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Summary
Benzene-1,3,5-tricarboxamide (BTA) derivatives are able to self-assemble into supramolecular
polymers, and there have been many studies showing the potential of these BTAs being used for
various applications. Originally they were studied in organic solvents, but more recently a water
soluble BTA derivative was synthesized, which is able to self-assemble into long fibers in water. We
want to use these water soluble derivatives to start working an extremely sophisticated system.
This giant dream is to create a system in which BTA fibers can bind specifically to dsDNA. This is a
very complicated system, of which there still are many aspects which need to be studied. In this
thesis we take a look at one of these aspects: binding a BTA fiber to dsDNA. To achieve this, we
needed to design and synthesize BTA derivatives which need to be able to bind to dsDNA and which
are able to be studied easily to confirm DNA binding. As a DNA binding compound we chose thiazole
orange, which is an aspecific DNA binder and becomes fluorescent upon binding, while it is not
fluorescent when in solution, making it an ideal binder to confirm DNA binding with. When attaching
TO to a BTA core, a small linking group will arise in between these components. We have studied the
effect of this linking molecule and showed that BTA fibers incorporated with BTA-TO derivatives
containing a short linker (24) or a long aliphatic linker (22) are unable to bind to dsDNA, whereas
fibers incorporated with BTA-TO derivatives containing a piperazinyl linker (23 and 27) do show DNA
binding. This system is very delicate and still a little unstable. We have improved the experimental
conditions of this system to gain a better control over it and showed that one particular condition,
properly stirring the samples during the DNA binding process, is mandatory. These optimized
conditions were used to take a preliminary look at another aspect of the giant specific DNA binding
dream. In the system we want to bring multiple DNA binding BTA derivatives together to form a
large binding site. The clustering of BTA derivatives has already been studied before, but in that case
positively charged BTA derivatives were clustered by maximizing electrostatic interactions between
a BTA incorporated with these charged BTA derivatives and a multivalent polyanionic molecule. Here
we want to induce the clustering by intercalation, maximizing the binding strength between the BTA
fiber through multiple BTA-TO derivatives and dsDNA. These experiments however have been
inconclusive and further research still needs to be done on this clustering procedure.
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Chapter 1: Introduction
1.1

Supramolecular chemistry

Supramolecular chemistry is the field of science involving the chemistry of non-covalent interactions
and can be found all around us. It is literally in our DNA, where bases can distinguish one from
another, based on their hydrogen bond donor and acceptor sequence, and form a double helical
structure when two matching DNA strands are bound to another with hydrogen bonds (figure 1.1)1.

Figure 1.1: The four different bases coupled by hydrogen bonds and a schematic representation of the formed double
helix1.

Another group of molecules in the human body are proteins, of which the shape is defined by
supramolecular chemistry. The structure of these long chains of amino acids is usually analyzed in
terms of four organizational levels (figure 1.2)2 which define their shape with both covalent and noncovalent interactions. Hydrogen bonds between amino acids can give rise to α-helices and β-sheets,
which define the secondary structure of proteins. The factors resulting in the tertiary structure of
proteins consist of both covalent interactions, e.g. disulfide bridges between amino acids, and noncovalent interactions, e.g. hydrophobic effects.

Figure 1.2: The four organizational levels in which the structure of proteins are defined2.
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Supramolecular chemistry in nature is a source of inspiration for many scientific disciplines varying
from biologists, who try to apply supramolecular chemistry to biological systems, to mathematicians,
who calculate and simulate the behavior of these supramolecular structures. Chemists try to design
and synthesize molecules, which are capable of forming supramolecular structures. An example of a
molecule used to create structure is a peptide amphiphile (figure 1.3)3. It has a hydrophobic section,
consisting of a long alkyl chain, and a hydrophilic section, which is a variable peptide group. These
amphiphiles can form supramolecular nanofibers in water (figure 1.3B), with the peptide group
exposed to the water phase. Variations in the amino acids used in these peptide sequences can
introduce functionality to the fibers. For instance in this particular amphiphile, cysteine was used to
allow disulfide bond formation in between monomers to increase the stability of the formed
nanofibers.

Figure 1.3: A) Structure of a peptide amphiphile. B) Structure of a nanofiber formed by this peptide amphiphile.

1.2

Benzene-1,3,5-tricarboxamide

A supramolecular building block well-studied and known in this group is benzene-1,3,5tricarboxamide (BTA)4. Ever since the first BTA was first synthesized in 1915 by Curtius5 these BTAs
have been studied in many different scientific disciplines for various applications including singlechain polymeric nanoparticle (figure 1.4A)6, MRI contrasting agents (figure 1.4B)7 and microcapsules
(figure 1.4C)8.

Figure 1.4: Examples of applications of the BTA. A) Single-chain polymeric nanoparticle. B) MRI contrast agent. C)
Microcapsules.
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The BTA has a very versatile structure (figure 1.5A) and can contain all kinds of side groups, allowing
the introduction of a wide variety of functionalities on these molecules4. They can also be
desymmetrized9, opening up the possibility to introduce different kinds of functional groups to a
single BTA derivative.

Figure 1.5: A) The general structure of a BTA. B) Schematic representation of a BTA self-assembling into a helical onedimensional aggregate.

These BTA molecules are able to self-assemble into one-dimensional aggregates via three-fold
hydrogen bonding between the amide groups of these molecules, as depicted in figure 1.5B. The
self-assembly of these aggregates have been studied by UV-vis spectroscopy10 using a chiral BTA
derivative (figure 1.6A). At 20 °C the UV-vis spectrum (figure 1.6B) had a maximum at 193 nm, which
indicates the formation of H-type aggregates, and upon heating towards 90 °C the shape of the UVvis spectrum changed. The intensity of peak at 193 nm decreased, while a peak arose at 208 nm. This
obtained spectrum at 90 °C corresponds to the UV-vis spectrum of the same molecule in acetonitrile,
which is a solvent in which it is known to be molecularly dissolved10.

Figure 1.6: A) The chiral BTA derivative used for UV-vis spectroscopy (B). Measurements were done in heptane (1.4 x 10 -5
M)

1.3

Water soluble BTAs

The BTA derivative shown in figure 1.6A will not self-assemble in water and to use a BTA in water,
we use a derivative, created in this group and first reported by Janus et al.11, which is designed to
self-assemble in water. To the BTA core side groups were introduced, consisting of a long aliphatic
C12 chain and a short polyethylene glycol chain (figure 1.7A). The C12 chain has a double function in
the self-assembly of these molecules. First of all it creates a hydrophobic pocket around the BTA
core, shielding the hydrogen bonds between the amide groups from water. Secondly, it promotes
the self-assembly due to hydrophobic interactions between the aliphatic tails. The polyethylene
glycol chain consists of four ethylene glycol monomers and ensures water solubility of the fiber.
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Figure 1.7: A) Structure of the water soluble BTA. B) Cryo-TEM image of aggregates of this BTA. C) UV-vis spectrum of a
solution of this BTA in water (1 x 10-5 M) with increasing temperature.

The BTA fibers were visualized using Cryo-TEM imaging, showing that there are indeed long
supramolecular polymers forming in water (figure 1.7B). The UV-Vis spectrum of these aggregates in
water at 20 °C (figure 1.7C) shows 2 absorption peaks: one at 211 nm and one at 226 nm. This
pattern is stable up until 50 °C, after which there is a change in peak-shape. This indicates that the
formed aggregates are stable up until 50 °C, which can be useful if the BTAs have to be used at more
physiological conditions.

Figure 1.8: A) Schematic overview of the monomer exchange experiments. B) Increase of FRET ratio (defined as FCy5/FCy3
upon Cy3 excitation) over time. C) STORM-images of Cy3 and Cy5 labelled BTA fibers, with . Excitation of the Cy3 channel
was at 561 nm, and Merge is the overlap of the 2 channels

To study the dynamics of monomer exchange in between BTA fibers, Cy3 and Cy5 labelled BTA
molecules have been used. Two preassembled fibers, one fiber containing the Cy3 labelled BTA and
one fiber containing the Cy5 labelled BTA, are mixed (figure 1.8A)12 and the increase in Förster
resonance energy transfer (FRET) over time (figure 1.8B) indicates that there is monomer exchange
between fibers. This exchange in monomers was visualized using stochastic optical reconstruction
microscopy (STORM), which shows that the monomer exchange occurs all over the BTA fiber (figure
1.8C)13.
4

The same dye labelled BTA molecules were used to show monomer movement within the fiber
(figure 1.9A). To a BTA fiber containing both Cy3 and Cy5 labelled dyes a multivalent, polyanionic
single-stranded DNA (ssDNA) molecule was introduced. This negatively charged recruiter was able to
cluster the dye labelled BTAs within the fiber via electrostatic interactions, resulting in an increase of
FRET ratio (figure 1.9B)12. Introducing a monovalent competitor of the ssDNA to this system
decreased the FRET ratio back to its pre-clustered value, indicating that this clustering process is
reversible.

