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Abstract
DNA is a fundamental compound in biology and, from a polymer science perspective, exceeds
most synthetic polymers in terms of size and composition. This thesis outlines a synthetic
method for an alkene polymer bearing nucleotide functionality and its subsequent properties.
Alkene polymers are built on the radical polymerisation of alkenes leading to long chain alkyl
backbones and are known to be stable for long periods. Combining the selectivity and control
of DNA with the rapid synthesis and stability of living radical techniques will allow
applications of DNA nanotechnologies in environments where DNA is currently unsuitable.
The background and information relevant to a thorough understanding of this thesis is
presented in Chapter 1. This includes discussion of the nature of DNA and variants of its
structure, methods for its synthesis, and analysis of the subsequent products. Further,
information essential to understanding the polymerisation methods utilised in this work such
as the radical polymerisation and the reversible addition-fragmentation chain-transfer method
are also discussed. Existing literature discussing the convergence of these two fields is also
covered, with the specific methods and materials as they relate to this work presented in the
following Chapter 2.
Chapter 3 outlines the initial method developed for the synthesis of a nucleotide functionalised
polymer using the phosphoramidite method. This method has been reported previously for the
synthesis of DNA and other nucleic acids (broadly poly(ribose-phosphates)). The
phosphoramidite method was altered to generate a nucleotide-alkene monomer using a
protected cytosine phosphoramidite. This was possible through careful selection of the alkene
moiety (hydroxyethyl methacrylate (HEMA)) and the optimisation of experimental
parameters. This method was found to successfully generate the polymer as confirmed with
proton and 31phosphorus nuclear magnetic resonance (NMR) spectroscopy.
xxvi

The synthesised HEMA-cytosine monophosphate bioconjugate monomer was polymerised
using reversible addition-fragmentation chain-transfer (RAFT) polymerisation. The resulting
polymers were limited in their applications as interconversion of the monomer appeared to
form a diene that caused the polymer to be cross-linked, resulting in the formation of an
insoluble gel. This gel was found to retain the nucleobase functionality and demonstrated the
interaction of the nucleotide-alkene with solvents consistent with a hybrid polymer system.
Chapter 4 builds upon Chapter 3, presenting an improved method for the synthesis of a
nucleotide-alkene bioconjugate by changing the alkene source from HEMA to 2hydroxypropyl methacrylate (HPMA) and the nucleotide source to guanosine monophosphate.
The HPMA was chosen as the presence of an additional methyl group explicitly prevented the
formation of the diene impurity in the monomer. This improved method was shown to result
in the HPMA-protected guanosine monophosphate through proton and

31

phosphorus NMR

spectroscopy along with electrospray ionisation mass spectrometry.
The compatibility of the synthesised HPMA-guanosine monophosphate with RAFT
polymerisation was then demonstrated through both in-situ and ex-situ techniques. Samples
measured in-situ utilised NMR spectroscopy, with ex-situ measurements using size exclusion
chromatography. The poly(HPMA-guanosine monophosphate) formed colloidal suspensions
during isolation which lead to further analysis in the following chapter.
Chapter 5 investigated the formation of particles from the poly(HPMA-guanosine
monophosphate). It was shown that the polymer was able to replicate the formation of Gquartets normally formed in guanine-rich DNA systems. Through the use of fluorescent dye
binding, circular dichroism and fluorescence microscopy, the general structure of these
particles was determined to be similar to vesicles or micelles with surfaces covered in active

xxvii

guanine moieties. The aggregation of the particles could be adjusted by the addition of
potassium chloride to stabilise the formation of G-quartets between particles.
Finally, Chapter 6 demonstrated the successful synthesis of poly(HPMA-thymine
monophosphate) by utilising the synthetic method developed in Chapter 4, thereby
demonstrating the flexibility of the synthesis for creating a library of nucleotide-alkene
bioconjugate compatible with RAFT polymerisation.
Following this successful synthesis of poly(HPMA-thymine monophosphate), its interactions
with single stranded DNA were investigated with the aid of computer modelling and the use
of nucleic acid binding dyes. This led to the determination that the poly(HPMA-thymine
monophosphate) does bind to a complementary single stranded DNA sequence, but that the
structure formed was conformationally distinct to classical double stranded DNA.
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1 Chapter 1: Introduction and Literature Review

1.1 Synopsis
This chapter will focus on the two classes of
polymers used in the project: nucleic acid
biopolymers and synthetic vinyl-based
polymers. It will discuss the composition and
structures of nucleic acids as well as used
methods of analysis; this includes the selective
bonding of complementary nucleotides and the
resulting secondary structures and some of the
relevant biological processes they undergo.
The discussion of vinyl-based polymers will
focus on the formation using reversible
addition-fragmentation chain transfer (RAFT)
polymerisations as this was the selected
method of polymerisation used in this project.
A brief overview of other polymerisation
techniques is given as a means to justify the
selection of this polymerisation method.

1

1.2 Nucleotides
Nucleotides are the individual repeating units that form larger molecules called nucleic acids.
These acids are found in many biological systems where they direct the synthesis of proteins1,2
and regulate cell processes3 by the means of using enzymes which translate the sequences of
nucleotide units into amino acids and, in turn, proteins.4
Each nucleotide comprises 3 subunits: nucleobase, ribose, and phosphate; as shown in Figure
1.1. The nucleobase is the active unit and is used to give the nucleotide its name, while the
sugar (ribose) and the phosphate form the ‘backbone’ of the molecule when multiple
nucleotides are joined together. When several nucleotides connect, they form nucleic acid
polymers which are covered in Section 1.2.6. Understanding of the structure and function of
these molecules forms the foundation of the work performed for the purpose of and covered in
this thesis. The incorporation of nucleotides into synthetic polymers is only useful if the binding
function of the nucleobase is maintained, and the full nucleotides were used to provide for the
best chance at enzymatic compatibility in the future work.
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Figure 1.1 Structure and subunits of nucleic acids, called nucleotides, indicating the
numbering scheme for constituent carbons. Also shown are the nucleobase (green), the sugar
(blue), and the phosphate (red) moieties. The directionality of the nucleic acid is indicated in
purple.
1.2.1

Nucleobases

The active unit of the nucleotide in regard to its biological application is the nucleobase. There
are 5 natural nucleobases: adenine (A) and guanine (G) make up the pyridines; cytosine (C),
thymine (T) and uracil (U) make up the pyrimidines, as shown in Figure 1.2. The chemical
distinction between T and U is due to the presence of the methyl group on the 5th carbon atom,
and these two nucleobases are typically found in DNA and RNA, respectively. The sequential
order of these nucleobases within the nucleic acid biopolymer is what provides for the coding
functionality of nucleic acids.5-6
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Figure 1.2 The five natural nucleobases guanine (G), adenine (A), cytosine (C), thymine (T)
and uracil (U) showing their carbon numbering.
1.2.2

