM images of thin deposits
of a) pure T3Im, b) pure stDNA and c), d) T3Im/stDNA. The pure T3Im forms thin

Figure 5.14: TappingMode AFM images of thin deposits on mica of a) T3Im solutions
at a concentration of 500µM;b) pure stDNA at 0.15µM; c) and d) T3Im/DNA complexes.

[stDNA] = 0.15 µM and [T3Im] = 112.5µM.

layers, and the height distribution shows us an average height of 1.3 nm. Thin deposits
of pure stDNA show the typical wormlike structures of DNA as in Chapter 4. Thin
deposits of T3Im/stDNA exhibit twomorphologies (see alsoAppendixB.6). Image 1c
exhibits long fibers with a large aggregate at the extremity of the fibers. This structure
reminds us of the morphology that can be observed with CPT/stDNA complexation
with long dendrites. Then, another kind of fibrils, straighter, appear in the centre of a
core. In the phase image (see Appendix B.6), the contrast is clearly not the same when
we compare the measurement on the large fiber and the smaller, showing us that it is
two different kinds of complexes. The first one consists of long fibrils connected to
each other, as the CPT/stDNA fibers in Chapter 4. The second one consists of forming
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shorter and straighter fibrils, thinner than the first ones. These fibers present a serious
unidirectionality compared to pure stDNA (when these morphologies are compared
with phase data). Appendix B.6 and B.7 also show us a zoom in a particular region
with an major portion of rigid fibrils. They are straight and present an average thick
ness around 0.15 µm. By using “FiberApp”172, the average height of these fibers is
estimated around 15 nm. We also observe a third morphology on T3Im/stDNA, but
these structures were oversized to be measured by AFM as represented in Appendix
B.8. It seems that crystals originate from pure T3Im. Although those structures are
too large, it is possible to observe their morphology with a microscope. Moreover, as
T3Im presents a high fluorescence intensity, Confocal Optical Microscopy (COM)
can be used to observe these crystals and to observe T3Im/stDNA complex at a larger
scale.
COM is used to visualise the fluorescence of pure T3Im deposits and when it is com
plexed with stDNA with a λexc of 370nm. The samples are studied at the solution
interface from a droplet deposited on a glass substrate and sandwiched between a
second glass coverslip. Figure 5.15 shows a largescale image of the pure T3Im with
dense crystal structures. Isolated crystal shows a nucleation point localized at the
centre of the structure. Some structures present only one direction of growth (see Ap
pendix B.10) but most of them are characterized by a starlike geometry with multiple
directions of growth from the nucleation point. These crystals at themicroscopic scale
were also present on AFM samples, as represented in the Appendix B.8.

Figure 5.15: COM images of the pure T3Im with a concentration of 1mM in MQ water with
a x40 focus.

It was also possible to visualise stDNA/T3Im complexation by COM with a
charge ratio of 0.5. At higher ratio, it was observed that the fluorescence of T3Im
is too intense to correctly observe the complex fibers of the sample. Long fluorescent
fibers are observed on COM images (Figure 5.16). Two morphologies are present on
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this image. The first one corresponds to T3Im which crystallized on the fibers with
a rounded shape. The second one corresponds to long fluorescent fibers likely cor
responding to T3Im/stDNA complex. This image shows us that the fluorescence is
homogenous along T3Im/stDNA fiber.

Figure 5.16: COM images of T3Im/stDNA complex at charge ratio of 2 with a x40 focus.

It is also interesting to observe that all the fibers are globally directed in the same
way. These fibers also present a certain unidirectionality in the COM image. If we
navigate in the sample, it is possible to find very long complex fibers. Appendixes
B.10 and B.11 show these complex fibers at larger scale. We observed two kinds of
fibers. The first one is like a network with large fiber complexes that appear in the
image and several smaller fibers which are present around a largest one. In the first
image of the Appendix B.10, we observe long straight fibers like in the AFM sample
with T3Im/stDNA complexation. In the Appendix B.11, crystals inside the fibers are
also observed in the top right of the image. It is to note that the spheres present on the
image correspond to air bubbles between the sample and the thin film of glass.
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5.4 Conclusion

All these experiments provide a lot of information about the selfassembly and
the complexation of T3Im and DNA. Spectroscopic studies show that with ssDNA,
an ICD signal appears in T3Im region between 350 and 500 nm. This signal presents
an intense negative peak and a weaker positive peak in this region. This effect is not
observed with Tel22. When the charge ratio increases, it is possible to observe a blue
shift of the ICD signal of T3Im and an inversion of the ICD signal (it means that a
positive peak is observed instead of a negative peak)
The same applies for the complexation with dsDNA, except that the ICD signal can
have three different forms depending on the DNA sequence. The first one consists
of revealing a strong positive peak in T3Im region, which gains in intensity with an
increased charge ratio. The second form consists of, as in the CPT/dsDNA complexa
tion, an ICD signal with two peaks (a negative peak and a positive peak). The last one
shows us a strong positive peak with a weaker negative peak. In the last two cases,
the ICD shifts when the charge ratio increases and gains in intensity. It is clear that
the length and the sequence of DNA influence the ICD signal of T3Im.
Regarding the fluorescence spectroscopy measurements, it seems that the fluores
cence of T3Im, during the titration by T3Im of dsR81, evolves in an exponential way
until it reaches the charge ratio of 1, where the evolution becomes linear. In the case
of the titration by dsR81 (with the concentration of T3Im constant during the experi
ment), the signal tends to increase in intensity when the charge ratio of 1.5 is reached.
From microscopy studies, the results show us that different morphologies coexist
when T3Im is complexed with DNA. Crystalline forms, which correspond to the pure
T3Im, can be observed on the mica plates at the microscopic scale with AFM. For
T3Im/DNA complexes, it is possible to observe two other forms. Long and flexible
fibers, which are connected, are present, as well as smaller fibers, which seem to be
straighter than the longer fibers. These fibrils grow in the same direction. COM is
used to observe the fluorescence of T3Im crystals and T3Im/stDNA complexes. It
seems that, when T3Im is complexed with DNA, the fluorescence is homogeneous
all along the complex fibers. These microscopic fibers are connected and can form
long and thick networks.
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Chapter 6

Towards Hybridization Sensing Using
Poly(fluoreneethynylene)

6.1 Introduction

Food industry is facing difficulties to ensure optimal sanitary control of products.
Nowadays, current tests are either unreliable, only feasible in the laboratory,
or require several days/weeks of cultures to obtain results. In this context, it is
interesting to develop a reliable and easytouse system to allow companies to
perform, internally, as many DNA tests as possible to ensure the health compliance
of products.
This project, in collaboration with Progenus (a company specializing in DNA
extraction and analysis) and Zentech (a biotechnology company specialised in
the development of diagnostic tools), consists of developing a method of DNA
analysis of bacterial DNA, based on the detection of a fluorescence signal. This
method aims to save analysis time and to reduce the risk of contamination, a major
problem with PCR and quantitative PCR tests widely used in testing for industry
companies.13 In this part, we focus on the detection of bacterial DNA, in particular
bacteria present in the meat sector such as E. Coli or Salmonella. In the context of
this thesis, we will only focus on the detection of DNA from specific E. Coli bacteria.

As explained in the Chapter 4, CPEs are polymers containing backbone chain of
alternating double and singlebonds173,174 Thanks to this conjugation, πelectrons are
delocalized along the backbone, providing interesting optical responses. In fluores
cence sensing, CPE presents an interesting ability to amplify their signal in response
to the interactions with analytes.11 They also present a low cytotoxicity and excellent
photostability. Thus, these polymers appear as great materials for biosensing devices
to detect specific biomolecules.175–177 An amplified quenching can be used for the
design of biosensors. In this case, PFE (Figure 6.1a) is a good candidate for Förster
Resonance Energy Transfer (FRET, Chapter 3.4).
The group of G. C. Bazan used a peptide nucleic acid (PNA) linked to a chromophore
(PNAC*) to obtain a FRET signal using a polyfluorene derivative as a donor.178,179

Two different cases happened during the experiment (Figure 6.1b). On the one hand,
when the PNAC* was noncomplementary to the target DNA, no FRET occurred and
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only the polymer signal was observed. On the other hand, when the PNAC*was com
plementary to the target DNA, a polymer/DNA/PNAC* complex could be obtained
and a FRET signal was observed. Herein, the experimental technique used was simi
lar to the process used by the group of G. C. Bazan et al. except that a complementary
DNA with a The particularity of ssDNA* is that it is only complementary to one of
the strand of target DNA.
This Chapter is divided into three relevant parts. The first part consists in studying the
FRET signal with ssDNA in solution. In the second part, FRET signals are studied
with dsDNA (which are oligonucleotides), and then genomic DNA (gDNA), from
specific bacteria such as E. Coli (O157H7) and Staphylococcus species, are studied.
These gDNA present a great interest in the detection of food quality in order to detect
food spoilage (like in meat) before the sale of these products. On the long term, the
final purpose is to use PFE in a biosensor to detect specific bacterial gDNA.

(a)

(b)

Figure 6.1: (a) Chemical structure of PFE under study and (b) schematic representation of
the complementarity (or not) of the PNAC* and DNA with the polymer.179
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6.2 Methods and Studied Compounds

Fluorescence measurements were recorded with the same instrument for UVVis
and CD experiment. Fluorescence experiments were carried out with the excitation
wavelength of PFE at 390 nm. The voltage of the detector (PMU) from the machine
varied between 750 and 1000 (1000 was used for diluted solutions) during the ex
periment. The bandwidth used was 1 nm and the analysed wavelength range was
between 410 and 650 nm with a time per point of 1 sec. A trisHCl buffer was used to
stabilize DNA in solution and to obtain a physiologic pH between 7.4 and 7.6. This
buffer is commonly used for biomolecules in aqueous solutions. To observe a FRET
signal, a specific DNA with a chromophore (ssDNA*) will be used. The dye in these
experiments is a DY485XL (Figure 6.2) purchased from Eurogentec©. This DYE ab
sorbance spectrum overlaps with the emission spectra of PFE, which is a condition to
observe a FRET signal. Two single strand oligonucleotides were purchased from this
company. They represent a unique DNA sequence only present in the target DNA.
To avoid the repetition of DNA terms, I will use “S” for ssDNA sense and “AS” for
ssDNA antisense. S and ssDNA* are complementary to AS. Each oligonucleotide
stock solution from Eurogentec© has a concentration of 100µM. The concentration
stock of the polyfluoreneethynylene (PFE, Figure 6.1a) was 10 mM in DMSO. This
solution was stocked at room temperature and protected from light as it is sensitive
to light. The molecular weight of PFE is 7200 g/mol with a polydispersity (Đ) of 2.8.