Figure 1.9: A) Schematic overview of the experiment where clustering of positively charged BTAs within the fiber is
induced by the addition of a multivalent anionic recruiter. B) Increase of FRET ratio upon adding this recruiter together
with the decrease of FRET upon adding a monovalent anionic competitor.

1.4

Specific DNA binding

DNA contains the genetic code which holds the information about all the proteins created in the
human body. This code is transcribed by RNA polymerase, which creates a specific mRNA strand
corresponding to the read out DNA sequence. This mRNA is then used by ribosomes to create the
proteins which were coded by this DNA sequence. Should the code contain an error, a slightly
different protein could be formed, potentially leading to a malfunctioning protein, which can have
a i pa t o a perso s health. This could be resolved by treating the protein with inhibitors,
preventing malfunctioning to occur by shutting down the protein. A different approach would be to
prevent the formation this protein. If the RNA polymerase would be unable to transcribe the code,
there would be no mRNA containing this code for the ribosomes to create this protein. Therefore if
there would be something on the dsDNA sequence blocking the RNA polymerase from transcribing,
no protein will be formed. For this to work there needs to be a particle which can specifically target
and bind to a certain DNA sequence. It needs to be sequence specific because otherwise, this
particle could bind anywhere on DNA and will do more harm than good.
There are already several methods to create a sequence specific DNA binder. Figure 1.10 shows two
sequence specific DNA binders. One is a polyamide, which has a hairpin-like structure (figure 1.10A),
consisting of pairs of three similar monomers (figure 1.10B)14. Different pairs of these monomers can
target a specific base pair (figure 1.10C) and will bind non-covalently to dsDNA in the minor groove.
Another method to target a specific DNA sequence is by using transcription activator-like effectors15
from Xanthomonas sp. They consist of a repeat of 34 amino acids (figure 1.10D)15 of which the 12nd
and 13nd amino acid are hypervariable. There are several combinations of these two amino acids
known which are selective to a specific base (figure 1.10E). Because these two amino acids of the
different repeated units are aligned, these proteins are capable of targeting a specific DNA
sequence.

5

Figure 1.10: A) Hairpin-shaped polyamide which is able to bind specifically to dsDNA. Circled is a pair of monomers. B)
The three monomers used for these polyamides: pyrrole, 3-hydroxypyrrole and imidazole. C) A table showing which pair
of monomers bind to which base pair. D) Structure of the transcription activator-like effectors with the amino acids of
the repeat domain. E) Selectivity of several pairs of amino acids to target a specific base.

The downside of these DNA binders is the required work in both the synthetic and the design
process of these binders. Both binders are developed step by step and the time required making
these binders increases when larger sequences need to be targeted. Even to target a three base pair
sequence, the binding hairpin-shaped polyamide already requires 15 synthesis steps16.

1.5

Sequence specific DNA binding using a supramolecular polymer

The previously mentioned sequence specific DNA binders require a lot of effort to design and
synthesize. Those methods adjust their molecules to specifically target the desired DNA sequence,
which requires a lot of synthesis steps and testing to make sure that the DNA sequence is targeted.
The time spend to design and create these binders increases rapidly when one tries to target larger
DNA sequences. One potential solution to circumvent this is to change the angle to create these
binders. What if instead of designing a binder to target a specific DNA sequence, this DNA sequence
is used to design the binder? What if one can simply add a DNA sequence to a system and this
system adapts to the added DNA, changing in conformation to bind specifically to this sequence? It
would result in a very versatile method to create specific DNA binders, where one could simply add a
different DNA sequence to this system when another sequence is targeted. It would require the
same amount of effort to target longer DNA sequences, since the time and effort is invested in the
synthesis of the system. The big dream, of which this thesis only studies a small step, is to design
such system, using supramolecular chemistry. An overview of this proposed system is depicted in
figure 1.11
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1.6

Goal of this thesis

This thesis focusses on binding a BTA fiber to dsDNA. The BTA fibers used to bind to dsDNA consist
for a few percent of BTA derivatives, containing a DNA binding component, in this case thiazole
orange (TO). When a BTA core is attached to TO, a small linking group is formed in between the two
components. Different kinds of linking molecules were used between TO and the BTA core to study
a potential effect of this linker on the DNA binding capabilities of BTA fibers, incorporated with the
DNA binding BTA derivatives. In chapter 2 the design and synthesis of these molecules is described.
The binding of these BTA molecules with dsDNA and the effect of the linking molecule on the
binding capabilities are discussed in chapter 3. Lastly, in chapter 4 the conditions of this dsDNA
binding system are optimized and a preliminary investigation of the clustering step of the process to
make a sequence specific DNA binder on a BTA fiber was done.
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Chapter 2: Synthesis of thiazole orange functionalized BTAs
2.1

Introduction

The goal of this research is to bind a supramolecular polymer to dsDNA. The supramolecular polymer
building block used is a water soluble BTA, which is well studied and well known in the group, and
thiazole orange (TO, figure 2.1A) is used to bind a BTA fiber to DNA. TO is widely used to study DNA
binding and binds non-covalently to DNA via intercalation (figure 2.1B)1. It consists of a
benzothiazole and a quinolinium component, which are connected by one carbon atom, around
which the two components can rotate freely in solution. This free rotation is blocked upon
intercalation, causing TO to become over 1000 fold more fluorescent when bound to DNA compared
to it being in solution2.

Figure 2.1: A) Structure of thiazole orange. B) Structure of thiazole orange (here as its dimeric variant in red) intercalated
in dsDNA (base pairs in light blue, phosphate backbone in dark blue).

In this project TO derivatives need to be synthesized, which are able to be attached to a water
soluble BTA. Therefore the synthesized TO derivatives contain a carboxylic acid end group to allow
PyBOP coupling to attach the dye to an amine end group of the BTA. This coupling step will give rise
to a linker in between the BTA molecule and the TO component. In this project this linker has been
varied to look at a potential effect of this linking group to the dsDNA binding capabilities of the
formed molecules. The three different linking molecules have been studied in this research are
depicted in figure 2.2. Derivatives 1 and 3 were already reported in literature. Derivative 1 was used
to attach a fluorescent dye to a small peptide sequence3 and derivative 3 was used as a forced
intercalation probe4.

Figure 2.2: The three thiazole orange derivatives used in this project using a long flexible inker (left), a long rigid linker
(middle) and a short linker (right).

There are different kinds of groups used as a linker. Compound 1 has a large aliphatic spacer. This
can make sure that the dye component is far enough from the BTA fiber to bind to dsDNA, but the
hydrophobicity of this large linker might cause the linker to fold into the hydrophobic pocket of the
BTA aggregate, which would have a negative impact on its DNA binding capabilities. Compound 3
has a very short linker and the dye component might not be far enough out of the BTA fiber to bind
to dsDNA. Compound 2 has a piperazinyl component, which causes rigidity to the linker. Upon
dissolving this molecule in water the nitrogen atoms of the piperazinyl group will be protonated. This
10

introduces a positive charge on the linker, which would make it more water soluble. Furthermore,
this piperazinyl group has been used in other DNA binding molecules5 because the positive charges
can interact with the negatively charged DNA via electrostatic interactions.
This chapter first describes the synthesis of TO derivatives 1 and 2 and then the coupling of the three
dyes to a BTA derivative.

2.2

Thiazole orange synthesis

Thiazole orange is synthesized out of two components: a benzothiazole derivative and a quinoline
derivative. It is possible to put the linker on either of the two components. The quinoline derivative
was chosen to attach the linker to because it was reported in literature that this would result in a
higher quantum yield upon intercalation3 compared to attaching the linker to the benzothiazole
derivative.
2.2.1 Benzothiazole derivative

Scheme 2.1: Synthesis of benzothiazole derivative

The benzothiazole derivative which was used for TO formation is the same for all of the desired TO
derivatives. As a first attempt to synthesize 5, methyl iodide and benzothiazole 4 were dissolved in
methanol and heated under reflux overnight. This resulted in no conversion at all, most likely due to
the volatility of methyl iodide and it is expected that the methyl iodide evaporated before it could
react with compound 4. Instead of using the same method again, while ensuring that there is no
possibility for methyl iodide to escape from the reaction mixture, a different method to synthesize 5
was used involving a microwave reactor6. Benzothiazole 4 was dissolved in methyl iodide, here
acting as both a reactant and a solvent, in a small pressure tube. This tube was capped and put into a
microwave reactor, where the mixture was allowed to react for 30 minutes at 100 °C with an upper
power setting of 150 W. Compound 5 precipitates nicely in methyl iodide, allowing removal of
starting materials with a simple filtration step.
2.2.2 Thiazole orange with the long flexible linker

Scheme 2.2: Synthesis of thiazole orange with a long linker attached

The linker is first attached to quinoline derivative 6 before the chromophore of TO was created
(scheme 2.2). In the reaction step where the two aromatic sections are coupled to each other to
form the chromophore, both nitrogen atoms need to be positively charged. This is because both of
these nitrogen atoms act as electron withdrawing groups during that reaction.
Compound 8 was synthesized by mixing 6 with 11-bromoundecanoic acid (7) and heating to 110 °C
overnight. At this temperature both components are liquid and the reaction takes place in the melt.
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A purple solid was obtained after dissolving the crude mixture in methanol and precipitating with
the addition of diethyl ether. Closer inspection by 1H-NMR of this solid showed that it did not only
contain compound 8, but also a different aromatic compound. This side product, which resembles
starting material 6, is thought to be protonated 6 present as bromine salt. This protonated 6 was
removed by stirring the pink solid in diethyl ether with added TEA. This base deprotonates the
impurity and the obtained quinoline 6 dissolved in diethyl ether, while the remaining solid did not
dissolve and could be obtained by filtration. This solid was thought to be compound 8, because the
1
H-NMR only showed a few minor peaks, which were thought to be solvent peaks. Later on in the
synthesis route it is discovered that the purple solid was still a mixture of several compounds.