Sugar

The sugar (ribose) links the nucleobase to the sugar phosphate backbone formed in nucleic acid
polymers. The numbering for the ribose ring includes the prime (′) notation to distinguish it
from the numbering of the carbons in the nucleobase, as shown in Figure 1.3. This numbering
is important as it provides an orientation to the formed biopolymers and clarifies any alterations
to the sugar moiety. Most commonly, the presence of a hydroxyl moiety on the 2′ carbon is
used to distinguish between the deoxyribose nucleic acid (DNA) and ribose nucleic acid
(RNA).7
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Figure 1.3 The ribose unit showing the carbon numbering. Note the functionality attached to
the 2′ carbon determines if the nucleotide is for deoxyribose nucleic acid (DNA) or ribose
nucleic acid (RNA).
1.2.3

Phosphate

The phosphate acts as a link between the ribose and helps form the sugar phosphate backbone.
It is the unit responsible for the acidic properties of nucleic acids as a result of the deprotonation
of the hydoxyl moiety that is resonantly stabilised by the sp3-hybridised phosphate and
oxygens.8 In a singular, free nucleotide the phosphate can be attached at either the 3′ or 5′
carbon. Within a biological system it is normally attached to the 5′ position and contains a
chain of phosphates, either the pyrophosphate or triphosphate, until they are cleaved when the
nucleotide is added to the nucleic acid. For example, the adenosine triphosphate, see Figure
1.4, is used to transfer energy as part of the citric acid cycle.9 During nucleic acid synthesis,
the nucleoside triphosphate is split which generates the nucleotide and a pyrophosphate
molecule; the energy released during this process is used to power the enzyme.10
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Figure 1.4 Adenosine 5′ triphosphate.
1.2.4

Specific Binding Between Nucleobases

Nucleotides undergo specific binding as a result of H-bonding between nucleobases. Broadly
speaking, this interation between the nucleotides is classified as either canonical, more
commonly known as Watson-Crick base pairing, or non-canonical.11 Watson-Crick binding is
considered canonical because it is the predominant interaction within nucleic acids in natural
systems. It occurs through the Watson-Crick face of the nucleotide, Figure 1.5. Any other
hydrogen bonding between nucleotides is non-canonical binding.

Figure 1.5 Binding faces of nucleobases using guanine as an example.
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For the purpose of this project, the main binding of interest is Watson-Crick base pairing and
the formation of the non-canonical G-quartet, covered in Sections 1.2.4.1 and 1.2.5.1
respectively. Select other non-canonical bindings are covered briefly in the following chapters
as part of experimental design considerations.
1.2.4.1 Watson-Crick Binding between Nucleobases
Although the presence of DNA had been known since the late 1860s,12 its structure was not
determined until Watson and Crick published their work in 1953.13 Their findings described
the double helix structure within DNA that had been discovered through X-ray
crystallography.13 The authors showed that nucleobases underwent selective hydrogen
bonding, as shown in Figure 1.6, with AT and AU having two binding sites and GC having
three binding sites.14
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Figure 1.6 Standard bonding of nucleobase pairs; electron donors are marked in red, receptors
are marked in blue.
The additional bonding site for GC pairing increases the binding strength of the base pair, as
shown by Breslauer et al.15 They showed that DNA with a higher proportion of GC base pairs
had a significantly higher ∆H compared to similar sequences of AT. The magnitude of these
binding strengths are shown in Table 1.1.
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Table 1.1: Binding energy and strength of base pairs.
Base Pair

Calculated ΔGassoc(aq) contributions at 300 Total force required to
K (kcal/mol) 16

separate bound pair (pN)17

H-Bonding

Base Stacking

A-T

0.18

-1.86

14.0 ± 0.3

G-C

-0.91

-2.22

20.0 ± 0.2

1.2.5

Non-canonical Binding Between Nucleobases.

The hydrogen bonding between the bases, while considered selective to AT and GC, has some
variance referred to as non-canonical binding. These binding structures can occur through the
same Watson-Crick face as canonical binding, but may be differently orientated or form
between other combinations of bases that are not AT and GC.
Aside from Watson-Crick base pairs, there are other combinations of nucleobases that can form
similar electron pair donor-acceptor relationships. In total there are a further 26 stable
combinations that may possibly form between the four natural nucleobases found in
deoxyribose nucleotides, as reported by Sivakova et al.18 Their works demonstrated that
exposure of the amine and ketone groups from non-canonical bonding can also support the
formation of tertiary structures.
Where a comparatively stable binding pair forms, but it is not the canonical Watson-Crick pair,
it is called a mismatch.19 Some examples are shown in Figure 1.7(a). Ebel et al. have shown
that the GA mismatch is more stable than other nucleic acid mismatches,20 which means they
can drive the formation of stabilised tertiary structures as the result of the now exposed amine
and ketone groups.21,22 This work was further supported by Pan et al. who demonstrated that
the GA and other mismatches remained stable enough due to solvent interactions so that they
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could be analysed using electrospray without separating.23 Further, they demonstrated that
certain mismatches, GG, AC, TC and CC specifically, are destabilised in solution.23
Reverse Watson-Crick binding is the binding of a canonical nucleobase pair through the
Watson-Crick face in a non-canonical orientation.24 When formed in some RNAs, they are
referred to as a Levitt base pairs; an example of this is shown in Figure 1.7(a). Though not
preferred over canonical binding, Sharma et al.25 showed through simulation that the formation
of this type of pair can allow for distant regions of a nucleic acid to interact with one another.
This was further supported by Shawla et al.26 who concluded that these regions participate in
binding with non-nucleic acids such as metabolites.
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The formation of non-canonical structures in DNA does not inherently require non-canonical
binding or synthetic DNA sequences. For example, G-quadruplex and i-motif are present in
natural DNA systems and can form together from DNA in a high potassium concentration
environment.27 The formation of DNA triplexes, shown in Figure 1.7 (b), have also been shown
to act as a regulator for gene expresion.28
For this project it is important to consider these non-canonical binding structures as they affect
experimental decisions and what combinations of polymer and DNA should be used for binding
studies and polymerisation. This gives insight into the interactions between polymers and any
resulting structures formed; for example, combining non-complementary base pairs such as G
and T may result in the formation of secondary structures, which might not be desirable for the
purpose of the experiment.
1.2.5.1 G-quartets
G-quartets are tetramers of guanine, as shown in Figure 1.8. They form as a result of binding
of the Hoogsteen face to the Watson-Crick face and are normally stabilised around a cation.29
Ivar Bang in 1910 was able to show through observations of how guanylic acid solutions
formed gels that G-quartets may form from single nucleotides without the need for additional
quartets to be present.30 This work went relativity unknown until publication by Davies et al.
in 1962 where they demonstrated using x-ray crystallography that the guanylic acid was made
up of fibres formed from the stacking of these G-quartets.31
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Figure 1.8 The G-quartet as it forms around a cation.32
Later work by Becker et al.33 demonstrated for the first time that the presence of metallic
cations stabilised the formation of the G-quartet. The degree to which they were stabilised by
the cation was dependent on its diameter and charge. It has also been shown that there was a
preference for monovalent cations and in most work the alkali metals have been used.
Williamson reported on the binding preferences of guanylic acid for these Group I cations as
K+ > Na+ > Cs+ > Li+.34 When multiple quartets are coordinated together they form the more
stable G-quadruplex, explored further in Section 1.3.3.
1.2.6