Figure 6.2: Chemical structrure of the DY485XL DYE under study.
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6.3 Fluorescence Study of PFE/ssDNA Complexation
by FRET

The evolution of the fluorescence signal is represented in Figure 6.3. Three cases
are schematically pinpointed. In the first case (a), PFE can directly interact with ss
DNA* which causes an important FRET. However, when PFE interacts with a com
mon dsDNA, no FRET occurs (no DYE, see (b) center). For the cases (b) (left and
right), it is possible to observe two different effects in function of DNA complemen
tarity with ssDNA*. if ssDNA* is complementary to one ssDNA out of dsDNA, two
fluorescence signals are observed (from PFE and the DYE) and the FRET is not com
plete (case (b) left). However, if ssDNA* is not complementary to dsDNA (case (b)
right), the FRET is maximal and mainly one fluorescence signal (from the DYE) is
observed, as for case (a). In this case, it is interesting to observe how the FRET sig
nal evolves when ssDNA* interacts with ssDNA. DNA sequences are not published
in this thesis as the work involves company partners with industrial interests. When
PFE interacts with the common ssDNA, PFE signal decreases and loses 20% of its
intensity at 475 nm (compared to PFE maximum at 475 nm). Furthermore, when PFE
interacts with ssDNA*, a FRET occurs, and the new signal appears in the dye region
at 555 nm (the DYE of ssDNA*). The PFE signal drops near 0.01 when ssDNA*
signal increases to 0.6. When S and AS are together mixed in solution with PFE, it is
possible to observe an effect with the addition of the different constituents. As shown
in Figure 6.4, the FRET signal obtained has a different intensity in function of the
adding order of the S, AS, ssDNA* and PFE. It is important to remember that S and
ssDNA* are complementary to AS.

When ssDNA* and AS are mixed in solution and then PFE is added, there is a mix
of signal intensity. The PFE and FRET signals have approximately the same signal
intensity. Moreover, when PFE and AS are complexed together and ssDNA* is added
last, the FRET signal tends to be more intense than PFE signal; the FRET seems to
be dominant. These experiments show the importance of the order of addition of the
different molecules in solution. The purpose of this experiment is also to observe
how the FRET will evolve with noncomplementary DNA. A ssC20 DNA is chosen
(a single stranded DNA with 20 cytosines and consequently noncomplementary to
S, AS and ssDNA*) in order to study how the FRET signal will evolve with a non
complementary DNA. The results can be observed in Figure 6.4 on the top right. A
weak PFE signal persists and ssDNA* signal increases strongly until 0.63. The FRET
is total and PFE signal disappears. The order of addition of DNA and PFE does not
influence the FRET signal intensity (see Appendix C.1). These results show us that if
ssDNA* interacts with noncomplementary DNA, the FRET is maximal. If ssDNA*
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Figure 6.3: Schematic representation of the FRET with a (non)complementary DNA and
PFE.

interacts with complementary DNA, PFE signal intensity will be roughly the same
value than FRET signal. These results were obtained using ssDNAwithout annealing
method. It means that no temperature cycle was carried out during the experiment to
avoid hybridization of ssDNA with the other single strand. It is interesting to observe
the evolution of the FRET signal by using dsDNA.
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Figure 6.4: Fluorescence spectra of PFE, S, AS and ssDNA*. [PFE] is 37.5 µM and [S],
[AS], [ssC20] and [ssDNA*] is 5µM. The charge ratio is 0.5. Experiments were carried out at

20°C, with a λexc of 390 nm.

6.4 Fluorescence Study of PFE/dsDNA Complexation
by FRET

Herein, hybridization occurs with the different ssDNA (S, AS and ssDNA*) to
obtain dsDNA. The adding order of ssDNA* and PFE is also studied. Figure 6.5
summarizes all these fluorescence experiments. The order of addition strongly influ
ences the signal intensities of PFE and FRET in Figure 6.5 on the left. If the polymer
is added first, compared to ssDNA*, a double peak is observed as for the experiment
with ssDNA. Nevertheless, when ssDNA* is added first, the FRET signal is signif
icantly stronger than the polymer signal. In this case, that means that some polymer
chains in solution interact directly with ssDNA* and not with dsDNA/ssDNA* com
plexes. In the first case, different situations coexist. It means that PFE complexes
with DNA and PFE signal decrease, some free PFE in solution interact directly with
ssDNA* and some dsDNA/PFE complex could interact with ssDNA*.

The same experiment is carried out with a noncomplementary dsDNA and well
known from our lab, called dsR43 (see Chapter 4). As shown in the Figure 6.5 on the
right, the order of addition does not influence the intensity of FRET and polymer (to
note that ds(R43 + ssDNA*) means that hybridization occurs between dsDNA and ss
DNA*). Both cases present an intense FRET peak with the same intensity. The next
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Figure 6.5: Fluorescence spectra of PFE, S, AS, dsR43 and ssDNA*. [PFE] is 37.5 µM and
[S], [AS], [dsR43] and [ssDNA*] is 5µM. The charge ratio is 0.5. Experiments were carried

out at 20°C, with a λexc of 390 nm.

step was to carry out heating ramps to observe how the FRET signals evolve when the
temperature increases or decreases during the experiment (Appendix C.2). The idea
is to heat and cool the solution to create a competition between the different strands
of DNA (S, AS, ssDNA*) and PFE in solution for a better understanding of the inter
action between the polymer and DNA. Both order of addition, S+AS+PFE+ssDNA*
and S+AS+ssDNA*+PFE, are tested. Finally, only the first one will be privileged for
the next experiment because it is more interesting to study the evolution of the double
peak instead of only one. When a double peak appears, it is easier to observe the evo
lution of the signals. Consequently, we will discuss only this experiment using the
adding order DNA+PFE+ssDNA*. Thus, heating and cooling cycles are performed
to observe the evolution of the FRET and the polymer peak during the cycle. To make
the results easier to understand, histograms are produced, as shown in Figure 6.6 (Ap
pendix C.2 shows us the fluorescence spectra). The histograms show the evolution of
the peak intensity at 475 nm (black for the polymer) and at 547 nm (red for the dye).

It clearly shows us that the FRET signal increases during the cycle instead of
PFE signal, which decreases during the cycle. The double peak disappears to lead
the FRET signal increase and become dominant. It is interesting to observe that the
peak at 547 nm increases during heating and during cooling. The same experiment
is also performed with the dsR43 which is noncomplementary to ssDNA*. Heating
and cooling the solution show the same effect with this DNA, but the evolution of the
spectra is weaker than with complementary DNA. The order of addition is the same
for the dsR43. During the cycle, PFE signal undergoes a decrease of 68% with com
plementary DNA and 35% with noncomplementary DNA. The FRET signal under
goes an increase of 140% and 131% respectively. This difference can be explained
by the melting point of the different DNA as the complementary DNA presents a
melting point at 50°C instead of dsR43 with a melting point of 67.5C°. It is easier for
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Figure 6.6: Histograms of the evolution of the fluorescence peak of PFE and FRET signal
with (non)complementary dsDNA. [PFE] is 37.5 µM and [S], [AS], [dsR43] and [ssDNA*]
is 5µM. The charge ratio is 0.5. Experiments were carried out between 20°C and 40°C, with

a λexc of 390 nm.

S and AS to dehybridize and hybridize as the melting point is close to the anneal
ing temperature (40°C). Even if these experiments provide a lot of information about
the interactions between DNA and ssDNA* and between DNA and PFE, they are not
complete because we only have studied two different cases. Only the experiment with
100% of complementarity and low complementarity were studied. It is interesting to
observe the evolution of the fluorescence spectra with different DNA, which present
a different number of single nucleotide mismatches in their sequences to observe the
specificity of the detectionmethod.Mismatches are pairing errors, which decrease the
hybridization capacity with another single strand. These mismatches are represented
in Figure 6.7 with X being the pairing error.

Figure 6.7: Schematic representation of the different mismatch in DNA, X being a different
base than that complementary to target DNA.

Five different mismatches are carried out to observe the effect of the number of
mismatches with the FRET signal. Using mismatch allows us to study the specificity
of the detection following the fluorescence signal evolution, using heating and
cooling cycles. Figure 6.8 shows the effect of the mismatch on DNA/PFE/ssDNA*
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complexation. Moreover, to complement these results, a heating ramp is carried out
to study the competition and the selectivity during DNA hybridization. The solutions
are heated, at higher temperature than before, until 70°C and then cooled until
20°C. If we look at the graph from the left in Figure 6.8, the spectra differ when the
mismatches are more numerous than two. If we measure the ratio between the two
peaks (at 475 nm and 547 nm), the ratio differs directly with the first mismatch (from
a difference of 0.22 to 0.24). With two mismatches, the polymer signal increases in
intensity, and consequently, the ratio of both peaks increases. These results show
us that when DNA interacts with noncomplementary target DNA, which presents
mismatches, the FRET is less efficient and PFE signal is more intense. It shows an
interesting selectivity property, which is an interesting characteristic for the detection
of target DNA. After carrying out a heating ramp, both signals have changed. After
heating until 30°C and cooling the solution, PFE signals do not show a difference in
the signal intensity with the effect of mismatches (Figure 6.8 right). It is not possible
to differentiate the signals at 425 nm. It is difficult to interpret these results based
only on the signal intensities. In the case of PFE, the evolution of its signals does not
allow all signals for each mismatch to be differentiated, and FRET signals are too
close in intensity to be able to differentiate them. To observe a change in fluorescence
depending on the mismatches, another way we can use is to compare these results
with an intensity ratio between the polymer signal at 425 nm and ssDNA* signal at
550 nm as shown in table 6.1.

Figure 6.8: Fluorescence spectra of FRET signal with the presence of mismatches in DNA
sequence with a λexc of 390 nm. [DNA] = 5µM and [PFE] = 37.5 µM.

We can observe that the ratio is more significant at the first mismatch. The ratio
does not change a lot when the number of mismatches increases. With heating and
cooling ramps, it mixes all the spectra and prevents distinguishing spectra. It is also
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Table 6.1: Intensity ratio between the different PFE signals (425nm) and ssDNA*( at 550
nm) at 20°C, with and without the mismatches.