Scheme 2.3: Reaction mechanism of thiazole orange derivative 1 formation

The next step was to form thiazole orange derivative 1. Both 5 and 8 were dissolved in ethanol and
heated to 50 °C to dissolve. TEA was added to initiate the reaction and this initiation was clearly
visible by eye. The moment the first drop of TEA was introduced in the reaction mixture, the color of
the mixture changed from light purple to dark red. TEA has several functions during this reaction.
One equivalent of TEA deprotonates the carboxylic acid and one equivalent is used during the
reaction, as shown in scheme 2.3. Slightly more than 2 equivalents of TEA were used to make sure
that there is enough TEA present for the catalytic activity in the final step of the mechanism. Diethyl
ether was added to precipitate 1 out of the reaction mixture. Closer inspection of this precipitate by
LC-MS however showed that there are several products forming next to compound 1. There are 2
distinctive patterns found when comparing the masses of these side products. The proposed
occurring side reactions are depicted in scheme 2.4.

Scheme 2.4: Proposed side reactions together with reaction mechanisms during the synthesis of compound 1
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The first pattern seen in the LC-MS is an addition of 184 atomic mass units to the expected mass of
compound 1. This is expected to originate from the reaction forming compound 8, where quinoline
derivative 6 can act as a base by removing a proton from bromo acid 7, forming anion 9 and cation
10 in the process. The anion is able to act as a nucleophile in a reaction with another bromo acid 7
and forms bromo ester 10. This reaction can repeat itself and oligomers of bromo acid 7 appear
during the reaction. Quinoline derivative 6 can react with these oligomers in the same way as it can
react with bromo acid 7 and will form compound 12, as well as some other even larger compounds.
All of these compounds reacted with benzothiazole derivative 5 and formed TO derivatives with
extended spacers.
The other pattern found is an addition of 28 atomic mass units to each of the formed TO derivatives.
This addition can be explained by ethyl ester formation between the carboxylic acid group on the TO
derivatives and ethanol, which was used as a solvent for this reaction, resulting in compound 13
together with longer ethyl esters from TO derivatives with the extended spacers.
Compound 1 was obtained from this mixture by preparative LC-MS. Because of these side reactions
the overall yield of these two reaction steps (19%) is quite low, but still similar to the overall yield
reported in literature3 (20%).
2.2.3 Thiazole orange with the piperazinyl spacer

Scheme 2.5: Synthesis of the thiazole orange derivative with a rigid spacer

A route to synthesize TO derivative 2 has not yet been reported in literature; therefore a route
similar to the synthesis route of the homodimeric dye TOTO-17 was used, seen in scheme 2.5. First
15 was synthesized out of quinoline 6 and 1,3-diiodopropane (14). In this reaction 14 is able to react
twice with 6 and to minimize this dimer formation, a large excess of 14 (10 equivalents) was used. A
yellow solid precipitated out of the reaction mixture and inspection by 1H-NMR of this solid showed
that there was still a large amount of the unwanted dimer being formed (figure 2.4A). To obtain
compound 15 from this mixture, the crude solid was dissolved in ethanol, to be precipitated with
toluene, hoping that only one of the two products would precipitate. After a few hours of heating,
stirring and some sonication some of the solid seems to have dissolved. The ethanol turned yellow,
but there still was a lot of solid not dissolving. A 1H-NMR spectrum was made of this liquid (figure
2.3B) and it turns out that only compound 15 dissolves in ethanol.

13

Figure 2.3: 1H-NMR spectra of compound 15 before (A) and after (B) ethanol treatment

TO derivative 16 was synthesized by dissolving 5 and 17 in ethanol and adding TEA to the mixture,
similar as the procedure used to form 1. This time the solid obtained after precipitation was free of
any unwanted side products. The synthesis route was reported in the literature until compound 16.
For the synthesis of TO derivative 2 a method was used, which was based on an article, where a
piperazinyl derivative was attached to several different molecules, by replacing the halogen atom on
those molecules8. Starting materials 16 and 17 were dissolved in acetonitrile and a base (DIPEA) was
added to initiate the reaction. The LC-MS of this reaction mixture showed that a lot of different
molecules were formed. Some major side products had masses corresponding to TO derivatives 18
and 19 (figure 2.4). Side product 18 seems to be a dimer of TO derivative 16 linked together with one
piperazinyl acid 17.

Figure 2.4: Side products from the reaction to from compound 2. Compound 18 and 19 were formed when acetonitrile
was used as solvent; compound 20 was formed when methanol was used as solvent.

To try to prevent the formation of this dimer, the reaction was tried with DMF as solvent, but this
also leads to dimer formation. The third solvent used to try to perform this reaction gave better
results. When methanol was used as solvent and the temperature of the mixture was kept at 20 °C;
no dimer compound was present in the reaction mixture. The only downside was that the reaction
proceeded very slowly and after a few days the temperature was increased to 50 °C. Four days later
all the starting material 16 reacted. There was still some side-product formation, mainly compound
20, but mostly TO derivative 2 was formed, which was purified by reverse-phase column
chromatography.
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2.3

Coupling of thiazole orange to BTA

Scheme 2.6: Reaction scheme of the PyBOP coupling of the thiazole orange derivatives to a BTA

With 2 of the 3 dyes successfully synthesized and the third TO derivative kindly provided by L.
Albertazzi, these dyes can be coupled to BTA 21. PyBOP coupling was used for this reaction and an
excess of BTA 21 was required to minimize side product formation, where a dye was coupled two or
three times to the BTA. Separation of the starting material BTA and product BTAs 22, 23 and 24 was
done by preparative LC-MS and proved to be difficult. The retention time of the starting BTA (21)
and the products was similar. Compounds 22 and 24 were successfully separated from 21, but the
obtained fraction of 23 still consisted mostly of starting material 21. This is because the retention
time of compounds 21 and 23 is exactly the same and the compounds are barely separable even
when a very small ramp of %ACN increase was used with the preparative LC-MS.
2.3.1 Coupling of thiazole orange derivative 2 to a different BTA

Scheme 2.7: Reaction scheme of coupling the thiazole orange derivative with a rigid spacer to a BTA with one amine end
group.

Because BTA derivative 23 was showing some promising initial results, even though it mostly
consisted of leftover starting material 21, a different approach was used to make a BTA derivative
resembling BTA derivative 23. BTA 26 is used to couple dye 2 to and only has one amine end group.
This removes the requirement of using an excess of BTA in the reaction. The other 2 end groups of
this BTA are hydroxyl groups and will not be protonated in solution during DNA binding experiments.
The amine end groups used previously could be positively charged and have electrostatic
interactions with dsDNA, therefore any dsDNA binding effects during experiments with BTA 27 can
be allocated to the effects of the TO component. BTA derivative 26 was obtained from BTA 25,
provided by R. Gosens, via a Staudinger reduction. The water was added after it was confirmed by
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LC-MS that all the azide groups were converted to the intermediate state. Product 27 was then
obtained via a PyBOP coupling. A small scale test reaction was used to confirm that the PyBOP
coupling would not result in a significant amount of BTA molecules with two or three dyes coupled
to them. BTA 27 was purified by reverse phased column chromatography and uses formic acid,
rather than the previously used TFA, because TFA was thought to cause degradation of 27. In an LCMS sample of 27 containing 50% ACN, 50% water and 0.1% TFA, a new fraction arose in the column.
This fraction seems to belong to a degradation product and had a mass corresponding to the mass of
27 minus 118. Because the sample used was made the night before measuring the LC-MS, the
intensity of this peak was very significant. The product to degradation compound ratio was 1:0.4.
Taking an LC-MS of the same sample the day after results in a product to degradation compound
ratio of 1:2. The mechanism and obtained compound of this degradation is unknown and because
this degradation might occur be due to the acid, and not specifically due to TFA, the column to purify
27 was first tried without any acid. Due to the lone pairs on the many nitrogen atoms of 27 it would
not come of the column anymore and therefore formic acid was used, which is a weaker acid than
TFA. LC-MS spectra of the obtained fractions with 27 after this column still showed the degradation,
but measuring 27 with MALDI-ToF (figure 2.5) showed no side product at all, indicating that the
obtained fractions are pure.

Figure 2.5: MALDI-ToF-MS of BTA derivative 27. Because the BTA derivative is already charged, there are no [M+H]+ or
[M+Na]+ peaks present.