Nucleic Acids

Nucleic acids are the biopolymers formed by chains of nucleotides. They derive their name
from their acidic properties and their presence in the nucleus of the cell. The two naturally
occurring nucleic acid biopolymers, deoxyribose nucleic acid (DNA) and ribose nucleic acid
(RNA) are the most commonly used.35 These linear polymers form from the connection of the
phosphate to the ribose building a linear polymer, as shown earlier in Figure 1.1, with the
nucleobases coming off as pendant groups.
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It is the sequence of the nucleobase groups that gives the nucleic acid its coding functionality.
For consistency, the sequences of nucleobases are listed in terms of direction along the nucleic
acid chain. This directionality is provided in relation to the ribose subunit of the nucleotide in
terms of 3′ and 5′ based on the carbons as shown in Figure 1.3. This is important since synthetic
DNA is typically synthesised in the 3′ to 5′ direction, while enzymatically it is generated in the
5′ to 3′ direction.36 This nomenclature is consistent for eukaryotic cells, such as those in
mammals.37 In prokaryotic cells the DNA is a continuous loop and as a result does not have a
terminus.2 In these cases, the 3′ and 5′ are a reference to directionality within each ssDNA.
These nucleic acids are multiply charged anions due to the negatively charged phosphate and
the positive charge on the nucleobase amines, however their actual charge is pH dependent.38
Under neutral and basic conditions the DNA molecule takes on a negative charge due to the
higher pH of the phosphate relative to the nucleobase. It then only takes on a positive charge
at low pH, as reported by Guo et al.39 These charges can be used for the isolation of DNA
through pH based precipitation, solvent extraction or electrophoresis.40

1.3 Secondary Structures of DNA
DNA can form a number of secondary structures; most recognised is the DNA double helix
reported by Watson and Crick,13 however, there are many other variations and alternatives.
This thesis focuses on the formation and stability of the DNA double helix and the Gquadruplex as covered in the following sections.
1.3.1

The DNA Double Helix

Natural DNA is stored as a duplex or dimer structure called a double helix. These consist of
two strands of ssDNA running in opposite directions and designated as double stranded DNA,
dsDNA. Each of the two ssDNAs that form the duplex are read in opposite directions, leading
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to the 3′ and 5′ notation based on the ribose component of the backbone. Where ssDNA is
amorphous dsDNA forms a defined helix shape with a major and minor groove, as shown in
Figure 1.9. This behaviour is not as common in RNA which typically exists only in its single
stranded form, although double stranded RNA has been found in some viruses.41
1.3.1.1 π-π stacking of nucleobases within dsDNA
The presence of multiple nucleotides in a nucleic acid contributes to additional stability of the
overall duplex. This is a result of the nucleobases containing conjugated ring structures with
overlapping π-orbitals between the adjacent nucleobases.42 This means that the presence of
adjacent nucleotides has a strong stabilising effect on the nucleic acid as a whole and in turn is
a major contributor to the overall stability of the DNA double helix.43 These π-orbitals stack
between nucleobases allowing the formation of other nucleobase secondary structures such as
i-motifs and G-quartets that are covered in Section 1.1.3.5. The strength of this effect is
considered to be dependent on the adjacent nucleobases within the strand and the corresponding
amount of overlap; this is called ‘the nearest neighbour principle’.44,45
The effect of the π-π stacking is primarily observed in the macrostructure of the dsDNA. The
formation of the double helix is stabilised and coordinated by the stacking with the hydrogen
bonding between the base pairs binding it together, i.e., the bases hold the dsDNA together but
the π-π orbitals orientate them to each other along the strand, limiting their inter-chain effect.46
This stacking has been shown to be the determining factor for the thermodynamic stability of
the dsDNA compared to base pairing. Hydrogen bonding provides for less than half the
stability, while the A-T interaction performs as a destabilising force when considered in
isolation.42
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1.3.2

Forms of the DNA Double Helix

When two strands of DNA containing complementary sequences of nucleotides bind together
they form a DNA duplex, dsDNA. This binding is asymmetric around the long axis leading to
the formation of the familiar DNA double helix, as shown in Figure 1.9.

Figure 1.9 Simplified structure of a DNA double helix showing the geometric definitions.
The most common form of this helix is called B-form DNA.47,48 However, it has been shown
that there are additional stable forms of the DNA dimer depending on the conditions. There are
three common forms of dsDNA based on conformation of the ribose ring: A-, B- and Z-form
DNA. These helical forms differ only in conformation structure as a result of external
conditions. Changes in conditions can lead to other forms, including C-form.49,50 These
structures are shown in Figure 1.10 with the dimensions outlined in Table 1.2.
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Figure 1.10 (a) helical structures and (b) top down structures of A-, B-, and Z-DNA each 13
nucleotides in length. Provided by Mauroesguerroto,51 adapted from Ussery.52
B-DNA is the most common form and is found in most biological systems.58 It forms a righthanded helix; the helical axis around which the DNA wraps (see Figure 1.10(a)).59 This is based
on DNA at standard conditions with a non-specific sequence of nucleotides.
A-DNA was discovered and named by Franklin et al.60 and forms a tighter helix than B-DNA
which leads to a shorter strand for the equivalent number of base pairs.61 It forms when DNA
is dried or otherwise dehydrated.62 This results in a sugar pucker at the 3′ carbon, shown in
Figure 1.11, that reduces the separation between bases.63 The axis of rotation of A-DNA is
exterior to the nucleotide, generating a vertical “tunnel” through the helix. Much like B-DNA,
it forms a right-handed helix.
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Table 1.2: Dimensions of selected DNA forms.