Fluorescence signals ratio (PFE/ssDNA* intensity)
temperature S+AS+ssDNA* mm1 mm2 mm3 mm4 mm5

20°C (before heating) 1.3 1.46 1.84 1.82 1.84 1.95
20°C (cooling) 0.56 0.82 0.65 0.78 1.1 0.72

observed that some aggregates appear in solution, which consequently decreases the
emission intensity of ssDNA* and PFE. If the study of the evolution of the emission
intensity in function of the temperature is carried out, aggregates appear faster in
solution when the temperature is higher, resulting in an intense decrease of ssDNA*
emission intensity and PFE intensity. A new method has to be found to avoid making
aggregates in solution. In fact, if DNA complexes directly with PFE, it is possible
to find PFE free in solution (which is not complexed with DNA), as represented in
Figure 6.9.
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At the beginning of the experiment, PFE interacts directly with a ssDNA* (it
is important to remember that ssDNA* is complementary to the target DNA), and
this complex (PFE/ssDNA*) can aggregate in solution, and consequently cause an
intense decrease of ssDNA* intensity (as represented in 1 and 2, in Figure 6.9). To
avoid this situation, the new method is to anneal DNA at 90°C (to maximize the
dehybridization), and before slowly cooling the solution, adding ssDNA* in order
to cause a competition between ssDNA* and the dehybridized DNA (3 in Figure
6.9). Then, when the solution is cooled down , PFE is added in solution to form a
DNA/ssDNA*/PFE complex. Figure 6.10 shows the same experiment, but with the
annealing method and the competition with ssDNA*. These results demonstrate an
evolution of the signal with the number of mismatches, which is different compared
to the results of Figure 6.8 on the right, without the annealing method.

Figure 6.9: Schematic representation of the formation of complexes between PFE and ss
DNA*.

These results show us that, before heating the solution to 30°C, the higher the
number of mismatches is, the more intense ssDNA* signal is, particularly after 3
mismatches present in DNA. We can also observe that making a heating and cooling
cycle (from 20°C to 30°C) does not significantly change the signals. Instead, aggre
gation does not appear in solution, showing us that this newmethod works better than
the previous one. If the intensity of the signals from Figure 6.8 and the Figure 6.10
are compared, the annealing allows to have a higher signal intensity.

Table 6.2 2 shows us the ratio between PFE signal and ssDNA* signal. The ratios
differ from the previous experiment, as a new PFE peak is observed at 475 nm. Com
mon Polyfluorene (PF) exhibits a fluorescence peak around 425 nm. PF can be subject
to conformational changes in solution.180–183 It is also possible to observe interchain
interactions, leading to aggregate formation. These effects can lead to the appearance
of another peak at a higher energy. During this thesis, it was observed that a thermal
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Figure 6.10: Fluorescence spectra of SAS/ssDNA*/PFE complexes after the annealing of
DNA. The charge ratio (+/) is 0.5 with a λexc of 390 nm. The concentration of each DNA is

5 µM.

Table 6.2: Intensity ratio between PFE signals at 425 nm and ssDNA* at 550 nm at 20°C
after the annealing.

Fluorescence signals ratio (PFE/ssDNA* intensity)
temperature S+AS+ssDNA* mm1 mm2 mm3 mm4

20°C (425 nm) 0.41 0.4 0.48 0.2 0.17
20°C (475 nm) 0.19 0.19 0.17 0.13 0.28

history effect could occur on the fluorescence spectra. Using a fresh solution of PFE
gives us a meaningful fluorescence peak at 475 nm. When stocked at room tempera
ture (in stock solution of DMSO), the peak undergoes a blueshift at 425 nm. When
heating a solution of pure PFE, it is possible to observe the reversion of the peak from
475 nm to 425 nm. Based on table 6.2, the ratio significantly changes when DNA pos
sesses 2 mismatches. The effect of mismatch is more significant when the signal is at
425 nm than 475 nm. Thanks to these results, it is possible to study the detection of
genomic DNAs (or gDNA).

6.5 Fluorescence Study of PFE/gDNA Complexation
by FRET

Genomic DNA (gDNA) can be defined as a DNA that holds the complete set
of genetic data for an organism.17 Herein, three different gDNA were studied: two
gDNAcoming from two bacterial subdivisions of the Escherichia coli (E. Coli). These
gDNA will be called target gDNA and gDNA2. The third one comes from another
bacterial species, the Staphylococcus species (Staph. sp.). This one will be called
gDNA3. Target gDNA has the sequences used in the last experiment (ssDNA* is,
consequently, complementary to target gDNA) and gDNA2 and gDNA3 do not own
this sequence (they are noncomplementary to ssDNA*). The fluorescence signals
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Table 6.3: Intensity ratio between PFE signal (425 and 470nm) and ssDNA* (at 550nm) with
gDNA after the annealing.

Fluorescence signals ratio (PFE/ssDNA* intensity)
temperature target DNA gDNA2 gDNA3

20°C (425 nm) 2.94 3.05 1.46
20°C (470 nm) 0.91 2.07 0.485

were studied after the annealing of gDNA and ssDNA* to detect the specific se
quences into gDNA by FRET. It is important, at this step, to study the selectivity
and the sensitivity of the technique. The first part consists of studying the complex
ation of PFE with different gDNA to show different evolutions of the FRET signal.
Then, it consists of using dilute solutions to determine the limit of detection of the
technique. Figure 6.11 shows us the FRET signal with different gDNA in solution.
We can note that the spectrum differs with the nature of gDNA studied. If we look
at ssDNA* region at 550 nm, the signal presents a blueshift compared to the other
signals. The PFE signal intensity varies in function of gDNA studied. It can be due
to the concentration of gDNA, which is different from one DNA to another.Despite
this problem, Table 6.3 shows us that the ratio differs by a factor of two when we
compare the fluorescence ratio obtained with target gDNA and the FRET obtained
with others gDNA. It is possible to observe a certain selectivity in DNA detection, as
shown in the Table 6.3. Nevertheless, it is difficult to differentiate gDNA based on
these signals. To optimize the experiment, a new method for the sample preparation
was used to improve the selectivity of detection.

Figure 6.11: On the left, fluorescence spectra of gDNA/ssDNA*/PFE complexes after an
nealing with a λexc of 390 nm. On the right, the normalized spectra of these complexes. 5µL
of gDNA (with a mass concentration of 100ng/µL for target gDNA, 90ng/µL for gDNA2 and
50ng/µL for gDNA3) are added in a total volume of 300µL. The concentration of PFE is 3.3

µM and the concentration of ssDNA* is 2.5 µM.

During the annealing, instead of heating a solution with gDNA and ssDNA*, only
gDNA is heated in solution at 90°C during 5 min. Afterwards, ssDNA* is added in
solution just before slowly cooling it (with a speed of 1°C per minute). With this new
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method, it is also interesting to observe what happens when the solutions are heated
at 30°C (Figure 6.12). Heating the solution means that the FRET signal will decrease
when the temperature increases, and this is what we observed in ssDNA* region at
550 nm. Nevertheless, if we look at PFE region, the signal evolves differently; the
signal of PFE with the target gDNA increases with the temperature, compared to the
signal of PFE with DNA3, which decreases with the temperature (Appendix C.3).

Figure 6.12: Evolution of fluorescence spectra using the new preparation method of sample
with different gDNA (5µL) at different temperature with a λexc of 390 nm. The concentration

of PFE is 3.3 µM and the concentration of ssDNA* is 2.5 µM.

The PFE/ssDNA* intensity ratio is different from one DNA to another. The FRET
ratio is less intense with gDNA3 than target gDNA and gDNA2. This phenomenon
is due to the complementarity with ssDNA*. As ssDNA* is not complementary to
gDNA3, PFE interacts directly with ssDNA* and the signal intensity is more intense
as shown in Table 6.4. With these results, it will be difficult at this stage to clearly
identify the target gDNA in solution, even with some improvements of the method.
To improve the selectivity of the method, 4 different ssDNA* are used : DYE3033,
3040, 3047 and 4045. The first two numbers correspond to the length of ssDNA*
sequence and the last two numbers correspond to the GC bases ratio. These ssDNA*
are specific to the target gDNA (and consequently not present in the other gDNA).
Moreover, diluted solutions of gDNA were used. The idea is to work with dilute so
lutions to get as close as possible to an analysis in real conditions. It also enables us to
determine the limit of detection for the technique. So, gDNA were diluted up to 6000
times, the different ssDNA* 1500 times and PFE 300 times. gDNA have undergone
an annealing with the different ssDNA*. Different ssDNA* signal intensities can be
observed on the different graphs in Figure 6.13 and Appendix C.4. This shows us that
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Table 6.4: Intensity ratio of PFE and ssDNA* signals.

PFE/ssDNA* ratio at 20°C
target gDNA 2.96
gDNA2 2.82
gDNA3 1.45

Table 6.5: Intensity ratio of PFE and ssDNA* signals with the different ssDNA*.

PFE/ssDNA* ratio target gDNA gDNA2 gDNA3
DYE3033 2.3 3.7 2.1
DYE3040 4.3 5.3 2.9
DYE3047 2.7 2.9 1.9
DYE4045 2.4 3.0 1.9

this technique is sensitive to DNA sequence used for ssDNA*. The most specific are
DYE3040, with the weakest FRET signal and DYE3033 with the strongest FRET
signal. Their signals tend to stand out better than the other ssDNA* with a better sig
nal intensity ratio, as presented in chart 6.5. For the DYE3040 and 4045, they stand
out from others DYE by their different ratios with the different gDNA, which presents
an interesting sensitivity and selectivity. Interestingly, the signal remains intense and
well defined despite the dilution.