2.4

Conclusion

We have successfully functionalized BTA molecules with thiazole orange. These BTAs can now be
used for DNA binding studies of BTA fibers incorporated with these molecules. Because there was
enough material synthesized for the DNA binding experiments, no attempt to improve the yields of
the reactions was made, even though some of them can be improved quite easily. The yield of the
reaction forming compound 1 can simply be increased by increasing the reaction time in the
microwave reactor and both the oligomer formation and the ethyl ester formation in the synthesis
steps of compound 3 can be prevented by first protecting the carboxylic acid group of 8, and thereby
preventing these side reactions from occurring.
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2.5

Experimental section

Materials and methods
All solvents were of AR quality and purchased from Biosolve. Deuterated solvents were purchased
from Cambridge Isotope Laboratories. Other chemicals were obtained from Sigma-Aldrich and used
without further purification. Thiazole orange derivative 3 was kindly provided by Lorenzo Albertazzi,
BTA derivative 21 was kindly provided by Laura Neumann and BTA derivative 25 was kindly provided
by Ronald Gosens, all without further purification.
Reactions were performed under argon atmosphere and were either monitored by LC-MS or reverse
phase thin-layer chromatography (HPTLC plates, RP-18 F254s from Merck). The microwave reactor
used for the formation of 5 was a Biotage Initiator+ Microwave System.
Column chromatography was performed on a Biotage for both reverse phase chromatography
(using SNAPS, C18 silica columns) and normal phase chromatography (using SNAPS, Kp-sil columns).
Liquid chromatography – mass spectrometry (LC-MS) data were obtained using a Thermoscientific
LCQ fleet spectrometer with a gradient of acetonitrile in water (both with 0.1% formic acid). MALDI
mass spectra were obtained on a PerSeptive Biosystems Voyager DE-PRO spectrometer or a Bruker
autoflex speed spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tertbutylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. 1H-NMR and 13C-NMR
spectra were obtained using a 400 MHz (100 MHz for 13C) Varian Mercury NMR spectrometer at 25
°C. Chemical shifts are gi e i pp δ alues relati e to tetra eth lsila e. Splitti g patter s are
labelled as s, singlet; d, doublet; t, triplet; quin, quintet; m, multiplet; b, broad. The coupling
constants J are given in Hz.
3-methyl-2-(methylthio)benzothiazolium iodide (5)
In a 5 ml pressure tube was 2-(methylthio)benzothiazole (2.74 g, 14.8 mmol)
dissolved in methyl iodide (2.7 ml, 43.4 mmol). The mixture was stirred in a
microwave reactor for 30 minutes at 100 °C with an upper power setting of 150
W. The precipitate was filtered and washed with diethyl ether (30 ml) to give 5 as a white solid.
Yield: 3.58 g (74.9 %). 1H NMR (400 MHz, DMSO, 25 °C) δ = 3.13 (s, 3H), 4.12 (s, 3H), 7.73 (t, J = 7.8
Hz, 1H), 7.85 (t, J = 7.8 Hz, 1H), 8.21 (d, J = 8.4 Hz, 1H), 8.41 (d, J = 8.0 Hz, 1H).
1-(10-carboxydecyl)lepidinium bromide (8)
A mixture of 11-bromoundecanoic acid (2.04 g, 7.70 mmol) was and lepidine
(0.93 ml, 7.03 mmol) was stirred for 3 hours under argon atmosphere at 110
°C. Then, the mixture was dissolved in methanol (2 ml) and heated gently with
a heat gun to dissolve. Diethyl ether (10 ml) was added to precipitate the
product overnight. The crude solid was collected via filtration and was washed
with diethyl ether (3x 10 ml). Next the crude was mixed in diethyl ether (40 ml) with triethylamine
(3.2 ml), sonicated for 1 hour and stirred overnight. The solid was obtained via filtration, washed
with diethyl ether (3x 10ml) and dried under reduced pressure to give 8 as a pink solid. Yield: 1.45g
(50.6 %). 1H NMR (400 MHz, DMSO, 25 °C) δ = 1.22–1.42 (m, 12H), 1.42–1.54 (m, 2H), 1.88–2.00 (m,
2H), 2.18 (t, J = 7.4 Hz, 2H), 3.01 (s, 3H), 5.01 (t, J = 7.4 Hz, 2H), 8.03–8.11 (m, 2H), 8.26 (t, J = 8.0 Hz,
1H), 8.55 (d, J = 8.4 Hz, 1H), 8.60(d, J = 8.8 Hz, 1H), 9.42 (d, J = 6.0 Hz, 1H), 11.96 (b, 1H).
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(Z)-1-(10-carboxydecyl)-4-((3-methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1ium 2,2,2-trifluoroacetate (1)
A mixture of 5 (275 mg, 0.85 mmol) and 8 (249 mg, 0.61 mmol) was
stirred in ethanol (30 ml) under argon atmosphere and reflux at 40 °C for
2 hours. DIPEA (0.3 ml, 1.72 mmol) was added and the mixture was
stirred for 16 hours at 40 °C. About 10ml of the ethanol was blown off
from the reaction mixture using nitrogen gas and afterwards diethyl ether
(30 ml) was added, causing a red solid to precipitate overnight. This crude solid was collected by
filtration with diethyl ether (20 ml) and dried under reduced pressure. Compound 1 was purified by
reversed phase column chromatography (C18 silica gel, 0.15% TFA, 30 to 50 vol% ACN in water) and
obtained as a red solid. Yield: 130 mg (45%). 1H NMR 4 MHz, DMSO δ = 1.13–1.41 (m, 12H),
1.41–1.53 (m, 2H), 1.79–1.92 (m, 2H), 2.17 (t, J = 7.2 Hz, 2H), 4.03 (s, 3H), 4.60 (t, J = 7.2 Hz, 2H), 6.94
(s, 1H), 7.38 (d, J = 7.2 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.62 (t, J = 7.8 Hz, 1H), 7.76 (t, J = 8.0 Hz, 1H),
7.80 (d, J = 8.0 Hz, 1H), 8.00 (t, J = 8.0 Hz, 1H), 8.06 (d, J = 7.6 Hz, 1H), 8.15 (d, J = 8.8 Hz, 1H), 8.66 (d,
J = 7.2 Hz, 1H), 8.81 (d, J = 8.0 Hz, 1H).
1-(3-iodopropyl)lepidinium iodide (15)
1,3-diiodopropane (3.0 ml, 26.1 mmol) was dissolved in toluene (30 ml) and
stirred under reflux and argon atmosphere at 110 °C. A solution of lepidine (0.37
ml, 2.8 mmol) in toluene (5 ml) was added dropwise and the mixture was stirred
for 24 hours. The crude solid was obtained by filtration and washed with diethyl
ether (20 ml). Then, the residue was dissolved in ethanol (20 ml) by 10 minutes of sonication and
overnight stirring. The remaining solid was collected by filtration and dissolved in ethanol (30 ml) by
10 minutes of sonication and overnight stirring. Again the remaining solid was collected and this
process was repeated one more time. Compound 15 was obtained as a yellow solid out of the
filtrates of these three filtration steps by evaporating the solvent and drying under reduced pressure
(423 mg, 35%). 1H NMR (400 MHz, DMSO, 25 °C) δ = 3.01 (s, 3H), 3.36 (t, J = 7.2 Hz, 2H), 5.03 (t, J =
7.4 Hz, 2H), 8.04–8.11 (m, 2H), 8.28 (t, J = 8.0 Hz, 1H), 8.56 (d, J = 8.8 Hz, 1H), 8.59 (d, J = 9.2 Hz, 1H),
9.37 (d, J = 6.0 Hz, 1H).
1-(3-iodopropyl)-4-((3-methyl-2,3-dihydrobenzo[d]thiazol-2-yl)methyl)quinolin-1-ium iodide
(16)
A mixture of 5 (255 mg, 0.79 mmol) and 15 (230 mg, 0.52 mmol) was stirred in
ethanol (20 ml) under argon atmosphere and reflux at 70 °C for 30 minutes.
Triethylamine (146 µl, 1.05 mmol) was added after removing the mixture from
heating, immediately causing the yellow mixture to turn dark red. After 1 hour
diethyl ether (40 ml) was added and a red solid precipitated overnight. The
solid was obtained by filtration, washing with diethyl ether (30 ml) and drying under reduced
pressure, giving 16 as a red solid. Yield: 221 mg (72%). 1H NMR (400 MHz, DMSO, 25 °C) δ = .4
(quin, J = 7.2 Hz, 2H), 3.35 (t, J = 6.8, 2H), 4.04 (s, 3H), 4.63 (t, J = 7.2 Hz, 2H), 6.95 (s, 1H), 7.38 (d, J =
7.2 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.63 (t, J = 7.8 Hz, 1H), 7.76 (t, J = 7.4 Hz, 1H), 7.81 (d, J = 8.4 Hz,