Helix
Orientation

A-DNA52,53

B-DNA52,53

C-DNA54,55

Z-DNA52,56,57

Right-handed

Right-handed

Right-handed

Left-handed

25.5 Å

20 Å

19 Å

18 A

2.3 Å

3.4 Å

3.32 Å

3.8 Å

anti-

anti-

anti-

syn-

32.7

34.6

38.6

60 per dimer

11

10.5

9.33
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28.2 Å

34 Å

30.97 Å

45 Å

Yes

Yes

No

No

Diameter
Base separation
by length
Base-ribose
stereochemistry
Rotation per
base (degrees)
Base pair per
turn
Helix Pitch
Major-minor
groove

P

O

Nucleobase

P

O

Nucleobase

O
P

O
P

O

B-Form DNA
C2'-Endo

O
A-Form DNA
C3'-Endo

Figure 1.11 The conformations of the deoxyribose change between the B-form and A-form
DNA.
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Z-DNA is significantly different from A- and B- forms of DNA in terms of structure, most
noticeably, it forms a left-handed helix.56 This is caused by the specific sequence of repeated
alternating guanine and cytosine nucleobases. This sequence causes a change in conformation
of the nucleotides to form the di-nucleotide shown in Figure 1.12; here, the adjacent ribose
subunits are orientated in opposite planes.
Unlike typical DNA, the Z- form is the result of a specific sequence of repeating GC
nucleotides within the ssDNA which act as single unit dimers. An additional effect of this is
that adjacent ribose rings are orientated in opposite directions, as shown in Figure 1.12. Due to
this repeating composition and the change in orientation it acts as if it has a repeating unit
consisting of 2 nucleotides.

O

O

O

P

HO

O

O
O
O

Guanine

P

n

Cytosine

OH
O

Figure 1.12 Di-nucleotide structure of adjacent nucleotides in Z-DNA.
Other conformations of DNA have also been found, typically requiring specific conditions to
appear. Among these is the C-form DNA which is derived from B-form DNA as the conditions
approach the lower hydration that causes the change to A-form DNA. Work by Rhodes et al.55
showed that a change in relative humidity can also induce a change to the C-form DNA from
either A- or B- form. A-form DNA can also be converted to C-form DNA with an increase in
salt concentration, usually magnesium.64 Portugal et al.54 have additionally shown that the
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presence of amino acids, specifically acting as counter ions, favour the conversion to C-form
DNA. It may form in the presence of organic co-solvents as demonstrated by Zimmerman and
Pfeiffer65 who showed its formation using tertiary-butanol.
The existence of these stable secondary structures indicates that the formation of selective base
pairing between nucleic acids of complementary sequences is highly preferred compared to
simple hydrophilic interactions. This affords a degree of flexibility in the hypothesis that exotic
polymers containing nucleic acid functionality can still undergo this selective binding.
1.3.3

G-quadruplexes

Multiple G-quartets, covered in Section 1.2.5.1, are able to form a macrostructure called a Gquadruplex which is formed when three or more quartets complex together through π orbital
interactions, often complexing to metal ions between each quartet. They can form from one or
more ssDNA sequences resulting in either inter- or intra-molecular assemblies and are typically
the most stable of the secondary structures.66,67
G-quadruplexes have been shown to be formed around a number of different metallic cations
including lead (II),68 calcium (II),69 strontium (II),70 barium (II),71,72 rubidium (I)73 and some
non-metallic cations such as NH4+.74 It has also been shown by Kan et al.75 that the presence
of other compounds, specifically polyethylene glycol, causes molecular crowding and induces
the formation without the presence of a counter ion.
Guanine nucleobases, relative to the deoxyribose, exist as either syn- and/or anticonformations within a G-quartet, Figure 1.13. Characteristic signals in the circular dichroism
(CD) spectrum enables identification of the various syn-/anti- conformations of the inter-Gquartet stacking, Figure 1.14.

18

Figure 1.13 Syn- and anti-conformations of deoxyguanosine based on the relative location of
the protons highlighted in green. Image adapted from Stegle et al.66

Figure 1.14 The stacking of G-quartets, and their relationship to the circular dichroism (CD)
spectra. The number of syn- and anti- guanines in each quartet determine resulting effect on
circular dichroism, not the specific arrangement of these guanines relative to one another.
The effect on the resulting spectra is shown in the table, inset. Image adapted from Tóthová et
al.76
G-quadruplexes have been found to play a role in both natural DNA and RNA sequences as a
regulator of cellular processes.77 G-quadruplexes have additionally found uses in a multitude
of disciplines from cancer biology78–80 and novel therapeutics80,81 through to nanoelectronics82
and nanomechanical systems.83 Adding G-quadruplexes into synthetic polymer-based system
makes for a unique macromolecular structure suitable for a broad range of biological
applications.
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1.3.4

Nucleic Acid Wires

Nucleic acid wires are secondary structures made up of multiple shorter sequences, as shown
in Figure 1.15. They can be formed by an overhang of repeated sequences or long single
nucleotide sequences without an anchor sequence.84,85

Figure 1.15 (a) complementary dsDNA with variation to prevent non-specific binding and (b)
complementary dsDNA without variation and the resulting nucleic acid wire.
Of note to this thesis is the formation of G-quadruplex wires. They are formed in the same
manner as dsDNA wires, where there is no anchoring sequence allowing for the formation of
long stacked complexes. Work by Marsh et al.86 showed not only the formation of G-wires,
but also imaged the wires using atomic force microscopy (AFM), Figure 1.16. Here, they
showed the formation of G-wires and the resulting high molecular weight that caused them to
show low migration and the distinct smearing when analysed by gel electrophoresis, see
Figure 1.17. When the structures were denatured, i.e., melted, they migrated as ssDNA
resulting in only a single spot.
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Figure 1.16 Tapping mode atomic force microscopy images of G-wires treated with salt
solutions as indicated. Imaged by Marsh et al.86

Figure 1.17 Gel electrophoresis of G-wires formed with metallic cations as imaged by Marsh
et al.86 Note the high weight fractions at the top of the gels, attributed to G-wires.
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1.3.5

Xeno Nucleic Acids

Xeno nucleic acids, XNA, are synthetic variations on the nucleic acid structure which contain
altered ribose and phosphate subunits, sometimes substituting them completely. This preserves
their binding selectivity with the nucleobase moiety. Most common in XNAs are alterations to
the ribose but some contain different backbones in place of the ribose phosphate found in DNA
and RNA.
Demonstrating the properties and stability of XNAs is important to this work as it shows that
the formation of selective binding is not isolated to natural nucleic acids. Further, variations in
the composition and structure may affect structures, but do not inherently prevent the formation
of Watson-Crick or other types of binding. For this project the polymers generated had a 2carbon bond spacing between repeating units, substantially shorter than the inter-nucleotide
distance of DNA.
Common among these, XNA are locked nucleic acids. They contain an additional carbon in
the ribose connecting the 2′ hydroxyl to the 4′ carbon as shown in Figure 1.18. It is called a
locked nucleic acid because it is unable to form the 2′ endo conformation required in the Bform DNA helix and is therefore locked in the 2′ endo conformation. This allows selective
formation of the A-form without the normal hydration or salt content, described in Section
1.3.2.
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Figure 1.18 Locked nucleic acid, LNA, one of the xeno nucleic acids.
Peptide nucleic acids contain a polypeptide backbone, retaining only the nucleobase
functionality as shown in Figure 1.19. The peptidr nucleic acid structure is notable to this
project as it has been shown by Nielsen et al.87 to form a helical structure similar to DNA,
despite having a structurally distinct backbone with different charge and nucleobase separation
compared to any naturally occurring nucleic acid.
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Figure 1.19 An example of a simple PNA dimer.87 Nucleobases abbreviated adenine (A),
cytosine (C), thymine (T) and guanine (G) with . Image adapted from Nielsen et al.87
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1.4 Synthesis of DNA
1.4.1