Figure 6.13: Fluorescence spectra of diluted PFE/ssDNA*/gDNA complexes solution with
different ssDNA* and with a λexc of 390 nm. The concentration of ssDNA* is 0.06µM and

the concentration of PFE is 3.33 µM.
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6.6 Conclusion

Fluorescence spectroscopy gives us a lot of information on how the FRET works
for the detection of specific DNA. The FRET signal is maximumwhen ssDNA* is not
complementary to DNA present in solution, and a double peak (from PFE and FRET)
appears when ssDNA* is complementary to DNA present in solution. Moreover, the
study shows that the adding order of PFE and ssDNA* in solution has a relevant
role in the appearance of the FRET signal. Heating and cooling cycles to the solu
tion increases the FRET signals with complementary DNA. With dsDNA (oligonu
cleotides), the presence of mismatches in DNA sequences influenced the FRET in
tensity and the signals tend to differ from the others from the first mismatch in the
sequence of DNA (when the signals with all the mismatches are compared). Aggre
gation in solution was also a problem for the FRET analysis as the intensity of the
signal decreases brutally upon the aggregation. An annealing of DNA and ssDNA*
was performed to minimize the aggregation formation. It resulted in an increase of
the FRET intensity and allowed the signal to differ with a DNA, which presents at
least 2 mismatches. Furthermore, the study with gDNA shows us that this method is
selective, as the FRET obtained with the different gDNA differs from the FRET with
the target gDNA, as well as sensitive due to the dilution experiment carried out. It is
possible to observe a FRET signal after a great dilution, i.e. more than 1000 times.
Four ssDNA with a grafted DYE and different sequences were studied to identify the
best candidate. It was concluded that two types of DNADYE systems (3040 and
4045) would be the best probes for the DNA detection.
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Chapter 7

Probing the Methylation of DNA by
HpaII Enzyme Using
πConjugated Probes

7.1 Introduction

As explained in Chapter 2, in mammals, the methylation of DNA is a chemical
modification of a cytosine by the addition of a methyl group via the action of a par
ticular enzyme, a methyltransferase enzyme. This methylation has a major role in the
epigenetic processes, i.e. the expression of the gene.184,185 The alteration of themethy
lation rate and the appearance of aberrant patterns of DNA methylation are linked to
gene repression (tumour suppressor gene, for example), which is linked to abnormal
cellular growth. The detection of the methylation rate is important for medical diag
nosis, notably for carcinoma and colorectal cancer.61,186 In this context, πconjugated
polyelectrolytes (CPEs) present a great potential as an optical signal transducer thanks
to their interesting properties, such as good solubility in aqueous solvent, high molar
extinction coefficient, high fluorescent quantum yield and good sensitivity of their
optical properties to conformation changes and assembly during complexation with
a biomolecule (i.e. DNA).11,187,188 Herein, we take advantage of our works on the
supramolecular assembly of CPEs/DNA to study the DNA structural changes induced
by the enzymatic activity, based on the (chir)optical and fluorescence signals from
CPEs. Specific oligonucleotides with controlled length and welldefined sequences
have been selected for the study of the DNAmethylation. These DNA sequences pos
sess one or several CpG dinucleotides sequences (for CytosinephosphateGuanine).
They represent the specific sites for the DNA methylation.
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7.2 Methods and Studied Compounds

UVVis absorption and CD measurements were recorded using a ChirascanTM
Plus CD Spectrometer from Applied Photophysics. The measurements were carried
out using 2 mm suprasil quartz cells from Hellma Analytics. The spectra were
recorded between 225 and 600 nm, with a bandwidth of 1 nm, a time per point of
1 sec and two repetitions for each spectrum. The buffered water solvent reference
spectra were used as baselines and were automatically subtracted from the CD
spectra of the samples. Each spectrum was taken at 37°C.

Different DNAs of interest were used during these experiments, such as dsVim20,
dsNeur40 and dsR81. The red sequences on figure 7.1 corresponds to the specific
sequences that are methylated. Vim20 comes from “Vimentin” and 20 corresponds
to the number of bases.189,190 Vimentin is classIII intermediate filament found in
various nonepithelial cells, especially mesenchymal cells. This DNA is attached to
the nucleus, endoplasmic reticulum, and mitochondria, either laterally or terminally.
For the second DNA,” Neur” comes from Neurogenin 1 and it is a protein coding
gene. Among its related pathways are the regulation of intermediated beta catenin
signalling , target gene transcription and the transcriptional regulatory network
in embryonic stem cells.191,192 dsR81 comes from a gene corresponding to the
“Calcium channel, voltagedependent, Ttype, alpha 1G subunit”, also known as
CACNA1G. Ttype calcium channels are low voltage activated calcium channels
that become disactivated during cell membrane hyperpolarisation but then open to
depolarisation.186,193,194 These DNA sequences are represented in Figure 7.1. The
buffer used is a commercial specific buffer for the methylation of DNA (a HpaII
buffer with a pH equal to 7.4) to stabilise the DNA and the enzyme. The buffer and
the HpaII enzyme come from Bioké©. The ε of each DNA is 337747 L.mol−1.cm−1

for dsVim20, 667404 L.mol−1.cm−1 for dsNeur40 and 1361420 L.mol−1.cm−1 for
dsR81. The molecular weight of CPT and PFE is 17700 g/mol and 7200 g/mol
respectively with a polydispersity (Đ) of 1.3 for CPT and 2.8 for PFE. The molecular
weight of T3Im is 664 g/mol.

For the ELISA experiment, commercial methylflash kits were purchased. The
method consisted of measuring the absorbance signal from different methylated DNA
samples at different methylation times. They contained the same amount of dsR81
and the time of methylation varied from 10 seconds to several hours for each sam
ple. After the methylation was stopped by heating the samples at 65°C for 20 min, a
small volume of methylated DNA was put in the wells (from the kit) to obtain three
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replicates of each sample. A spectrophotometer (GloMax from Promega) was used
to measure the signal from the wells with the help of Prof. Frédérique Copée and
Virginie Dudome from the UMONS Laboratory of Metabolic and Molecular Bio
chemistry (LBMM).

Figure 7.1: list of the different sequences DNA studied. Only 5’–>3’ sequences are shown.

Fluorescence measurements were recorded with the same instrument. They were
carried out with the excitation wavelength of 460 nm for CPT, 400nm for PFE and
370 nm for T3Im. The voltage of the detector (PMU) from the machine was 750
during the experiment, the bandwidth used was 1 nm and the analysed wavelength
range was between 400 and 700 nm with a time per point of 1sec. The concentration
of the CPT was 200µM in MQ water, 1mM for PFE in DMSO and 1mM for T3Im
in MQ water. These solutions were stocked in the freezer and protected from light.
Each DNA stock solution had a concentration of 100 µM and was solubilised in MQ
water.

7.3 Enzymatic Activity of HpaII with a Specific DNA

This section consists of understanding how the methylation of DNA works. It
is interesting to determine the Michaelis Menten constant (Km) of the methylation
by studying the evolution of the enzymatic activity as a function of the time with
different concentrations of DNA. As explained in Chapter 2 and in the introduc
tion, two different substrates are needed to methylate the DNA (figure 7.2). DNA is
needed but also another molecule, SAdenosyleMethionine (SAM). This means that
two substrates interact with the enzyme to obtain two products, methylated DNA and
SAdenosylHomocysteine (SAH). In order to methylate DNA, specific sequences are
needed like a 5’CCGG3’ sequence. Before going further, we need to know how the
UVVis and CD spectra of DNA evolve during methylation. Thus, different DNAs
were studied (figure 7.1), presenting different amounts of CCGG sequences and pre
sented at different places in DNA sequences, to study the effect of these sequences on
methylation. To simplify the reaction, SAMwas always in excess compared to DNA.
To stabilise the enzyme and obtain a correct enzymatic activity, the buffer used was
a commercial buffer made specifically for the methylation of DNA with HpaII en
zymes. The following experiments were carried out at 37°C. Our choice of enzyme
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was focused on HpaII type for the facility of performing the experiments. Indeed,
HpaII enzyme is a commercially available enzyme, delivered with SAM and com
mercial buffer, specific to its enzymatic activity. (see also section 2.4.2).

Figure 7.2: Schematic representation of the methylation of the DNA by the HpaII enzyme.

7.3.1 Evolution of the Methylation of DNA

We aim to observe what happens to DNA during the methylation using spec
troscopy. To get a better idea of methylation, UVVis and CD spectroscopies were
carried out to analyse the effect of methylation on the spectrum of the three DNAs
represented in Figure 7.1. Figure 7.3 shows us the effect of methylation on the ab
sorption spectra of three DNAs at 260 nm. We can observe the evolution of the DNA
absorbance and the CD signal as a function of the time. To observe the evolution of
all the UVVis and the CD spectra, see Appendix D.1. During methylation, DNA ab
sorbance increases. When the different maxima of absorbance (at 260 nm) are plotted
in function of the time, a logarithmic evolution appears, which is characteristic of a
MichaelisMenten enzyme.

Aswe can observe on these graphs, for the same concentration of DNA, the evolu
tion of the absorbance is faster with the number of methylation sites increasing as the
slope is important. This increase of the absorbance could be due to a hyperchromic
effect when methylation occurs. A different evolution is observed when dsNeur40
and dsR81 are compared. We might expect that dsR81 would have a steeper slope than
dsNeur40. As the methylation sites between them are quite close, a steric hindrance
could appear whenmethylation occurs with the enzyme and could slow the enzymatic
activity. If we look on the CD spectra, no modification of the CD signal occurs during
methylation because the wavelength measured (260 nm) corresponds to the inflexion
point of the DNA signal. It is therefore necessary to measure the evolution of the pos
itive and negative peak of DNA at 263 and 243 nm (Appendices D.2a and D.2b), the
signals show no significant evolution during the enzymatic activity of HpaII. Nev
ertheless, the evolution of the absorbance can be used to determine some important
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Figure 7.3: UVVis spectra of the DNA methylated by the HpaII enzyme. [DNA] is 3 µM
and constant and [SAM] is 100µM. HpaII buffer is used at a pH = 7.4 at a temperature of
37°C. 1 Unit of enzymatic activity (U) of HpaII is used for each experiment. It corresponds

to the amount of substrate disappearing per unit of time. 1U = 1 mol/sec.

information, such as theMichaelisMenten constant (Km) and the maximal rate (Vm).
Before going further, we need to know if the effect observed on the absorbance re
flects the methylation of DNA. A negative test was carried out to show the evolution
of the DNA without adding the enzyme to the solution. The graphs in Appendix D.3
clearly show a difference between the experiment with and without the HpaII en
zyme. The absorbance of DNA during the control test remained constant during the
experiment. We can conclude, thanks to this simple experiment, that the evolution of
the absorbance is caused by the enzymatic activity of the HpaII.
However, it is not clear if the DNA is well methylated by HpaII. In order to prove
that methylation is achieved, a specific kit was used to analyse the methylation of the
DNA, specifically the dsR81. This kit is calledMethylflash DNAMethylation (5mC)
ELISA Easy kit, which was purchased from Epigentek©. The method consists of us
ing (5mC) specific antibodies to detect methylated DNA and quantifing the global
methylation. It was possible to use this kit thanks to the help of Dr. Frédérique Cop
pée, Virginie Dudome and AnneEmilie Declèves from the UMONS Laboratory of
Metabolic and Molecular Biochemistry. This kit uses a colour developer solution,
which changes the colour of the sample when methylated DNA are present in the
solution. Figure 7.4 allows us to understand how the method works.

Thanks to a spectrophotometer, it is possible to convert this signal from the wells
to a methylation rate as represented in the Table 7.1. At first glance, the methylation
rate seems very low as we do not exceed 1% of 5mC. Nevertheless, DNA used with
the MethylFlash kit, dsR81, has ten CCGG methylation sites. For each site, only the
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Figure 7.4: Schematic procedure for the MethylFlash Kit. This scheme comes from the web
site of Epigentek.195

Table 7.1:Methylation rate of 10 DNA samples (with 80 ng/µL of DNA) analysed at different
times during the enzymatic activity. Methylation was stopped by heating the solution to 65°C

during 20min.