1H), 8.01 (t, J = 7.8 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H), 8.59 (d, J = 7.2 Hz, 1H),
8.81 (d, J = 8.0 Hz, 1H).
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1-(3-(4-(2-carboxyethyl)piperazin-1-yl)propyl)-4-((3-methyl-2,3dihydrobenzo[d]thiazol-2-yl)methyl)quinolin-1-ium 2,2,2-trifluoroacetate (2)
A mixture of 3-(1-piperazinyl)propionic acid (47 mg, 0.30 mmol) and 16
(66 mg, 0.11 mmol) was stirred in methanol (30 ml) under argon
atmosphere at 50 °C. DIPEA (0.1 ml, 0.56 mmol) was added and the
mixture was stirred for 5 days. Compound 2 was purified by reversed
phase column chromatography (C18 silica gel, 0.15% TFA, 10 to 60 vol%
ACN in water) and obtained as a red solid. Yield: 34.5 mg (51%). 1H NMR (400 MHz, CDCl3, 25 °C) δ =
0.88 (t, J = 6.4 Hz, 2H), 2.15 (t, J = 6.4 Hz, 2H), 2.44 (t, J = 6.2 Hz, 2H), 2.52 (t, J = 6.4 Hz, 4H), 2.84–
2.94 (m, 6H), 3.95 (s, 3H), 4.80 (t, 6.8 Hz, 2H), 6.69 (s, 1H), 7.34–7.40 (m, 2H), 7.53 (d, J = 7.6 Hz, 1H),
7.62 (d, J = 7.2 Hz, 1H), 7.70 (t, J = 8.0 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.81–7.90 (m, 2H), 8.48 (d, J =
8.4 Hz, 1H), 9.23 (d, J = 7.2 Hz, 1H). MALDI-ToF MS: m/z: calcd [M]+: 489.23; found: 489.28 [M]+.
(Z)-1-(1-(3,5-bis((1-amino-3,6,9,12-tetraoxatetracosan-24-yl)carbamoyl)phenyl)-1,28dioxo-15,18,21,24-tetraoxa-2,27-diazanonacosan-29-yl)-4-((3-methylbenzo[d]thiazol2(3H)-ylidene)methyl)quinolin-1-ium 2,2,2-trifluoroacetate (24)
A mixture of 3 (4.7 mg, 9.9 µmol) and PyBOP (6.2 mg, 0.011 mmol)
was stirred in chloroform (6 ml) under argon atmosphere to give a red
solution. To this mixture a few drops of DIPEA were added and after
10 minutes, this mixture was added dropwise to a solution of 21 (47
mg, 0.04 mmol) in chloroform (3 ml) and stirred overnight. This
solution was then washed with 5% NaCO3 in H2O (4x 10ml) and
compound 24 was purified by preparative LC-MS (40 to 45 vol% ACN in
water, 0.1% TFA) and obtained as a red solid. Yield: 4.97 mg (29.1%). LC-MS: m/z: calcd [M]+:
1617.07; found: 1617.09 [M]+.
(Z)-1-(1-(3,5-bis((1-amino-3,6,9,12-tetraoxatetracosan-24-yl)carbamoyl)phenyl)-1,28dioxo-15,18,21,24-tetraoxa-2,27-diazaoctatriacontan-38-yl)-4-((3methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium 2,2,2-trifluoroacetate (22)
A mixture of 1 (15 mg, 0.025 mmol) and PyBOP (16 mg, 0.031
mmol) was stirred in chloroform (2.5 ml) under argon
atmosphere to give a red solution. To this mixture a few drops
of DIPEA were added and after 30 minutes, this mixture was
added dropwise to a solution of 21 (153 mg, 0.12 mmol) in
chloroform (6 ml) and stirred overnight. Compound 22 was
purified by reversed phase column chromatography (C18 silica gel, 0.15% TFA, 20 to 60 vol% ACN in
water) and obtained as a red solid. Yield: 5 mg (9%). LC-MS: m/z: calcd [M]+: 1743.2; found: 1743.6
[M]+.
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(Z)-1-(3-(4-(1-(3,5-bis((1-amino-3,6,9,12-tetraoxatetracosan-24-yl)carbamoyl)phenyl)1,28-dioxo-15,18,21,24-tetraoxa-2,27-diazatriacontan-30-yl)piperazin-1-yl)propyl)-4((3-methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium 2,2,2-trifluoroacetate
(23)
A mixture of 6 (7.0 mg, 0.012 mmol) and PyBOP (8.7 mg, 0.017 mmol)
was stirred in chloroform (9 ml) under argon atmosphere. To this
mixture a few drops of DIPEA were added and after 10 minutes, this
mixture was added dropwise to a solution of 21 (62 mg, 0.05 mmol) in
chloroform (4 ml) and stirred overnight. Compound 23 was purified by
preparative LC-MS (40 to 45 vol% ACN in water, 0.1% TFA) and
obtained as a red solid. Yield: 1.8 mg (8%). LC-MS: m/z: calcd [M]+: 1757.2; found: 1757.9 [M]+.
N1-(1-amino-3,6,9,12-tetraoxatetracosan-24-yl)-N3,N5-bis(1-hydroxy-3,6,9,12tetraoxatetracosan-24-yl)benzene-1,3,5-tricarboxamide (26)
A solution of triphenylphosphine (53.9 mg, 0.20 mmol) in THF (7 ml) was
added to a solution of 25 (225 mg, 0.17 mmol) in THF (12 ml) and stirred
under argon atmosphere for 4 days. Then, 0.1 ml water was added and the
mixture was stirred for 16 hours. After completion of the reaction
(monitored by LC-MS) the solvent was evaporated using a rotary
evaporator and the residue was purified using a normal phase biotage
column (0.2% TEA, 5 to 10 vol% methanol in chloroform) to obtain 26 as a solid. Yield: 150 mg (68%).
1
H NMR (400 MHz, CDCl3, 25 °C) δ = . –1.43 (m, 54H), 1.50–1.70 (m, 12H), 2.95 (t, J = 5.2 Hz, 2H),
3.40–3.47 (m, 12H), 3.55–3.68 (m, 42H), 3.72 (t, J = 3.6 Hz, 4H), 7.24 (t, J = 5.6 Hz, 2H), 7.34 (t, J = 5.2
Hz, 2H), 8.44 (s, H), 8.45 (s, 2H). 13C NMR (100 MHz, CDCl3, 25 °C) δ = 26.0, 27.0, 29.2, 29.3, 29.4,
29.5, 40.4, 50.9, 61.6, 70.0, 70.2, 70.4, 70.5, 70.6, 71.6, 72.6, 128.4, 135.2, 166.1 ppm.
(Z)-1-(3-(4-(1-(3,5-bis((1-hydroxy-3,6,9,12-tetraoxatetracosan-24-yl)carbamoyl)phenyl)-1,28dioxo-15,18,21,24-tetraoxa-2,27-diazatriacontan-30-yl)piperazin-1-yl)propyl)-4-((3methylbenzo[d]thiazol-2(3H)-ylidene)methyl)quinolin-1-ium formate (27)
A mixture of 2 (36 mg, 0.06 mmol) and PyBOP (38 mg, 0.07
mmol) was stirred in chloroform (5 ml) under argon
atmosphere. To this mixture DIPEA (0.1 ml, 0.6 mmol) was
added and after 10 minutes, the mixture was added dropwise
to a solution of 26 (77 mg, 0.06 mmol) in chloroform (7 ml) and
stirred overnight. Compound 27 was purified by reversed phase
column chromatography (C18 silica gel, 0.15% FA, 10 to 60 vol%
ACN in water) and obtained as a red solid. Yield: 19 mg (17%).
H NMR (400 MHz, CDCl3, 25 °C) δ = 1.10–1.44 (m, 54H), 1.44–1.69 (m, 12H), 1.98 (b, 2H), 2.35 (b,
2H), 2.66 (b, 2H), 3.22 (b, 4H), 3.32–3.50 (m, 16H), 3.50–3.68 (m, 46H), 3.69–3.78 (b, 3H), 4.38 (b,
2H), 6.46 (s, 1H), 7.00-7.13 (m, 3H), 7.14-7.23 (m, 2H), 7.39 (t, J = 7.2 Hz, 1H), 7.44–7.58 (m, 3H),
7.60–7.69 (m, 1H), 7.84 (b, 1H), 8.15 (d, J = 6.8 Hz, 1H), 8.27 (d, J = 8.0 Hz, 1H), 8.33 (s, 3H). 13C NMR
(100 MHz, CDCl3, 25 °C) δ = 26.0, 27.0, 29.2, 29.3, 29.4, 29.5, 33.4, 39.4, 40.4, 51.9, 61.6, 69.9, 70.1,
70.4, 70.5, 71.5, 72.5, 124.3, 128.2, 135.3, 136.6, 139.9, 160.1, 166.1, 171.6 ppm. MALDI-ToF MS:
m/z: calcd [M]+: 1757.17; found: 1757.17 [M]+.
1
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Chapter 3: Binding a supramolecular polymer to dsDNA
3.1

Introduction

The big dream, of which this thesis only studies a small part, is to turn a BTA fiber into a sequence
specific DNA binder, as described in chapter 1. One step in this process is to bind a BTA fiber to
dsDNA. For this we synthesized three BTA derivatives with the DNA binder TO attached to it (BTA-TO
derivatives). When such derivative binds to dsDNA, the TO component will intercalate in between
two base pairs of dsDNA and become fluorescent. These BTA-TO derivatives have two amine end
groups, which become protonated in water. To minimize the interactions between these positive
charges and dsDNA, PBS was used. This buffer has a high salt concentration which can shield these
positive charges and mimics physiological conditions, which can be beneficial for future applications.
To ensure that the salt concentration does not affect aggregate formation, the self-assembly of BTA
in phosphate buffered saline (PBS) was studied. Furthermore the binding of a BTA fiber to dsDNA
was studied, but because this is a complicated experiment, some control experiments will be
performed first to get a better understanding of this process.