Enzymatic Synthesis of DNA

DNA sequences can be copied onto a template strand through the use of enzymes called
polymerases, both in-vitro and in-situ. Polymerases are a class of enzymes that transcribe DNA
from a template sequence onto a new sequence doubling the volume of DNA in the solution
where the subsequent templated DNA polymer is complementary to the initial template. These
enzymes vary across species and cell types but can be extracted for use in-vitro. The most
common example is Taq polymerase derived from the bacteria Thermus aquaticus.88 In-situ
DNA replication is carried out on dsDNA which interacts with enzymes and separates only in
target regions.89 In synthetic methods such as the polymerase chain reaction (PCR), covered in
the following section, the dsDNA is heated until melting, where the nucleobase dehybridises,
forming ssDNA.
The transcription process performed by these enzymes is unidirectional, typically occurring in
the 5′ to 3′ direction as shown in Figure 1.1.90 This results in the ssDNA containing phosphate
functionality at the 5′ terminus, and hydroxyl functionality at the 3′ terminus.
1.4.1.1 The Polymerase Chain Reaction
The most common method for in-vitro DNA synthesis is PCR. This is an amplification method
whereby a sequence of DNA is repeatedly transcribed into a new sequence. It is often called
an amplification process because it requires an initial template, and all DNA produced during
the process is either complementary or equivalent to that original sequence. It is typically used
for sequences in the range of 25 up to 2,000 bases.91 The enzymatic process is preferred for
many applications as the DNA is copied reliably and with virtually no error.92 Under
specialised conditions, reported by Cheng et al.,93 an excess of 50,000 bases (approximately
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16,350 kDa) has been recorded. The exact range for PCR is determined by the enzymes used,
but the process is consistent with that shown in Figure 1.20.
To perform this synthesis, the dsDNA to be amplified is placed in a solution with free
nucleotides and primers; the latter are short chain complementary DNA which defines where
the transcription will begin. In a typical experiment, a dsDNA template is heated to
approximately 95 °C in order to melt and separate the dsDNA into ssDNA. It is then cooled to
68 °C in order to anneal the complementary primers to the ssDNA which then allows for the
binding of Taq polymerase. This enzyme is then activated by heating to 72 °C for the
transcription. Here, the enzyme moves along the template strand drawing nucleotides from
solution and extending the daughter strand.
Each cycle of this process effectively doubles the number of DNA strands in a sample. This
process maintains all the properties of the original DNA and copies created this way are
indistinguishable from it once the process is complete. The choice of primers determines the
region of the DNA to be replicated and can be used to target specific genetic sequences,94,95 or
to add functionality to the 5′ terminus of the ssDNA.96 The major drawback of PCR is its limited
scale, typically with output in the order of micrograms, as reported by Wang et al.97

25

Figure 1.20 Outline of the steps in the polymerase chain reaction (PCR). Adapted from Gill et
al.98
1.4.2

Chemical Synthesis of DNA

Chemically synthesised oligonucleotides are relatively short sequences of nucleic acids,
compared to those found in biological systems.99,100 They can vary in size from 2 to 2,000 bases
in length, but for most research applications they are at the lower end of this range, typically
<250 bases.101 These ssDNA sequences are generated through a single addition process similar
to step-growth polymerisation. Methods of chemical synthesis normally rely heavily on the use
of protecting groups to prevent reaction of the non-terminal alchol.102 The earliest popular
method was the H-phosphonate method developed in 1952103 which was then followed by the
phosphodiester and phosphotriester104 techniques in the later 1950s and 1960s. These methods
all relied on the coupling of the 3′ hydroxyl to the 5′ phosphate of individual nucleotide
phosphate derivatives in much the same way as the phosphoramidite method discussed in the
following section.
This thesis focuses on the coupling of nucleotides to vinyl moieties using a modified version
of the phosphoramidite method. This choice of method was made due in part to the comparative
difficulties of the phosphor-ester and H-phosphonate methods. Those are covered briefly in
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this work as they were considered a possible alternative should the phosphoramidite method
have proven unsuccessful, or for future work where their differing substrates may prove more
useful.
1.4.2.1 H-Phosphonate Method for the Chemical Synthesis of DNA
The H-phosphonate method uses a 3′ phosphonate nucleotide and couples it to the 5′ hydroxyl
of the growing chain using a condensing agent such as pivaloyl chloride.105 One of the major
benefits to this method is that the nucleobases do not require protection, as shown by Kung et
al.106 In general it is no longer used commercially due to its lower yield, but has found
application where additional functionality is needed, as the coupled phosphonate is in
equilibrium between the PO3H and PO2OH.102 Due to this lower yield and the reactive PO3H
intermediate it was ruled out for this project.
1.4.2.2 Phosphoester Approaches for the Chemical Synthesis of DNA
The phosphodiester and phosphotriester methods are condensation reactions for the chemical
synthesis of DNA.107 These were developed in the 1970-80s during the time between the Hphosphonate and phosphoramidite methods, but have now fallen mostly out of use due to their
relatively low yields.108,109 More recently they have found some new application benefiting
from their comparatively simple substrates.110 The reaction for the phosphotriester method is
shown in Figure 1.21.
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Figure 1.21 Phosphotriester method for the addition of a nucleotide to the growing oligomer.
Adapted from Reese et al.107 Here the 5′ positon is protected by monomethoxytrityl (MMT)
moiety and the coupling agent is triisopropylbenzenesulfonyl chloride (TPSCl).
While these methods require the same protection of the nucleobases compared to other methods
described, they use the more reactive P(V) phosphate making it less suitable for coupling to
small reactive hydroxyl containing molecules due to the susceptibility to ligand exchange.111
Further, the activators for these reactions are benzenesulfonyl chloride derivatives which could
produce undesirable competitive polymerisations if used with the bioconjugated vinylnucleotide intended for this project.
1.4.3