Weight of 5mC (ng) Percentage of 5mC
in total DNA (%) time (min)

1.31 0.78 0’10”
1.45 0.87 0’30”
1.42 0.85 1’
1.28 0.77 2’
1.15 0.68 5’
1.27 0.77 10’
1.37 0.82 30’
1.5 0.89 60’
1.45 0.86 180’
1.77 1.05 1440’ (24 h)

second cytosine is methylated, which means that only 10 out of the 162 bases of the
DNA will be methylated. Thus, this means that if DNA would be 100% methylated,
only 6% of the bases would be methylated. After clarifying the situation, we can show
that the dsR81 used for these experiments is methylated to a certain extent. Moreover,
an evolution of the methylation rate was also observed. The first samples did not
show a great evolution as the measurement time was short (from several seconds to
5 minutes). As explained in Section 7.2, we had to wait 20 mins before stopping the
methylation. During this time lapse, it is possible that the HpaII enzyme continued
to methylate the DNA. After 24 hours, the methylation rate increased by 0.3%. The
hyperchromic effect observed was likely due to the enzymatic activity.

As we know that DNA is methylated during UVVis and CD experiments thanks
to the ELISA experiment, we can try to determine Km and Vmax of this enzymatic
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activity. Km is defined as the value of the substrate concentration for which the en
zymatic reaction rate is equal to half of the maximum rate (Vmax). To determine Km

and Vmax, different absorbance spectra are carried out at different DNA concentra
tions to observe the evolution of the absorbance with the concentration of DNA. For
all the experiments, the unit of the enzyme stayed at 1U and the SAM concentration
remained at 100 µM. To gain some speed during the spectra analysis, only the peak
at 260 nm in absorbance will be studied. The spectra in Figure 7.5 represents the
dsR81 during the methylation experiments at different concentrations. To determine
the MichaelisMenten constant (Km), the following equation is needed:

Vi = Vmax ∗ (
[S0]

Km + [S0]
)

(a) (b)

Figure 7.5: (a) Evolution of the absorbance with different concentration of DNA.(b) The
conversion of the absorbance in concentration of methylated DNA as a function of time. The
concentration of DNA varied between 0.5 µM and 3.5 µM. [SAM] = 100µM and 1U ofHpaII

enzyme was used.

With Vi the initial rate, Vmax the maximal rate (which is an asymptote), [S0] the
initial concentration of the substrate and Km the MichaelisMenten constant.196,197

To determine these values, we must plot the evolution of Vi as a function of the
concentration. The slope and the origin will give us the values of Km and Vmax of the
HpaII enzymatic activity. The easiest way to calculate Km is to plot Vi against S0 in
order to obtain a logarithmic evolution (see Appendix D.4). In practice, plotting Vi

against S0 is far from being the best method for different reasons. It is difficult to draw
a “rectangular” hyperbola accurately, it is difficult to locate the asymptote correctly,
and it is challenging to detect variations of the curves. To get around these problems,
we had to plot the data in a linear form, which facilitated the detection of out of line
dots. The equation of this straight line can be compared to a linear expression like y
=mx+b, with Km/Vmax being the intercept (b) and 1/Vmax being the slope (m).
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Then, the linear expression of the MichaelisMenten equation can be written as
below:

[S0]

Vi
=

1

Vmax
∗ [S0] +

Km

Vmax

This equation is called the double reciprocal plot or the HanesWoolf plot (figure 7.6).
In the case of this thesis, we limited ourselves to the HanesWoolf plot because the
experimental errors are lower with this method.

Figure 7.6: double reciprocal plot also known as “Hanes plot” or “Woolf plot”.

This linear fit allows us to determine the linear relation between Vmax and Km.
The equation is represented above :

S0

Vi
= 41723(±5000) ∗ S0 + 19860(±11000)

As the slope is corresponding to 1/Vmax, the value of Vmax is 2.4E5 µM/sec. From
this equation, we can establish that the intercept corresponds to Km/Vmax, which
means that the value of Km is 0.47 µM. If the value of Vmax seems low, the en
zymatic activity studied in this thesis is also very slow. For each experiment, we
recorded spectra for between 3 and 5 hours. Concerning the MichaelisMenten con
stant, the obtained value seems to be in the same range of units than in the work of S.
Pradhan and R. J. Roberts who worked on a set of different methyltransferases (i.e.,
HpaII, DNMT1, HhaI, SssI, etc.). They presented different Km with values between
0.0018 and 1.86 µM for oligonucleotides and plasmid DNA, which corresponds to
the constant calculated based on our results.198 These values also correspond to the
value determined by the MichaelisMenten fit in Appendix D.4.
In these experiments, we only studied the absorbance of DNA during methylation.
We demonstrated earlier in this chapter that reading the signal at 260 nm does not
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allow the CD signal of the DNA to be studied. Thus, complete analyses of the methy
lation of dsR81 was carried out to observe if an evolution of the CD spectra of DNA
could occur during methylation. Figure 7.7 represents the evolution of the positive
and negative peaks (at 270 nm and 237 nm, respectively) of the CD signal of DNA
as a function of the time. Based on this graph, and Appendices D.5a and D.5b, two
evolutions occur with dsR81. The positive peak presents a decrease of intensity with
out presenting a MichaelisMenten like evolution, while the negative peak shows us
a logarithmic evolution at the beginning of methylation.

Figure 7.7: Evolution of CD spectra of dsR81 during the methylation. [dsR81] = 1 µM,
[SAM] = 100µM at pH = 7.4 at 37.2°C in HpaII buffer.

Thanks to this section, we have a better understanding on howmethylation works.
It will be interesting to use these data for the study of probing methylation of DNA
complexed to πconjugated molecules. The additional interest will be to observe
the complexation of these molecules during methylation and to determine if these
molecules do or do not disturb enzymatic activity.
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7.4 Probing the Methylation of DNA with Cationic π
Conjugated Polymer

Chapter 4 provides information about how these polymers (CPT and PFE) interact
with DNA.We shown that ICD signals appeared when these polymers interacted with
the DNA and the CD signal of DNA decreased (at a charge ratio under 1). We will use
this polymer/DNA complexation to probe the enzymatic activity. First, this activity
will be analysed by spectrophotometry (UVVis and CD) and then by fluorescence
spectroscopy.

7.4.1 UVVis and CD Spectroscopy

With CPT as a Probe

In the UVVis spectra presented in the figure 7.8, the absorbance of the DNA
increases during methylation even if DNA is complexed with CPT. We know that
HpaII interacts in the DNA major groove and M. Fossépré et al. have shown that
CPT interacts with DNA in the minor groove.151 Then, CPT may not disturb en
zymatic activity too much when it is in interaction with DNA. To demonstrate this
hypothesis, the same experiment was carried out without CPT. The absorbance max
ima of the DNA (complexed and not complexed with CPT) was plotted as a function
of time during methylation, as shown in Appendix D.6a. It clearly demonstrates that
CPT does not disturb the enzymatic activity of HpaII. This means that the increasing
absorbance effect is due to the enzymatic activity, as shown in an earlier section. As
explained in Chapter 4, an ICD signal appears in the CPT region. A negative peak at
510 nm and a positive peak at 440 nm appear during the complexation, as shown in
Figure 7.8. Furthermore, the ICD signal of the CPT evolves during the methylation of
DNA, as represented in Appendix D.6b. This evolution corresponds to a linear evo
lution, suggesting that methylation could induce a modification of the ICD spectra
of the CPT. We can observe that the positive peak increases in intensity, as opposed
to the negative peak, which decreases in intensity. To summarise, both peaks tend
to increase or decrease at the beginning of methylation and then the signals remain
constant during the whole experiment. At this stage, it is difficult to conclude that the
ICD signal increases thanks to the enzymatic activity. The solution would be to study
the evolution of the ICD signal of CPT with and without the enzyme. This would
allow us to determine if the evolution of the ICD signal comes from the enzymatic
activity. These experiments are represented in Figure 7.9.

After observing the evolution of the CPT signals, we can conclude that the CPT
signal increases in the same way with and without enzymatic activity. At this point,
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Figure 7.8: UVVis and CD spectra of dsNeur40 complexed with CPT (red curve) at 0.9
charge ratio ((+)/()). blue and orange curve corresponds to the enzymatic activity of theHpaII

at time 0 and time 360 min. HpaII buffer is used at pH 7.5 at 37°C. [SAM] = 100µM.

Figure 7.9: CD spectra of the CPT complexed to dsR81 with a charge ratio of 0.3 during the
methylation on the left and without the methylation on the right. HpaII buffer used at pH 7.5

at 37°C. [SAM] = 100 µM and [CPT] = 1.54 µM.
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it is not possible to confirm that the evolution of the ICD signal of the CPT is the
consequence of this enzymatic activity. Furthermore, aggregation of CPT appears
during these experiments, making it more complicated to observe the methylation
of DNA/CPT complexes by spectroscopic experimentation. Regardless of the charge
ratio used for the complexation, DNA/CPT complexes aggregate after a certain time
in solution, which causes a significant decrease of the ICD signal of CPT (Appendix
D.8). Away to get around the problem is to complexDNAwith CPT after methylation
occurs. At the same concentration, the ICD observed is the same for both methods.

With PFE as a Probe

In Chapter 4, it was concluded that PFE presents a strong ICD signal when it
interacts with dsDNA and its signal is modified when the length and the sequence
of the studied DNA changes. It would be interesting to observe a modification of the
ICD signal of PFE during methylation, as we tried to showwith CPT. In this part, PFE
was complexed with dsNeur40 and then the complex was methylated by the HpaII
enzyme. This method means that we can study enzymatic activity while allowing us
to observe if PFE disturbs this enzymatic activity. To begin, the experiments consist of
observing, without methylation, the evolution of the ICD signals of PFE, represented
in Figure 7.10. Through these graphs, we can observe that PFE loses in intensity in
UVVis and CD. As a reminder, PFE has two peaks of absorbance present at 400
and 420 nm (Appendix D.9). Both evolve in the same way during the time of the
experiment, except at around 50 min, where the signal at 400 nm (red dots) increases
in intensity, whereas the signal at 420 nm (black dots) decreases in intensity. In the
case of the ICD signal, we measured the evolution of the negative peak at 428 nm. It
shows us that after 50 min, the evolution of the intensity is due to the formation of
aggregates in solution.