3.2

Self-assembly of BTA in PBS buffer

Among the methods used to study the self-assembly of BTAs are UV-vis spectroscopy and a Nile Red
assay1. A specific shape of the UV spectrum, which depends on the environment of the benzene core
of the BTA, was found for self-assembled BTA fibers, and this can be used to confirm fiber formation
in PBS. Nile Red is a dye, which will fit into the hydrophobic pocket of BTA fibers. When no fibers are
formed, Nile Red will be surrounded by water molecules and will be negligibly fluorescent. When
Nile Red is surrounded by the hydrophobic pocket, it will become fluorescent, combined with a blue
shift of the spectrum2.
The UV-vis spectroscopy measurements were performed using the water soluble BTA derivative OHBTA (figure 3.2A) and looks at the environment of the benzene cores. The temperature dependency
of the UV-vis spectrum of this BTA has already been studied in water and the UV spectrum of these
fibers in water had a distinct shape (figure 3.2B)1: at 20 °C it has an absorption maximum at 211 nm
and a shoulder peak at 226 nm. Upon heating, this shape remains stable until 50 °C. At higher
temperatures the absorption spectrum changes, which resulted in a single peak at 209 nm at 70 °C.
This experiment was repeated using the same BTA derivative in PBS and the results are shown in
figure 3.2C. In PBS, the shape of the UV spectrum of a OH-BTA solution is similar to the shape of the
spectrum of a OH-BTA solution in water. This shape remains the same upon heating up until 50 °C.
At 60 °C, no specific shape was found as it was changing rather randomly in both shape and intensity
over time, indicating that the BTA fiber is stable in PBS buffer up until 50 °C.
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Figure 3.1: A) Used BTA derivatives in the BTA fibers. B) UV-vis spectra reported in literature of OH-BTA in water (c = 1 *
10-5 M) at different temperatures1. C) UV-vis spectra of OH-BTA in PBS (c = 2.5 * 10-5 M) at different temperatures. D)
UV-vis spectra of mixtures of OH-BTA and NH2-BTA (total c = 2.5 * 10-5 M).

Furthermore, the formation of fibers of BTAs consisting of a mixture of OH-BTA and NH2-BTA was
studied (figure 3.2D). The BTA derivatives used in DNA binding experiments have amine end groups
rather than hydroxyl end groups and this might have an effect on the self-assembly, because at a pH
of 7.4, the pH of PBS, these amine end groups will be protonated. A high percentage of NH2-BTA in
the fiber will introduce a large amount of positive charges close to another, which might influence
the fiber formation due to electrostatic repulsion. The UV spectrum of a fiber consisting of 20% NH2BTA has the same shape as the UV spectrum consisting of only OH-BTA. This indicates that there is
still fiber formation for this fiber. At a higher percentage of NH2-BTA the shape of the spectrum
starts to change. At 50% NH2-BTA there is still a maximum at 211 nm and a shoulder at 226 nm, but
the intensity of the shoulder compared to the maximum intensity decreased. At 80% the shape of
the spectrum changed completely and now has a maximum at 203 nm. This means that the
environment around the benzene cores has changed at this percentage, indicating that there are no
fibers formed.

Figure 3.2: Nile Red assay of BTA (total c = 2.5 * 10-5) in PBS and water with different percentages of NH2-BTA within the
fiber.

The Nile Red assay was also used to study fiber formation in PBS and water. Figure 3.3 shows the
fluorescence spectra of Nile Red in PBS and water containing BTA fibers with a varied amount of
NH2-BTA in the fibers. Between water and PBS, the fluorescence spectra are about the same,
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indicating that the formed fibers are similar in both solvents. There is a clear difference however in
fluorescence intensity between fibers consisting only of OH-BTA and fibers with NH2-BTA. Nile Red in
fibers with NH2-BTA has lower fluorescence intensity than Nile Red in fibers with OH-BTA, while
having the same blue shift. The similarity in blue shift indicates that the environment is the same,
but the lower fluorescence intensity means that there is less Nile Red in this hydrophobic
environment. This indicates that the fibers with both NH2-BTA and OH-BTA are smaller compared to
fibers with mere OH-BTA.

3.3

Binding of a BTA fiber to dsDNA.

Now we know that the BTAs can self-assemble in PBS, we can look at the binding of the synthesized
TO derivatives to dsDNA in PBS. Four different sets of experiments have been designed to confirm
dsDNA binding (figure 3.4). The DNA used in all of these experiments is a poly-C20 ssDNA strand
annealed to a poly-G20 ssDNA strand. There will be 19 available intercalation sites for TO derivatives
to bind to and because TO can only intercalate once every two intercalation sites, there is a
maximum of 10 TO derivatives to intercalate into a single strand3.

Figure 3.3: Overview of different experiments to confirm the binding of the BTA derivatives to dsDNA

The main objective is to bind a BTA fiber to dsDNA (figure 3.4D). Because this is a very complicated
system, some control experiments were done to give a better understanding this system. The
binding of the TO derivatives with dsDNA was studied to look at a potential effect of the linker group
on the binding of TO to dsDNA (figure 3.4A). The binding of these TO derivatives were also studied in
presence of BTA fibers (figure 3.4C) to see whether the BTA fibers influence the DNA binding
capabilities of TO. Furthermore, the binding of BTA-TO derivatives was studied to look whether
these derivatives are able to bind to dsDNA by themselves (figure 3.4B). A recap of the used TO- and
BTA derivatives in these experiments are shown in figure 3.5.
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the linker molecule in between the functional TO group and the BTA molecule has a large influence
on the properties of these BTA derivatives.

3.4

Conclusion

We have studied the effects of three different kinds of linking molecules in TO derivatives and BTATO derivatives on their DNA binding capabilities. When there is just dye in solution, the different TO
derivatives all behave similarly by binding to dsDNA. The same behavior was observed when there
were BTA fibers present in the solution of these TO derivatives. In fact, in presence of BTA fibers the
fluorescence intensity increase upon binding to dsDNA was twice as much compared to the intensity
increase of just binding just the TO derivatives to DNA in PBS. Nonetheless, all the three TO
derivatives were still behaving similarly when binding to dsDNA. When the BTA-TO derivatives were
studied however, significant differences started to occur. Even without dsDNA, there is a difference
in fluorescence spectrum between the different BTA-TO derivatives. When the rigid linker was used,
the BTA-TO derivative already had a large fluorescence spectrum. This was not occurring when the
other linkers were used. Furthermore, the addition of DNA to the BTA-TO derivatives has a different
impact on their fluorescence spectrum compared adding DNA to mere TO derivatives. BTA-C10-TO
seems to be not binding to dsDNA at all, the fluorescence of BTA-C1-TO only increases slightly,
indicating that there is only little DNA binding, and BTA-Crigid-TO appears to bind to dsDNA, even
though it is hard to conclude much more from the change in spectrum because of the large
fluorescence spectrum even before DNA was added. The difference in used spacers for the BTA-TO
derivatives was even more noticeable when these derivatives were incorporated in BTA fibers.
Fibers incorporated with BTA-C1-TO or BTA-C10-TO did not seem to bind to dsDNA, as their
fluorescence spectrum barely changed when DNA was added. A clear difference in was observed
with fibers incorporated with BTA-C10-TO, were its fluorescence spectrum increased drastically after
adding dsDNA, indicating that these fibers are able to bind to dsDNA. This shows that the linking
molecule used in between a BTA core and a TO component can have a large impact on the DNA
binding capabilities of these TO components.