Phosphoramidite Method for the Chemical Synthesis of Nucleic Acids

The phosphoramidite method was developed specifically for the synthetic production of DNA;
it is a process of sequence addition through the nucleophilic substitution of a phosphoramidite
monomer. Due to the level of specificity required, it is typically a surface grafted technique.102
The process is highly sensitive to water and the reactions are performed in acetonitrile112 as a
cyclic step-wise addition process, as shown in Figure 1.22, with each cycle adding another
phosphoramidite monomer.
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The typical phosphoramidite method for DNA synthesis utilises a 3′ surface grafted nucleotide
as the first nucleotide. The process begins with the removal of the 5′ dimethoxytrityl protecting
group using a mild acid, typically chloroacetic acid.113 The next phosphoramidite to be added
in the sequence is then activated with 1H-tetrazole or a derivative114 and added to the growing
oligonucleotide. Tetrazole acts as a regenerated catalyst and substitutes with the
diisopropylamine, in turn substituting with the deprotected 5′ hydroxyl group of the growing
oligonucleotide. The surface is then washed to remove residual activated phosphoramidite and
the process is repeated for each nucleotide addition. For simplicity the oxidation and final
deprotection is normally conducted at the end following the complete oligonucleotide
synthesis.
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Figure 1.22 Outline of the phosphoramidite method for DNA synthesis. Adapted from DNA
Oligonucleotide Synthesis.115
1.4.3.1 Activators
Activators are the reagents in the coupling step, shown in Figure 1.22, that create the
intermediate phosphoramidite to undergo the SN2 reaction. The most common activator is 1Htetrazole. The mechanism of the coupling is debated with the activator being both an acid
catalyst, and also shown to act as a nucleophile to generate a P-tetrazolyl intermediate, as
outlined in Figure 1.23. Following coupling, however, the activator is regenerated so once an
excess is present the reaction is typically quantitative. A variety of possible activators may be
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used, with some showing improved reactions and preferences when using non-standard
phosphoramidite.116,117
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Figure 1.23 Formation of the active intermediate phosphoramidite cation, and conversion to
the coupled phosphite via the phosphoramidite method. The R-group is the propagating chain
or surface to be grafted from.
Berner et al.118 investigated the properties of a number of simple azolyls, containing between
one and four nitrogens, to prove the formation of the phosphate. They found that the initial
protonation of the phosphorus was rapid, but the subsequent formation of the
tetrazolophosphane was the rate limiting step. Further, they showed that the subsequent
coupling and formation of the phosphoester linkage is irreversible.119 The mechanism has been
later advanced by Russell et al.120 who further supported this hypothesis with a number of other
tetrazole derivatives.
The common alternative to tetrazole is 4,5-dicyanoimidazole (DCI) (Figure 1.24(b)), proposed
by Vargeese et al. in 1998.121 Though chemically distinct from tetrazole, it shares structural
similarities, as shown in Figure 1.24. Notably, the ring structure is still able to stabilise the
negative charge formed during the phosphor protonation, with electron withdrawing groups in
the 4 and 5 position. There are several major benefits to DCI instead of tetrazole.122 Most
notable is its higher coupling rate, twice that of tetrazole;123 further, the higher pKa of 5.2
compared to 4.8 for tetrazole makes it better for the extended reaction times required for bulkier
phosphoramidites. This allows for faster reactions with lower acidity, reducing the exposure of
the phosphoramidite to the conditions that lead to its degradation.124 Another alternative
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activator is 5-ethylthio-1H-tetrazole (Figure 1.24(c)), proposed by Wincott et al;125 which
showed a higher coupling rate between free nucleotide phosphoramidites in solution and the
propagating surface oligomer when compared to tetrazole.
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Figure 1.24 Diagram demonstrating the structural similarities of (a) 1H-tetrazole, (b) 4,5dicyanoimidazole and (c) 5-(ethylthio)-1H-tetrazole. Modified groups are shown in red.
1.4.3.2 Non-nucleotide Additions
The phosphoramidite method can be used to add other non-nucleotide phosphoramidite
species, as discussed in the following section. The phosphoramidite method utilises a number
of different protecting groups for the hydroxyl and amine moieties. Typically, the 5′ hydroxyl
is protected by a 4,4′-dimethoxytrityl regardless of the nucleotide being used.126,127 Adenine
and cytosine are both protected with benzoyl protecting groups on the 6 and 4 carbon amines
respectively; guanine is normally protected with the isobutryl or dimethylformamidine due the
para-position of its amine on the nucleobase.128
Commercially there are alternative phosphoramidites used when mild conditions are required.
Typically the result of additional functionality which has been incorporated into the DNA
sequences that are sensitive to harsh conditions.129 In these cases a trimethoxytrityl group is
used on the 5′ hydroxyl due to its better leaving group functionality.130
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1.4.3.3 Oxidation
Oxidation is the step that generates the phosphate, stabilising the structure of the nucleic acid.
In literature this step normally utilises a mixture containing pyridine and I2 as the active
components.131 This process is outlined in Figure 1.25. The I2 initially reacts with the phosphite
to generate the P+ intermediate which, in turn, undergoes nucleophilic substitution with water,
catalysed by the presence of the pyridine, generating pyridinium iodide as a by-product. Further
reaction with pyridine at the phosphate results in complete oxidation to the P(V) state. Other
oxidants have been considered for this experiment, including the comparatively gentle process
demonstrated by Cvetovich132 using H2O2 as an alternative.
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Figure 1.25 Oxidative mechanism of the phosphoramidite method for DNA synthesis using
pyridine/I2 .115
1.4.3.4 Deprotection
During the synthesis of nucleic acids through the phosphoramidite method two deprotection
steps take place. The first step is detritylation which occurs between each cycle of addition. It
removes the DMT protecting group, in the process generating the alcohol required for the next
nucleotide addition, as shown in Figure 1.22. Due to the dry conditions required for the
coupling, it is normally conducted with trichloroacetic acid which is soluble in acetonitrile. If
conducted outside of the phosphoramidite reaction however, almost any acid can be used to
achieve the same outcome. One of the major benefits of this process is that it is quantitative
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and can be observed thanks to the bright orange colour appearing as a result of formation of
the DMT cation.
The second deprotection step is typically conducted following the complete synthesis of the
nucleic acid oligomer. This step removes the protecting groups from both the phosphate and
nucleobase, generating the active nucleic acid. The presence of the protecting groups on the
phosphate and nucleobase prevent the nucleophilic components of the nucleobases and the
hydroxyl group on the phosphate conjugate acid from reacting during the coupling step. The
method for performing this step and removal of cyanoacryl protecting group is treatment with
concentrated ammonia at 60 ℃.
1.4.4

Modified Nucleic Acids

Specific terminal functionality can be incorporated into the template DNA through the addition
of moieties to the 5′ end of the primer sequence. This method has been used, for example, to
add fluorescent tags to detect the binding and unbinding of DNA probes for analytical
applications.133
Addition of thiol moieties has been achieved by Sinha et al.134 using a H-phosphonate
derivative. This method treats DNA with a H-phosphonate salt containing thiol moiety, in the
presence of a bulky acyl chloride. Further advancement of this work was recently conducted
by Kupihár et al.135 through the creation of a thiol functionalised phosphoramidite which was
incorporated into DNA at the 5′ terminus. The benefit of this method was that it could be
included in commercial phosphoramidite-based DNA synthesisers without modification,
compared to the original H-phosphonate method that was a post-synthesis addition.
Other terminal DNA moieties have also been demonstrated by Rabe et al.136 who conjugated
the streptavidin protein to thiolated DNA resulting in a protein-DNA bioconjugate. This was
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done by using maleimide functionalised streptavidin and coupling it to a terminal thiol on a C6
linker. The biggest drawback of this method was that the reaction resulted in only a 10% yield,
although they discussed that the maleimide reacted selectively to the terminal thiol and not the
thiolated DNA component.136
1.4.5