As we know how the signal of PFE evolves in function of time, the same exper
iment was carried out with the HpaII enzyme. The evolution of the UVVis and CD
signals of PFE/dsNeur40 complexes are represented in Appendix D.9.With or without
the presence of enzymes, the same effects appear on the UVVis and CD spectra. They
evolve in the same way than in Figure 7.10, as the formation of aggregates appears
in solution (see Appendix D.10).
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Figure 7.10: Plots of UVVis (left) and CD spectra (right) of PFE complexed with dsNeur40.
[PFE] = 13.3 µM and [dsNeur40] = 1.1 µM. HpaII buffer at pH 7.5 at 37°C.

7.4.2 Fluorescence Spectroscopy

With CPT as a Probe

The CPT presents a weak fluorescence quantum yield with a value around 7%.199

Nevertheless, it is possible to observe its emission signal by using the appropriate
parameters. At an excitation wavelength of 436 nm, a fluorescence peak at 580 nm
is observed. When we study the CPT emission as a function of time, photobleaching
causes the decrease of the fluorescence intensity of pure CPT, as represented in Figure
7.11. Furthermore, it was observed that the photobleaching evolvesmore slowlywhen
CPT interacts with DNA. Despite this change, the effect of the complexation of CPT
does not provide any important information about the evolution of the fluorescence
emission.

With PFE as a Probe

Compared to CPT, PFE is known to have a better fluorescence emission, which
means it is easier to observe a signal by fluorescence. As a reminder, two fluorescence
peaks are observed at 472 and 434 nm. Despite its great fluorescence emission, con
siderable photobleaching appeared for the peaks at 472 nm and at 434 nm as a function
of time. We can observe that the first peak evolves faster than the second peak. As in
the analysis of the CPT fluorescence signal, it was interesting to observe if this photo
bleaching would remain when PFE interacted directly with dsNeur40 and the enzyme.
Figure 7.12 presents the same effects as those observed in the case of CPT. The ef
fect of the complexation of PFE does not provide any important information about the
evolution of the fluorescence emission of PFE. It seems that the complexation of PFE
with DNA prevents the photobleaching of the PFE fluorescence emission. If reading
the PFE signal does not provide information about the enzymatic activity, we can use



104
Chapter 7. Probing the Methylation of DNA by HpaII Enzyme Using

πConjugated Probes

Figure 7.11: Emission spectra of pure CPT (black line), CPT/dsNeur40 complex (red line) ,
CPT with HpaII (blue line) and CPT/dsNeur40 with HpaII (pink line) at 590 nm. [dsNeur40]
= 3.6 µM, [CPT] = 3.12 µM and [SAM] = 100µM with a λexc of 450 nm. HpaII buffer was

used at pH 7.5 at 37°C.

Figure 7.12: Emission spectra of the pure PFE, PFE/dsNeur40 and CPT/dsNeur40 withHpaII
at 472 and 434 nm. [dsNeur40] = 1.1 µM, [PFE] = 13.3 µM and [SAM] = 100µM.HpaII buffer

at pH 7.5 at 37°C.
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the FRET method to probe the methylation of DNA. It is possible to determine the
methylation rate of DNA by analysing the FRET signal during enzymatic activity. In
the work of F. Feng et al., FRET gained in intensity with the proportion of methylated
DNA increasing during methylation.9 Thus, the DYE from Chapter 6 was used, i.e
the DYE DY485XL, and linked to the 5’ssDNA, called ssDNA* (complementary
to dsNeur40). To avoid competition between dsNeur40, ssDNA* and PFE, annealing
was carried out between ssDNA* and the ssNeur40 complementary to ssDNA*. No
relevant results were obtained as the intensity ratio of the PFE/ssDNA* did not evolve
(see Appendix D.11) during the methylation, even after long time of methylation (24
h).

7.5 Probing the Methylation of DNA with a Cationic
πConjugated Oligothiophene

Previous results show us that using polymers for the detection of methylation
leads to the formation of aggregates in solution. The selfassembly of polymers with
dsDNA does not allow the enzymatic activity to be followed in real time, due to the
formation of aggregates in both cases. Using smaller molecules, like oligothiophene
can, lead to a better probing of the enzymatic activity. Indeed, as shown in Chap
ter 5, the formation of aggregates was observed only at high charge ratios ((+)/()).
Moreover, at low charge ratios, it was possible to observe only one peak in the T3Im
region, which facilitated the reading of the signal. A plus compared to CPT is that
oligothiophene presents a great fluorescence emission, which is more stable than CPT
emission. Thus, it is possible to probe the enzymatic activity by UVVis, CD and flu
orescence spectroscopy.

7.5.1 UVVis and CD Study of Probing the Methylation of T3Im/dsDNA
Complexes

In this Chapter, it has been demonstrated that the methylation of dsR81 causes a
decrease in the intensity of both peaks of the CD signal. When T3Im is complexed
with DNA, an evolution of the absorbance and the ICD of T3Im is observed during
methylation, see Figure 7.13. The experiment was carried out in two steps. First, it
was necessary to complex the T3Im with dsR81 at a low charge ratio ((+)/()) to avoid
the formation of aggregates (i.e., a charge ratio of 0.5 was used for this experiment).
Then, we observed the evolution of UVVis and ICD signals in the region of the T3Im
and the region of DNA during the methylation of the T3Im/dsR81 complex. The max
ima of the absorbance and CD with the minima of the CD spectra were plotted versus
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time, as show in Figure 7.12. It is interesting to observe that the evolution of the ab
sorbance of T3Im occurred in the same way as the absorbance of dsR81. Both show
us the same gain in intensity during the experiment. In addition, the slope of the ab
sorbance evolution of T3Im is steeper than dsR81. If we analyse the evolution of the
CD signals for complexed dsR81, the negative peak (blue line) shows a significant
evolution during the enzymatic activity of the HpaII, compared to the positive peak
(red line), which presents a weaker and more variable evolution of the signal inten
sity. In the case of the ICD signal of T3Im (black line), it evolves logarithmically
as the red line (see Appendix D.12). It is interesting to observe that the evolution

Figure 7.13: Graphs on the evolution of the absorbance (on the left) and the CD signal of
T3Im /dsR81 complex during the methylation. [dsR81] = 2µM, [T3Im] = 81µM, [SAM] =

100µM. HpaII buffer at pH = 7.4 at 37°C.

of the blue (DNA) and the black line (T3Im) have a MichaelisMentenlike evolu
tion of their (I)CD signals. Earlier in this Chapter, Km and Vmax were calculated by
measuring the absorbance of DNA during methylation at different concentrations and
using the MichaelisMenten equation. Here, we carried out the same experiment but
with a DNA complexed with T3Im. We measured the evolution of the absorbance of
the complex during methylation at different complex concentrations. The particular
ity is that absorbance was measured in the region of complexed T3Im (between 300
and 425 nm). In this case, only the absorption maxima of T3Im was measured fol
lowing methylation. When we look at the spectra with higher concentrations (Figure
7.14), we see that the evolution of the absorbance of T3Im gains in intensity dur
ing enzymatic activity. As in the case of the Km study, it is possible to calculate the
slope of each curve to determine these constants. Note that Figure 7.14 corresponds
to smoothed curves from the Appendix D.13. We can clearly see in Figure 7.14 that
the absorbance increases with the concentration, which means that Vi increases dur
ing enzymatic activity as shown earlier with the DNA study. When Vi is plotted as a
function of the initial concentration (Appendix D.14), the tendency seems to be linear,
instead of having a logarithmic evolution compared to the DNA study. It is difficult



7.5. Probing the Methylation of DNA with a Cationic
πConjugated Oligothiophene

107

Figure 7.14: Smoothed UVVis spectra of the maximum absorption of T3Im complexed to
dsR81 at a charge ratio of 0.5. [T3Im] varies between 1.15 and 3 µM and [SAM] = 100µM.

HpaII buffer at pH = 7.4 at 37°C.

for this case to clearly identify what happened to the T3Im during methylation, as it is
not the T3Im which undergoes the methylation. The curves from Appendix D.13 are
not welldefined as the noise present on these is quite intense, which can influence the
interpretation of the evolution of the curves. The evolution of the absorbance is not
constant, as different steps appear on the curves which also influence the reliability
of the fitted curves. This effect is demonstrated with the different Vi measured which
present a linear evolution instead of a logarithmiclike evolution (Appendix D.14). A
solution would be, instead of studying only the absorbance maxima, to study all the
absorbance and CD spectra during the enzymatic activity between 225 and 450 nm.
That would allow the evolution of the ICD signal of the T3Im complexed to DNA to
be studied.

7.5.2 Fluorescence Study of Probing the Methylation of T3Im/dsDNA Com
plexes

T3Im shows us an intense fluorescence emission, which was used to study its
morphology at the microscopic scale. We concluded that the fluorescence emission
of T3Im is interesting as the fluorescence intensity is high and does not present rapid
photobleaching in the long term. The complexation with DNA leads to a decrease of
fluorescence intensity until a certain charge ratio. Its fluorescence properties could
be used to study the enzymatic activity of HpaII. In Figure 7.15, the evolution of the
fluorescence intensity of T3Im can be observed as a function of time during methy
lation. If we compare the evolution of the fluorescence emission of pure T3Im and
complexed T3Im, no difference appears in their evolution.
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Figure 7.15: fluorescence spectra of the T3Im emission intensity complexed to dsNeur40
during the methylation of the DNA at 37°C.

7.6 Conclusion

These results are of interest for monitoring the methyltransferase on DNA. To
confirm that oligonucleotides are well methylated by HpaII, ELISA experiments
were carried out and showed an evolution of the absorbance, proving that the DNA
strains were wellmethylated. We have shown that during the methylation, the
evolution of the DNA absorbance increases with the number of methylation sites
(CCGG). Studying the evolution of the absorbance of DNA as a function of time
allowed us to determine interesting methylation factor, such as the Km constant
and the Vmax of the HpaII enzymatic activity, which are estimated to 0.47 µM and
2.4E5 µM/sec respectively. An evolution of the CD signal (positive and negative
peaks) of DNA was observed. The negative peak shows an evolution of intensity
with a MichaelisMenten like evolution.