28

3.5

Experimental section

Materials and methods
Water was purified on an EDM Millipore Milli-Q integral water purification system. Methanol was of
AR quality and purchased from Biosolve. Single stranded DNA strands (poly-C20 and poly-G20) were
purchased at Eurofins MWG Operon.Other chemicals were obtained from Sigma-Aldrich and used
without further purification. The OH-BTA was kindly provided by Janus Leenders
Instrumental
UV-Vis experiments were performed on a Jasco V-650 spectrophotometer equipped with a Jasco
ETCR-762 temperature controller. All UV-Vis absorption experiments were performed with a scan
speed of 100 nm/min, data pitch of 0.5 nm and a bandwidth of 1.0 nm at 20 °C. Obtained spectra
were averaged over 3 consecutive measurements.
Fluorescence measurements were performed on a Varian Cary Eclipse equipped with a Varian Cary
temperature controller. Quartz cuvettes with a path length of 1.0 mm were used. All fluorescence
measurements were performed at 20 °C with a scan rate of 600 nm/min, a data interval of 1.0 nm
and a PMT voltage of 750 V. Obtained spectra were averaged over 3 consecutive measurements.
BTA and TO derivative stock solution preparation
All stock solutions were obtained by dissolving a weighed amount of BTA or TO derivative in
methanol. The obtained concentrations were 10 mM for BTA-OH and BTA-NH2 stock solutions and 1
mM for all BTA-TO and TO derivative stock solutions. These solutions were stored in the dark at
room temperature.
DNA solution preparation
Stock solutions of ssDNA were obtained by dissolving the ssDNA in PBS (0.01 M phosphate buffer,
2.7 mM KCl and 137 mM NaCl, pH 7.4) to achieve a concentration of 100 mM. These stock solutions
were stored at -30 C. For sample preparation, an equal amount of the two ssDNA stock solutions was
mixed and diluted with PBS to obtain a 5 mM solution. The DNA was annealed at 90 °C for 30
minutes and cooled down to 20 °C overnight by switching off the heating element. Obtained dsDNA
solutions were stored at 4 °C for short-term storage.
UV-Vis spectroscopy and Nile Red sample preparation
OH-BTA (2.5 µl to 0.5 µl of a 10 mM stock solution in MeOH depending on the NH2-BTA% in the
sample) was mixed with NH2-BTA (0.0 µl to 2.0 µl of a 10 mM stock solution in MeOH depending on
the NH2-BTA% in the sample) and diluted with 1.0 ml PBS. This results in samples with a total BTA
concentration of 25 µM. Samples were equilibrated at room temperature for 24 h before the
experiment. 500 µl of sample was transferred to a 0.1 mm cuvette for measurements.
Fluorescence sample preparation
OH-BTA (0 µl for experiments A and B, 2.5 µl for experiments C and 2.45 µl D, of a 10 mM stock
solution in MeOH) was mixed with either a BTA-TO derivative (0.5 µl for experiments B and D, of a 1
mM stock solution in MeOH) or a TO derivative (0.5µl for experiments A and C, of a 1 mM stock
solution in MeOH) and diluted with 1.0 ml H2O. This results in a total BTA concentration of 25 µM
and a TO-derivative concentration of 0.5 µM. Samples were equilibrated at room temperature for 24
h before the experiments. 500 µl of sample was transferred to a 0.1 mm cuvette for measurements.
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Fluorescence measurements
Nile Red measurements were performed by adding 1 µl Nile Red stock solution (2.5 mM in MeOH) to
the BTA sample, flipping the cuvette three times and measuring the fluorescence spectrum at set
time intervals. Excitation at 560 nm, emission and excitation slit of 5 nm.
Thiazole orange fluorescence measurements were performed by first measuring the fluorescence
spectrum of the sample, before adding 0.5 µl dsDNA solution (5 mM dC20-dG20 in PBS). The mixture
was pipetted up and down with a 100 µl pipette and the fluorescence spectrum was measured at set
time intervals. Excitation at 490 nm, emission slit of 10 nm and excitation slit of 5 nm.
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Chapter 4: Preliminary experiments to induce clustering in a BTA
fiber by intercalation
4.1

Introduction

In the previous chapter, we have shown that a BTA fiber can bind to dsDNA via intercalation and that
the linker between the BTA fiber and the DNA binding component has an effect on the DNA binding
capabilities of the fibers. However, in samples containing BTA fibers which were bound to dsDNA
sedimentation occurred. This was both visible by eye and in the data from fluorescence
spectroscopy. When the intensity of a certain wavelength (534 nm) is followed over time, upon
intercalation this intensity increases over time and the rate in which the intensity increases gives us
an insight in the kinetics of the binding process. In samples where sedimentation occurred there are
several sudden shifts in fluorescence intensity present, which are not noticeable when there is no
sedimentation occurring.
In this chapter the optimization of the experimental conditions will be discussed. These optimized
conditions will be used to try to verify the difference in DNA binding capabilities found in the
previous chapter. Up until now the TO : dsDNA ratio was kept at 1 : 1 to make sure that all the TO
components in the BTA fiber were able to bind to dsDNA. The final part of this chapter will describe
what will happen when a higher TO : dsDNA ratio was used in an attempt to cluster BTA-TO
derivatives within a BTA fiber.

4.2

Optimization of the process

During the experiments using the BTA fiber with the rigid linker sedimentation occurred. The cause
of this is unknown and in an attempt to prevent it from occurring, several experimental conditions
were changed. First of all, the TO concentration in the fiber was reduced, because the sedimentation
might have been caused by an overload of the system. This reduction was done by both reducing the
total BTA concentration from 25 µM to 10 µM as well as by reducing the percentage of TO
derivatives in the fiber from 2% to 1%, resulting in a reduction of TO concentration of 0.5 µM to 0.1
µM. The buffer was changed from a PBS buffer to a Tris EDTA (TE) buffer to try to make a more
stable environment for the used DNA strands. This results in a lower salt concentration, which is
beneficial for the intercalation properties of TO because of the lower ionic strength1, and a slightly
higher pH (from 7.4 to 8.0). The final changed condition was related to the experimental procedure.
The samples will now be stirred during the fluorescence measurements, which might disturb the
stability of the sedimentation process during the DNA binding step. Finally, a slightly different BTACrigid-TO derivative will be used for further experiments. This (OH)BTA-Crigid-TO derivative has
hydroxyl end groups rather than amine end groups on BTA tails to which there is no TO component
attached to. This derivative was used because the purification proved to be much easier and this BTA
derivative will have no protonated amine end groups which could interact electrostatically with
dsDNA.
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Figure 4.1: Fluorescence intensity at 534 nm (excitation at 490 nm) of a BTA fiber (10 µM) consisting of 1% (OH)BTACrigid-TO derivatives upon addition of dsDNA (0.02 µM) without sedimentation (A) and with sedimentation (B).

Figure 4.1A shows the fluorescence intensity increase over 50 hours of an experiment using these
optimized conditions. There was no visible sedimentation present after this time and the intensity
increase curve is a smooth curve. In case of sedimentation different behaviour is found. Figure 4.1B
shows the same experiment, which made use of a different kind of cuvette. In these cuvettes the
stirring only occurred in the broader bottom of the cuvette and not in the narrower pathway of the
cuvette. During the measurement there are clear jumps in fluorescence intensity occurring and
sedimentation was clearly visible by eye in the pathway. This indicates that proper stirring of the
sample is mandatory to prevent the sedimentation from occurring.
In the previous chapter, the effect of the linking molecule on the DNA binding capabilities of BTA
fibers was discussed. Only fibers containing TO derivatives with the rigid linker were binding to
dsDNA. To make sure that these results were not caused by the experimental setup, three BTA-TO
derivatives were used with the optimized conditions (figure 4.2A) The results of the binding
experiments using BTA fibers containing these BTA derivatives are shown in figure 4.2B.
This measurement confirms the findings shown in the previous chapter. BTA fibers containing
(OH)BTA-Crigid-TO show a clear increase in fluorescence intensity upon addition of dsDNA, indicating
that these BTA fibers bind to dsDNA via intercalation. BTA fibers containing the short linker and the
long flexible linker still show no fluorescence intensity increase over time. Figure 4.2C shows the
fluorescence spectra of the three BTA derivatives before and 100 minutes after addition of dsDNA.
This graph looks almost identical compared to the graph obtained in the previous chapter with the
old conditions. The previously studied BTA-Crigid-TO (with amine end groups) was also studied using
these new conditions and shows similar behaviour as (OH)BTA-Crigid-TO (Appendix V). Furthermore,
the peak found at 570 nm found in the previous chapter is absent in the BTA-C10-TO spectrum
because its fluorescence spectrum has been corrected for the fluorescence spectrum of the solvent,
removing the small fluorescence peak caused by impurities in the cuvettes.
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Figure 4.2: A) The BTA derivatives used within a BTA fiber to bind the fiber to dsDNA. B) Fluorescence intensity at 534
nm (excitation at 490 nm) over time of BTA fibers incorporated with BTA-TO derivatives (10 µM BTA fibers of which 1%
are BTA-TO derivatives in TE buffer). C) Fluorescence spectrum of the different BTA fibers before and 100 minutes after
adding dsDNA.

4.3

Clustering of (OH)BTA-Crigid-TO within a BTA fiber

Now that we can bind a BTA fiber to dsDNA via intercalation and have optimized the conditions of
this process, we can start to look at the next step of making a dsDNA binding motif on a BTA fiber.
This step is for the (OH)BTA-Crigid-TO within the fiber to cluster, similar to the clustering of positively
charged BTA derivatives when polyanionic ssDNA is added via electrostatic interactions2.
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settings. The lower concentration could have some influence, because there is a 1.5 times difference
in amounts of BTA-TO derivatives in the fiber (1% with clustering versus 0.6% without clustering),
but it would not explain the 20 fold difference in fluorescence intensity between the two
measurements. Further both the intensity of both experiments are 6 fold off compared to previous
experiment using (OH)BTA-Crigid-TO. Further investigation needs to be done however to study the
clustering before any conclusions can be drawn from the clustering experiment.