Visualisation of Nucleic Acids Using Fluorescent Dyes

Fluorescent dyes have been used for the detection of nucleic acids and their binding state in
many experiments. The binding of the dye causes its confinement, thus increasing its quantum
yield. These dyes are classified based on their binding location and the type of interaction, as
shown in Figure 1.26; most common are the intercalation between base pairs with some dyes,
and bis-intercalators binding between multiple pairs.137,138 Less commonly dyes may also bind
externally, or in the grooves of DNA where they are selective to either the major or the minor
groove, typically dependant on the size.

Figure 1.26 Sites of binding of fluorescent dyes in the DNA double helix.
Intercalating dyes are molecules that insert into dsDNA between the base pairs and complex to
the π-πorbitals. These dyes are commonly used to detect all DNA within a sample for
visualisation or measuring the process of amplification, covered in Section 1.4.1.1.139 The most
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commonly used intercalator dye has been ethidium bromide.140 However, due in part to its
toxicity, there is now a wide range of alternative stains available, most notably the SYBR series
of dyes. These dyes intercalate within the helix and are complexed to the π-orbitals141 which
prevents the heterocyclic dye systems from changing orientation, and that is what creates their
fluorescent appearance.141,142 Yo-ProTM stains also fit into this category with its intercalation
being the major source of their fluorescence.143
Groove binding dyes fill the vacant regions in the base pair plane and fill whichever groove
they can fit in. Some of these dyes have also been shown to act as intercalating dyes.144,145
Hoechst stains as a class are exclusively groove binding dyes.146 Cyanine dyes, such as SYBR
and dsGreen, have been shown by Vitzthum et al.147 to bind as both intercalating dyes and
groove binding dyes, with the majority of the fluorescent yield coming from the groove binding
position.
External binders are a unique class of dyes as they attach through electrostatic interactions
rather than selective binding to DNA148 which makes them more suitable for visualisation
applications. However, this type of dyes lacks specificity towards nucleic acids which makes
them least suitable for the polymer-nucleic acid systems investigated in this project.149
For this project the dyes used were SYBR™ Green II, dsGREEN, Yo-Pro-1 Iodide and SYBR™
SAFE. The SYBR name is a trademark of ThermoFisher Scientific and refers to a class of mostly
cyanine dyes. These dyes were chosen based on their performance extensively described in

literature and their selectivity for different binding conditions, as listed in Table 1.3.
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Table 1.3: Fluorescent intercalating DNA dyes. Data provided by Thermo Fisher Scientific.
Name

Structure
NH2

Ethidium

Absorption/Emission

Type of nucleic

wavelength (nm)

acid detected

(210 and 285)/605

ssDNA, dsDNA

509/524

dsDNA,

bromide
N

H2N

Br

SYBR™ Safe

O
O

O

S

DNA

and RNA in gel

N

S
N

SYBR™ Green I

N

dsGreen

497/520

dsDNA,

DNA

454/524

and RNA in gel

491/509

DNA in cells

(254 and 497)/520

RNA, ssDNA

(495 and 300)/537

ssDNA, dsDNA

N
N
N

S

YO-PRO™-1
Iodide

N
O

N
I

SYBR™

Green Unknown, trade secret

I

N

II
SYBR™ Gold

Unknown, trade secret
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1.5 Synthetic Polymers
This thesis covers the generation of synthetic polymers that replicate properties characteristic
to nucleic acids. The replication is achieved through the incorporation of nucleotides into
monomers and then subsequently polymerising them. Out of a broad range of polymerisation
techniques that could be used, several are covered in this section, and then narrowed down to
the method chosen: mediated living radical polymerisation.
1.5.1

Types of Polymers

The polymers synthesised in this project were homopolymers: polymers generated from only
a single monomer, as this allowed the polymers to be interrogated while limiting their
secondary effects. Existing literature that studies the synthesis and interactions of synthetic
DNA analogues has frequently used heteropolymers,150 polymers containing a mixture of
monomers, as such an explanation of them is given here for clarity.
Block co-polymers contain discrete regions generated from each monomer. For example,
ABA-type co-polymers would be made up of one block of monomer A followed by a block of
polymer B and then ending in another block of polymer A. These can be made by the addition
of a second monomer of significantly higher reactivity partway through the polymerisation or
through pausing, cleaning, and restarting the polymerisation.151 This has been demonstrated by
a number of groups, though notably Manguian et al.152 demonstrated the use of a novel first
block that allowed for the synthesis of a second block that was otherwise incompatible in their
solvent system.
One of the additional benefits to block co-polymers is that they can be used to combine
polymerisation techniques. For example, Klaerner et al.153 combined the formation of a radical
polymerisation with a condensation polymerisation for the formation of block co-polymers. In
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their work they specifically showed the concurrent formation of the two blocks, possibly
because the monomers were orthogonal to the opposing techniques. The result of this work
could allow for the increased speed of synthesis of mixed functionality polymers.
Typically, as no two monomers have the same reactivity, the radical will begin to propagate
with the more active monomer first, effectively starting as a homopolymer. As the more
reactive monomer is consumed the balance shifts and the now higher concentration of the
second monomer causes it to be preferred.157,158
1.5.2

Describing Synthetic Polymerisations

The effectiveness of these polymerisation methods and the characteristics of the resulting
polymers are measured by a number of metrics: conversion, size, composition, and dispersity
index (Đ).
Conversion is a simple mass transfer metric and is the equivalent to extent of reaction, ξ, shown
in Equation 1.1,159 where ξ is a percentage value that represents the mass of monomer that has
been converted to the polymer, Δni is the amount of each reagent, and vi is the stoichiometric
amount initially. For addition polymerisations this formula can be simplified to Equation 1.2,
as there is no ejected small molecule and the stoichiometry is 1:1; here mf is the mass of
monomer remaining and mi is the initial amount of monomer. High values are considered a
better result as this indicates efficient use of the monomer reducing the amount of isolation
required and unused monomer wasted.