CPT and PFE were used to probe the enzymatic activity of HpaII. In the UVVis
and CD experiments, it was shown that with the complexation of CPT with DNA, the
ICD signal of CPT tends to linearly increases as a function of time. The consequence
of this evolution is controversial as this evolution is also observed without the
enzyme present in the solution. In PFE study, analysing the spectra of the complexed
PFE/dsDNA during methylation was more complicated due to the formation of
aggregates in solution, whatever the charge ratio used ((+)/()). The UVVis and CD
signals tended to decrease throughout the experiment even with a low charge ratio.
Based on these experiments, it would be more relevant to probe the HpaII enzymatic
activity with CPT compared to PFE.
In the case of the fluorescence experiment, CPT presented a weak fluorescence
quantum yield but allowed a signal to be observed anyway. However, it presented
intense photobleaching, which was stabilised when it was complexed with dsDNA.
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It seems that during the methylation of dsDNA, its signal did not present significant
changes. These results show us that it is not possible to probe the enzymatic activity
with CPT by fluorescence spectroscopy by using these methods.
PFE, compared to CPT, presented an interesting fluorescence emission. However, as
with CPT, it presented intense photobleaching. When only PFE fluorescence peak
was studied, the complexation of PFE with dsDNA seemed to modify the evolution
of the photobleaching of PFE. This evolution did not change during the methylation
of the DNA. This method did not allow us to analyse DNA methylation either.
To go further in the analysis, the idea was to use the FRET method to probe the
methylation of DNA. The intensity ratio between PFE and ssDNA* did not show an
interesting evolution during methylation. In order to probe the methylation of DNA
with polymers, PFE seems to be the most relevant fluorescent probe compared to
CPT.

As these two polymers did not present reliable results for probing methylation,
we have tested a thiophene oligomer. Once complexed with DNA, we observed that
the UVVis and ICD signals of the T3Im itself evolved during methylation. It was cu
rious to observe the same effect on the absorbance for T3Im and for dsDNA. We also
observed an interesting evolution of the ICD signal of T3Im during the methylation
of DNA. Regarding the fluorescence experiment, an evolution of the intensity was
observed during methylation.
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Chapter 8

Conclusion and perspectives

This thesis was devoted to the study of the selfassembly of πconjugated
molecules with different DNAs and for the study of their (chir)optical properties as
optical biosensors for applications in the fields of DNA detection, as a probe for
DNA hybridization and for enzymatic activity detection.
The supramolecular selfassembly is a powerful tool for the construction of complex
structures without having to covalently bind the molecules and the DNAs under
study. It provides a control over selfassembly at the molecular level.
In the case of optical biosensors, they are attractive because of the facility of the
detection (in one step) and the possibility of monitoring spectroscopic properties as
a function of time. Moreover, optical detection is a sensitive method which does not
require the use of PCR and does not require any chemical modification on the DNA
such as the grafting of a chromophore (labelfree).

The first part of our results, described in Chapter 4 and 5, consisted in the study of
the interactions between πconjugated molecules and various DNAs by CD, UVVis
and fluorescence spectroscopies and the microscopic morphology of πconjugated
molecules/DNA complexes. We observed that it was possible to obtain different CD
signals depending on the DNA sequence under study.
When G4 DNA was studied, we demonstrated that CPT did not present ICD signal,
instead of PFE which presented a weak negative ICD at 430 nm. It was also the case
for T3Im, showing us a large negative peak at 415 nm. It was interesting to complete
these results with the ssDNA complexation as its conformation differs to G4 DNA.
When polymers interact with ssDNA, CPT/ssDNA complexation made it possible
to obtain a bisignate with a positive and a negative peak (between 375 and 475 nm)
while PFE complexed to ssDNA presented one weak positive peak at 350 nm. It was
interesting to observe that the ICD signal of PFE was inverted when we switched
from G4 DNA to ssDNA.
In the case of T3Im, the results were particular as a weak negative peak appeared at
405 nm at low charge ratio ((+)/()). When a higher charge ratio was reached, the
negative peak gave rise to a positive peak at 385 nm.
Once these experiments achieved, several dsDNA (oligonucleotides and a long
DNA, stDNA) were used for the same CD spectroscopic studies. For both polymers,
once they complexed with a dsDNA, a bisignate appeared in their respective region.
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CPT/dsDNA signal was inverted compared to the signal with ssDNA, as a negative
and a positive peak (500 and 425 nm respectively) appeared with CPT/dsDNA com
plexation instead of a positive and a negative peak (550 and 500 nm respectively)
with CPT/ssDNA complexation.
With PFE, the ICD signal changed depending on dsDNA sequence. With oligonu
cleotides, it presented a welldefined negative peak at 430 nm and a larger positive
peak at 385 nm. However, when PFE was complexed to stDNA, the ICD signal was
inverted. We showed that a welldefined peak at 430 and a large positive peak at 385
nm appeared in the PFE region.
For T3Im/dsDNA complexation, the ICD signal could have 3 different shapes.
The first one, complexed with dsR43, consisted of revealing a strong positive
peak in the T3Im region which gained in intensity with higher charge ratios. The
second form consisted of, as in the CPT/dsDNA complexation, an ICD signal
with two peaks (a negative peak at 445 nm and a positive peak at 397 nm) once
complexed with a longer polynucleotides, dsR81. The last one showed us a weak
negative peak at 445 nm and a stronger positive peak at 395 nm when T3Im was
complexed with stDNA. In the last two cases, the ICD signal shifted in wavelength
at higher charge ratios and gained in intensity. It seems that the length and the
sequence of DNA influenced the ICD signal of the T3Im. Molecular modelling
calculations realised in our lab by Dr. Fossépré have shown us that the T3Im
can preferentially bind in the minor groove, even if the ligand was also observed
in the major groove or at the top/bottom of DNA but presenting an increased mobility.

In microscopy studies, we observed the formation of dendritic fibers with
CPT/stDNA complexes and they presented a relatively homogeneous fluores
cence. With PFE, grainlike structures were observed when it is complexed with
oligonucleotides. Two different morphologies were observed with the PFE/stDNA
complexed, either a thin smooth film or large structures with a height over a
hundred nm. To complete this study, pure T3Im presented a crystallike structure at
microscopicscale. When T3Im was complexed with stDNA, we observed long and
flexible fibers together with smaller, unidirectional fibrils. It was also demonstrated
by COM that the fluorescence of T3Im is intense and homogeneous along the
complex fibers, and that these long microscopic fibers were connected forming
extended networks.

The second part of this thesis used the knowledge acquired in the first part to
apply these systems in two different detection techniques: 1) DNA hybridization
sensing (Chapter 6) and 2) probing in real time the methylation of DNA (Chapter 7).
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The project described in Chapter 6 consisted to develop a method of DNA
analysis using biosensors (PFE) based on DNA hybridization and on the detection
of a fluorescence signal by FRET method. This project focused on the detection of
bacterial gDNA, in particular bacteria present in the meat sector such as E. Coli or
Salmonella. Fast and simple detection of bacterial gDNA present a great interest in
the detection for the food quality in order to prevent spoilage food.
For hybridization sensing, FRET signal was maximal (presented as only ssDNA*
signal) when ssDNA* was noncomplementary to target DNA and a double peak
(from PFE and ssDNA*) appeared when ssDNA* was complementary to target
DNA. We demonstrated with the ssDNA study that the order of addition in solution
has a role in the intensity of FRET signal. When dsDNA were used, the presence of
mismatches influenced the FRET intensity and it was possible to detect the presence
of these mismatches down to a single mismatch. As aggregation occurred during the
experiment, an annealing of dsDNA and ssDNA* was carried out to minimize the
formation of aggregates in solution. The study with gDNA showed us that FRET
method could be selective, as the FRET signal differ for each gDNA compared to
target gDNA, and sensitive as the FRET signal was observed with samples diluted
1000 times. To complete these experiment, four ssDNA with a grafted DYE and
different sequences were studied to identify the best candidate. It was concluded
that two types of DNADYE systems would be the best probes for the DNA detection.

The Chapter 7 on methylation was divided in three sections. The first section
demonstrated, by using ELISA method, that oligonucleotides were well methylated
in solution in our experimental conditions. The evolution of absorbance as a function
of time was observed and linked to the methylation of DNA. In order to obtain more
information about the enzyme, we calculated the constant of MichaelisMenten and
we obtained a value of 0.47 M for the Km and 2.4*10−5 µM/sec for Vmax, close to
the values found in the literature. Moreover, we observed by UVVis absorption that
the absorbance of DNA increased during the enzymatic activity and the CD signal
of DNA gained in intensity during the methylation of DNA.

CPT and PFE were used to probe the enzymatic activity by UVVis, CD and flu
orescence spectroscopies. We observed an evolution of the CPT and PFE absorbance
and their ICD signals as a function of time. However the major problem with the
polymers was the formation of aggregates in solution during the methylation of
DNA, preventing the methylation to occur. Consequently, it was impossible to probe
the enzymatic activity by UVVis, CD and fluorescence spectroscopy.
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The last section was dedicated to the study of the methylation of DNA by using
T3Im, as it presented interesting (chir)optical properties and showed a stable fluores
cence emission. During the methylation, it was possible to observe an evolution of
the absorbance of T3Im complexed to DNA as a function of time. We showed that
this evolution presented a logarithmiclike evolution as DNA during the methylation.
Nevertheless, fluorescence study did not show interesting effect on the emission of
T3Im complexed to DNA during the methylation.
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Perspectives of the thesis

Thanks to the results about the complexation of T3Im/DNA obtained during
this thesis, I believe that T3Im has not finished showing us all its secrets and that
it would be of interest to push the study on this molecule even further. First, T3Im
showed interesting fluorescence properties as it was demonstrated with the titration
experiment and by COM with the complex fibers in Chapter 5. Further investigation
has to carry out to use the T3Im as a probe for the DNA detection. This oligomer
can be used with FRET method to probe the DNA with a ssDNA*, as explained in
Chapter 6. T3Im presents the same interest as PFE but its fluorescence emission is
more stable than PFE and aggregation occurred only at charge ratio ((+)/()) higher
than one. The DYE linked to ssDNA* could be the 5’ATTO465, a commercially
available probe. This DYE absorbs at 453 nm to emit at 508 nm, with T3Im emitting
at 470 nm. Consequently, it present a good overlap of the emission spectrum of
T3Im and the absorbance spectrum of ATTO465.

In a biological context, T3Im can be used to interact with DNA inside the
nuclei of a cell. This work is ongoing with the help of Dr. Marine Luciano at the
Soft Matter and Mechanobiology group at UMONS. To demonstrate that T3Im
could interact with DNA from the cell nuclei, a simple manipulation would be to
isolate the nuclei of epithelial cells, then permeabilize the nuclear membrane and
add the terthiophene inside. This method would allow us to verify, using confocal
microscopy and CD spectroscopy, a possible interaction with biological DNA in
solution.

Molecular modelling and theoretical calculations could be extended to different
DNAs with different length (the dsR43 for instance) as the ICD signals of dsR81 and
dsR43 were different. In the same sense, we could consider a G4 DNA or a ssDNA to
investigate the influence of DNA structures on the T3Im binding modes. Moreover,
it would be possible to increase the number of ligands that interact with DNA to
study the impact of the charge ratio (as a reminder, the calculations were done with
a charge ratio of 0.25). It would be then interesting to determine the different effects
involved in the appearance of the ICD signals of T3Im as well as the evolution of its
fluorescence emission when T3Im is complexed with these different types of DNA
structures at various charge ratio.