4.4

Conclusion

The experimental conditions to bind a BTA fiber to dsDNA have been optimized to prevent
sedimentation from occurring. The concentration of both dsDNA and binding components were
reduced, the buffer was changed, but most importantly the samples were stirred during the
experiment. The lack of sedimentation was visible both by eye and by lack of sudden disturbances in
the fluorescence measurements. These optimized conditions were used to confirm the importance
of the linking molecule between the BTA and TO components. Again the BTA with the rigid linker is
the only BTA derivative which binds to dsDNA within the fiber.
Furthermore, efforts to show clustering of BTA-TO derivatives in a BTA fiber are inconclusive. One
experiment indicated that these derivatives can cluster within the fiber upon addition of dsDNA,
whereas the other experiment indicated the opposite. The maximum fluorescence intensity reached
varies about 1.5 orders of magnitude between these two experiments and the maximum intensity
reached by both of them is about 0.75 orders of magnitude compared to previously experiment
without clustering. Therefore further investigation needs to be done to draw any conclusions about
whether or not the BTA-TO derivatives can cluster.
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4.5

Experimental section

Materials and methods
Water was purified on an EDM Millipore Milli-Q integral water purification system. Methanol was of
AR quality and purchased from Biosolve. Single stranded DNA strands (poly-C20 and poly-G20) were
purchased at Eurofins MWG Operon. Other chemicals were obtained from Sigma-Aldrich and used
without further purification.
Instrumental
Fluorescence measurements were performed on a Varian Cary Eclipse equipped with a Varian Cary
temperature controller. Quartz cuvettes with a path length of 1.0 mm were used. All fluorescence
measurements were performed at 20 °C with a scan rate of 600 nm/min, a data interval of 1.0 nm
and a PMT voltage of 750 V. Obtained spectra were averaged over 3 consecutive measurements.
BTA and TO derivative stock solution preparation
All stock solutions were obtained by dissolving a weighed amount of BTA or TO derivative in
methanol. The obtained concentrations were 10 mM for BTA-OH stock solutions and 1 mM for all
BTA-TO and TO derivative stock solutions. These solutions were stored in the dark at room
temperature.
DNA solution preparation
Stock solutions of ssDNA were obtained by dissolving the ssDNA in PBS (0.01 M phosphate buffer,
2.7 mM KCl and 137 mM NaCl, pH 7.4) to achieve a concentration of 100 mM. These stock solutions
were stored at -30 C. For sample preparation, an equal amount of the two ssDNA stock solutions was
mixed and diluted with TE buffer (10 mM Tris, 1 mM EDTA, pH 8) to obtain a 5 mM solution. The
DNA was annealed at 90 °C for 30 minutes and cooled down to 20 °C overnight by switching off the
heating element. Obtained dsDNA solutions were stored at 4 °C for short-term storage.
Fluorescence sample preparation
OH-BTA (5 µl, of a 10 mM stock solution in MeOH) was mixed with a BTA-TO derivative (0.5µl, of a 1
mM stock solution in MeOH) and diluted with 5.0 ml TE buffer. This results in a total BTA
concentration of 10 µM and a TO-derivative concentration of 0.1 µM. Samples were equilibrated at
room temperature for 24 h before the experiments. 3.0 ml of sample was transferred to a 1.0 mm
quartz cuvette for measurements.
Fluorescence measurement
Thiazole orange fluorescence measurements were performed by first measuring the fluorescence
spectrum of the sample, before adding 0.3 µl dsDNA solution (1 mM dC20-dG20 in PBS). The mixture
was pipetted up and down with a 1000 µl pipette and the fluorescence spectrum was measured was
measured using the scan program before and after the measurement (excitation at 490 nm,
emission slit of 10 nm and excitation slit of 5 nm). For the over time fluorescence intensity
measurements the kinetics program was used (excitation at 490 nm, emission at 534 nm, emission
slit of 10 nm and excitation slit of 5 nm, cycle time 2-10 seconds, averaging time 0.2-1 second).
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Conclusion and outlook
We have successfully synthesized BTA derivatives which, when incorporated in a BTA fiber, bind to
dsDNA. We synthesized BTA derivatives with a TO component and varied the linking molecule in
between the BTA core and this DNA binding component. We studied DNA binding capabilities of BTA
fibers incorporated with these BTA-TO derivatives by fluorescence spectroscopy and showed that
the linker affects the DNA binding capabilities of these BTA fibers. Only BTA fibers incorporated with
BTA-TO derivatives 23 and 27, which contain the rigid piperazinyl linker, were able to bind to dsDNA.
It is presumed that this linker causes the DNA binding components to be in the water phase of the
system, allowing DNA binding. We showed that proper stirring of the samples is mandatory during
the measurements. Last we did some preliminary experiments clustering of (OH)BTA-Crigid-TO
derivatives within a BTA fiber, induced by clustering and showed that the results are still
inconclusive. One experiment showed clustering of these derivatives, whereas in another
experiment with very similar conditions showed the opposite.
The DNA binder used is an aspecific DNA intercalator and was used to confirm DNA binding because
of the large fluorescence increase upon DNA binding, making it easy to study. Future experiments
can be done using different, specific DNA binders to study whether BTA fibers incorporated with
these binders will bind specifically to certain DNA sequences. This would be a next step in achieving
sequence specific DNA binding of a BTA fiber. Furthermore, more research needs to be done
studying clustering of BTA-TO derivatives within a fiber induced by intercalation, since experiments
shown in this thesis were inconclusive. It is unclear what caused the significant difference between
experiments. A good start for future experiments will be to reproduce either of the experiments
using the same conditions. Should there be no signs of clustering, the percentage of (OH)BTA-CrigidTO can be increased in the fiber to decrease the distance between this BTA derivative along the
fiber. At first this concentration was decreased to prevent sedimentation from occurring, but
because stirring was the mandatory element preventing sedimentation, a higher concentration will
most likely not cause sedimentation.
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Appendix A
This appendix represents chapter 2.

A.I

NMR spectra protonated 4-methylquinoline

These are the NMR-spectra of compound 8 before (figure A.1.A) and after (figure A.1.B) treatment
with TEA to remove the protonated quinoline starting material (28).

Figure A.1: NMR spectra of compound 8 before (A) and after (B) TEA treatment.

A.II

LC-MS spectrum of formed oligomers in the reaction to form 1

An LC-MS of a crude solid obtained during the reaction to synthesize TO derivative 1. There are two
patterns present in this LC-MS spectrum: one with an increase in mass of 28 (blue) and one with an
increase in mass of 184 (green).

Figure A.2: LC-MS of the crude solid during the formation of TO-derivative 1 (with its corresponding peak marked with a
red 1) showing oligomer formation (green) and ethyl ester formation (blue).

i

A.III LC-MS spectra of reaction mixtures to form 2 using different solvents
LC-MS spectra of reaction mixtures in 2 formation using acetonitrile (figure A.3A) and methanol
(figure A.3B) as solvent. Using methanol as a solvent gives much less side product formation
compared to using acetonitrile.

Figure A.3: LC-MS spectrum of the reaction mixture to synthesize compound 2 in acetonitrile (A) and methanol (B) where
in red the numbers of the compounds (C) are shown in red.

ii

A.IV LC-MS spectra of compound 27 after 16 and 40 hours.
LC-MS spectrum of compound 27 ((OH)BTA-Crigid-TO) after 16 hours (figure A.4) and 40 hours (figure
A.5) in a mixture of 50% ACN, 50% H2O and 0.1% TFA. It is clear that product is formed with a longer
retention time than product 27 with a mass corresponding to the mass of product 27 minus 118.

Figure A.4: LC-MS spectrum of compound 27 after 16 hours in 50% ACN, 50% H2O, 0.1% TFA.

Figure A.5: LC-MS spectrum of compound 27 after 40 hours in 50% ACN, 50% H2O, 0.1% TFA.

iii

Appendix B
This appendix represents chapter 3.

A.V

Fluorescence spectrum of PBS

Figure A.8 shows the fluorescence spectrum when only PBS was measured. This clearly shows a peak
at 580 nm and it is believed that this peak is caused by impurities on the cuvette. This fluorescence
intensity was not the same for all the performed experiments and was different for other
measurements depending on the amount of impurity present.
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Figure A.6: Fluorescence spectrum of PBS showing a peak caused by contamination of the used cuvette.
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Appendix C
This appendix represents chapter 4

A.VI Fluorescence spectrum of a BTA fiber incorporated with BTA-Crigid-TO
These are the fluorescence spectra of a BTA fiber incorporated with BTA-Crigid-TO (compound 23)
before and after addition of dsDNA.
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Figure A.7: Fluorescence spectrum of BTA-Crigid-TO (10 µM BTA, 0.1 µM BTA-Crigid-TO) before and after addition of dsDNA
(0.1 µM)
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