Concerning the detection of the DNA methylation, only oligonucleotides were
studied to probe the enzymatic activity of HpaII. This study could be extended
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for the detection of genomic DNA in a biological context. The πconjugated
molecules/gDNA complexation would be studied by spectroscopy (UV, CD and flu
orescence) and by microscopy (AFM and COM). It would be interesting to detect
the methylation of DNA by using T3Im/DNA fibers. We showed in Chapter 4 and 5
the conditions to obtain these fibers and we could take advantage of these results to
study by AFM the variation of morphology of the fibers during the methylation at the
nanoscale and by COM at the microscale.200,201 The purpose would be to study the
link between the evolution of the morphology of complex fibers and their methyla
tion rate.
Furthermore, it would be interesting to study enzyme of interest like DeNovoMethyl
Transferases (DNMTs), which are responsible of the methylation of CpG islands in
the human genome. As explained in Chapter 2, the activity of the enzyme can lead to
an hypermethylation of DNA, which is responsible for gene repression in the case of
colorectal or renal cancers.14,15
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Appendix A

Additional Information of Chapter 4

(a) (b)

Figure A.1: a) UVVis and b) CD titration spectra of Tel22 with CPT. [Tel22] = 8.75 µM and
[NaCl] =100 mM. MQ buffer was used at 20°C at pH = 7.4 at 20°C.

(a) (b)

Figure A.2: a) UVVis and b) CD titration spectra of dsNeur40 with CPT. [dsNeur40] = 4 µM.
MQ buffer was used at 20°C at pH = 7.4 at 20°C.
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(a) (b)

Figure A.3: a) UVVis and b) CD titration spectra of stDNA with CPT. [CPT] = 6.7 µM and
[stDNA] = 0.15 µM. MQ buffer was used at 20°C at pH = 7.4 at 20°C.

(a) (b)

Figure A.4: a) UVVis and b) CD spectra of Tel22 and PFE complexation. The [Tel22] = 8.75
µM and [NaCl] = 100 mM. MQ buffer was used at pH = 7.4 at 20°C.

(a) (b)

Figure A.5: a) UVVis and b) CD spectra of ssVim40 and PFE complexation. [ssVim40] =
5.45 µM. MQ buffer was used at pH = 7.4 at 20°C.
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(a) (b)

Figure A.6: a) UVVis and b) CD spectra of dsR43 and PFE complexation. The [dsR43] =
2.36 µM. MQ buffer was used at 20°C at pH = 7.4 at 20°C.

(a) (b)

Figure A.7: a) UVVis and b) CD spectra of the stDNA and PFE complexation. The [stDNA]
= 0.08 µM. MQ buffer was used at 20°C at pH = 7.4 at 20°C.
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Figure A.8: TappingMode AFM images of thin deposits on mica of solutions of a) pure PFE
; b) pure dsR43, and (c, d) PFE/dsR43 complexes at a charge ratio of 1.

Figure A.9: TappingMode AFM images of thin deposits on mica of solutions of PFE/stDNA
complexes at a charge ratio of 1 after a) washing the sample and b) let dry the sample

overnight.



121

Appendix B

Additional Information of Chapter 5

(a) (b)

Figure B.1: a) UVVis and b) CD spectra of Tel22 and T3Im complexation at pH = 7.4 at
20°C. [Tel22] = 8.75 µM and [NaCl] = 100 mM. The measurements were obtained with a MQ

water buffer.

(a) (b)

Figure B.2: a)UVVis and b) CD spectra of ssNeur40 and T3Im complexation at pH = 7.4 at
20°C. [ssNeur40] = 5.45 µM. The measurements were obtained with a MQ water buffer.
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(a) (b)

Figure B.3: a)UVVis and b) CD spectra of dsR43 and T3Im complexation at at pH = 7.4 at
20°C. [dsR43] = 3.7 µM. The measurements were obtained with a MQ water buffer.

(a) (b)

Figure B.4: a)UVVis and b)CD spectra of dsR81 and T3Im complexation at at pH = 7.4 at
20°C. [dsR81] = 0.31 µM. The measurements were obtained with a MQ water buffer.

(a) (b)

Figure B.5: a)UVVis and b)CD spectra of stDNA and T3Im complexation at pH = 7.4 at
20°C. [stDNA] = 0.08 µM. The measurements were obtained with a MQ water buffer.
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Figure B.6: TappingMode AFM images (height and phase image) of thin deposits on mica
of T3Im/stDNA complexes. [stDNA] = 0.15 µM and [T3Im] = 112.5µM.

Figure B.7: On the left, Tappingmode AFM image of thin deposits on mica of T3Im/stDNA
complexes. [stDNA] = 0.15 µM and [T3Im] = 112.5µM. On the rigth, measurement of the
height of the fibers as a function of length section (white line) with an average height of the

fibers of 15 nm.
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Figure B.8: Microscope view of T3Im/stDNA sample at a microscopic scale. Note all the
crystals present on the surface. These crystals correspond to those observed by COM.

Figure B.9: 3D COM images of an isolate pure T3Im crystal.
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Figure B.10:COM images of T3Im/stDNA fibers at charge ratio of 0.5. Images were obtained
by stacking in the Z axe different images at different focus. The colour of images is obtained

by an average intensity projection type process with a x40 focus.
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Figure B.11: Cartography of a part of the T3Im/stDNA sample at charge ratio of 0.5 with a
x40 focus.
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Appendix C

Additional Information of Chapter 6

Figure C.1: Fluorescence spectra on the effect of adding order of the different molecules in
solution. [ssC20] = 5µM with a charge ratio (+)/() of 0.5. Experiments were carried out at

20°C, with a λexc of 390 nm.

Figure C.2: Fluorescence spectra of the evolution of the fluorescence peak of PFE and FRET
signal in function of the temperature. The [PFE] is 37.5 µM and the [S], [AS], [dsR43] and
[DNA*] is 5µM. The charge ratio is 0.5. Experiments were carried out with a λexc of 390 nm.
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Figure C.3: Evolution of fluorescence spectra using the new preparation method of sample
with different gDNA (5µL) at different temperature. The concentration of PFE is 3.3 µM and
the concentration of DNA* is 2.5 µM. Experiments were carried out with a λexc of 390 nm.

Figure C.4: Evolution of fluorescence spectra with the four DNA* and the gDNA. The con
centration of PFE is 3.3 µM and the concentration of all DNA* is 2.5 µM. Experiments were

carried out with a λexc of 390 nm at 20°C
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Appendix D

Additional Information of Chapter 7

Figure D.1: UVVis spectrum of methylated DNA as a function of the time. [dsNeur40] = 1
µM and constant, [SAM] = 100µM. HpaII buffer is used at pH = 7.5 at a temperature of 37°C.

1U of HpaII is used.

(a) (b)

Figure D.2: Evolution of the CD spectra (a) at 243 nm (positive peak of the CD signal) and
(b) at 263nm (the negative peak of the CD signal). [dsNeur40] = 1 μM and [SAM] = 100μM.

HpaII buffer isused at pH = 7.5 at temperature of 37°C. 1U of HpaII is used.
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Figure D.3: Negative control to show the evolution of the absorbance of dsNeur40 with and
without the presence of enzymes in solution [dsNeur40] = 1 µM and [SAM] = 100µM. HpaII

buffer is used at pH = 7.5 at a temperature of 37°C. 1U of HpaII is used.

Figure D.4:MichaelisMenten like evolution with the initial rate (Vi) as a function of dsR81

concentration ([S0]).
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(a) (b)

Figure D.5: Evolution of (a)UVVis and (b)CD spectra of dsR81 during the methylation.
[dsR81] = 1 µM, [SAM] = 100µM. HpaII buffer is used at pH = 7.4 at 37°C.

(a) (b)

Figure D.6: Evolution of (a) UVVis spectra of DNA during the methylation complexed (with
a charge ratio of 0.5) and not complex with CPT. These plots correspond to the DNA ab
sorbance at 260 nm and (b) Evolution of the ICD spectra of CPT during the methylation.
These plots correspond to the CPT maxima at 440 and 510 nm. HpaII buffer was used at pH

7.5 at 37°C. [SAM] = 100 µM.

Figure D.7: Effect of the formation of aggregates on DNA solution during the methylation
of dsNeur40. [dsNeur40] = 2.5 µM, the [CPT] = 5.5 µM and [SAM] = 100 µM. HpaII buffer

was used at pH 7.5 at 37°C. [SAM] = 100 µM.
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(a) (b)

Figure D.8: Effect of the formation of aggregates on (a) UVVis and (b) CD spectra during
the methylation of dsNeur40. [dsNeur40] = 2.5 µM, [CPT] = 5.5 µM and [SAM] = 100 µM.

HpaII buffer was used at pH 7.5 at 37°C.

(a) (b)

Figure D.9: (a) UVVis and (b) CD spectra of PFE complexed with dsNeur40 without HpaII
enzyme. [PFE] = 13.3 µM, [dsNeur40] = 1.1 µM and [SAM] = 100 µM. HpaII buffer was

used at pH 7.5 and at 37°C.

(a) (b)

Figure D.10: (a) UVVis and (b) CD spectra of PFE complexed with dsNeur40 during the
methylation. [PFE] = 13.3 µM, [dsNeur40] = 1.1 µM and [SAM] = 100 µM. HpaII buffer

was used at pH 7.5 and at 37°C.
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Figure D.11: Effect of the formation of aggregates on DNA solution during the methylation
of dsNeur40. [dsNeur40] = 2.5 µM, [CPT] = 5.5 µM and [SAM] = 100 µM. HpaII buffer was

used at pH 7.5 at 37°C. [SAM] = 100 µM.

(a) (b)

(c)

Figure D.12: (a) UVVis and (b) CD spectra on the evolution of absorbance and CD of
T3Im/dsR81 complex during the methylation.[dsR81] = 2µM, [T3Im] = 81µM, [SAM] =
100µM. HapII buffer was used at pH = 7.5 at 37°C. (c) Plots data of the maxima of ICD

signal from T3Im at 390nm during the methylation of the T3Im/dsR81 complex.
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(a) (b)

Figure D.13: (a) UVVis and (b) CD spectra of T3Im complexed to dsR81 at a charge ratio
of 0.5. [T3Im] varies between 1.15 and 3 µM and [SAM] = 100µM. HpaII buffer was used at

pH = 7.4 at 37°C.

(a) (b)

Figure D.14: (a) Plot of Vi as a function of T3Im concentration and (b) double reciprocal
plot of Vi and S0 as a function of T3Im concentration (S0) in µM.
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