ξ=
ξ=

𝛥𝛥𝛥𝛥𝑖𝑖

Equation 1.1

𝑚𝑚𝑓𝑓

Equation 1.2

𝑣𝑣𝑖𝑖

𝑚𝑚𝑖𝑖
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Dispersity, Đ, represents the uniformity of the polymer chain size. It is calculated using the
formula shown in Equation 1.3 to determine the distribution and uniformity of the polymer.160
These equations for Đ determine how far the population distribution for polymer length differs
from a perfect bell curve. As the value of Đ increases above 1, the uniformity of the polymer
lengths decreases. In biological systems such as nucleic acids and proteins the value of Đ is 1:
it means that every polymer chain is exactly the same length and of the same composition. The
calculation of Đ uses a series of averages that describe the size of the polymer chains in terms
of their mass. These are number average molecular weight (Mn) and weight average molecular
weight (Mw). The Mn is the unweighted average molecular weight of the polymers, i.e., the
total weight of the polymer chains in the sample divided by the number of polymer chains in
the sample, N (Equation 1.4). Mw is the weighted-average molecular weight that preferences
longer chains as shown in Equation 1.5.

Đ=

Mw

Equation 1.3

Mn

� n = ∑i Ni Mi Equation 1.4
M
∑
i Ni

2

� w = ∑i Ni Mi Equation 1.5
M
∑
i Ni Mi

The dispersity is thereby related to the degree of polymerisation (DP) which indicates the
average number of repeating units within a polymer chain in a given sample. As the mass of
the repeating unit is generally a constant this can be described by Equation 1.6, where Mn is the
number average molecular weight of the polymer and the M0 is the molecular weight of the
repeating unit.

𝐷𝐷𝐷𝐷 =

𝑀𝑀𝑛𝑛
𝑀𝑀0

Equation 1.6
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Free Radical Polymerisations

1.5.3

Free radical polymerisation is a chain-growth polymerisation method that generates linear
carbon chains resulting in polyethylene-based polymers. The formation of the polyethylene
chain begins with the decomposition of an initiator, such as azobisisobutyronitrile (AIBN), to
generate a radical. This radical then attacks the unsaturated carbon-carbon bond as shown in
Figure 1.27; this leads to the propagation phase where the terminal radical reacts with another
vinyl moiety, adding a single monomer unit which leads to the regeneration of another terminal
radical.
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Figure 1.27 Radical Polymerisation, mechanisms and processes. The initiator (I) creates
radicals that react with monomer units (M) to propagate the polymer. Adapted from Living
Radical Polymerization by the RAFT Process – A Second Update.161
This propagation phase continues until ended by a termination event that destroys the radical
from the chain. This may happen with the addition of a non-propagating species to quench the
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reaction, an additive, or through two propagating chains interacting. Of the latter there are two
types: firstly, termination though combination where two propagating radicals react to form a
single chain; secondly, disproportionation where a propagating radical reacts with another
chain causing a fragmentation which can result in a small molecule being formed which may
be a different monomer.161
1.5.4

Controlling Dispersity of Living Radical Polymers

There are a number of methods used to lower the Đ of a polymer towards the ideal Đ = 1, all
of which broadly fall into one of two categories: isolation or mediation.
Isolation means the reaction is controlled by limiting the monomers access to their initiator.162
A typical example presented for this type of control is the utilisation of step-growth
condensation polymerisations where the repeating unit is comprised of two monomers, such as
a dialcohol and a diisocynate, that do not polymerise individually but will react together.163 As
this reaction typically proceeds to completion, stoichiometric additions of each monomer
ensure single monomer addition to the terminal groups.163 For radical polymerisations this is
demonstrated with emulsion polymerisation;164 here the monomer is encapsulated within a
two-phase mixture. The bulk phase is the non-solvent within which the solvent forms an
emulsion: 'capsules' of solvent contain, ideally, a single initiator and a uniform amount of
monomer in each one.152 These then propagate within the capsule until all of the monomer is
exhausted. As all the capsules contain the same amount of monomer the resulting polymers
should be of the same molecular weights and Đ. In practice, however, it is rarely the case that
there is a perfect 1:1 ratio of initiator to particle, or that the monomer is evenly distributed.165,166
Mediation methods imply an introduction of an additional component to the reaction that
controls the rate of polymerisation, typically slowing it down so that no individual polymer
chain propagates significantly ahead of the others.167,168
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Reversible-deactivation radical polymerisation (RDRP) is a group of these mediated
polymerisation techniques that control polymer synthesis using a mediator possessing an
equilibrium.169 This mediator limits propagation of the polymer by activating and deactivating
chains.169 Compared to standard uncontrolled free radical polymerisation the process is
typically slower as many chains are inactive.170 As a result of the equilibrium between active
and dormant polymers results in lower dispersity index and greater control over molecular
weight.171 Termination events are also less common as a result of the majority of chains being
inactive at any given instant.161 There are a number of these types of polymerisations, including
atom-transfer radical polymerisation (ATRP), nitroxide-mediated (NMP) and reversible
addition-fragmentation chain transfer (RAFT) polymerisation. For the purpose of this thesis
RAFT was chosen and is covered in the following section.

1.6 Reversible Addition-Fragmentation Chain Transfer Polymerisations
(RAFT)
Reversible addition-fragmentation chain transfer polymerisation is a technique developed by
the CSIRO in 1998.172 The fundamental process is similar to that of a radical polymerisation.
The control is provided by the presence of a chain transfer agent (CTA): these compounds are
outlined in the following section, but their interactions are all similar. The RAFT agent
intercepts a propagating chain and then either regenerates the chain or passes off the radical
onto a secondary chain. As a result, the complete process creates a number of chains equal to
the number of initiators and the number of RAFT molecules. This process is visualised in
Figure 1.28.
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Figure 1.28 RAFT mediation mechanism, adapted from Moad et al.173 Verticle arrows
indicate the polymer exiting the RAFT mediation as dead polymers through termination
(combination or disproportionaltion).
1.6.1.1 Monomers
RAFT polymerisation in principle works with all monomers compatible with radical
polymerisation, for example, molecules containing an ethene functionality. In general, these
monomers are divided into 2 classes: more-activated monomers (MAMs) and less-activated
monomers (LAMs). This class combined with the reaction conditions required, temperature,
solvent, and initiator, are the criteria used to determine a suitable RAFT agent. The following
is a brief description, with more detailed explanation of their kinetics in relation to RAFT
polymerisation covered in Section 1.6.1.3.
MAMs are monomers that contain an electron deficient vinyl group with radical stabilising
substituents: they include those adjacent to aromatic, carbonyl or nitrile groups. Conversely,
LAMs are monomers that contain an electron rich vinyl group with radical destabilising
substituents: they include those adjacent to methyl, nitrogen or oxygen lone pair, or a
heteroatom of a heteroaromatic ring.174 Some examples are shown in Figure 1.29.
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Figure 1.29 Some examples of monomers for reversible-addition fragmentation chain transfer
polymerisations, shown on a scale from least to most activated from left to right.175
1.6.1.2 Chain Transfer Agents (CTAs)
Chain transfer agents, or RAFT agents, are the mediators in RAFT polymerisation that switch
chains between the active and dormant state. The efficacy at which they do this is not universal,
most CTAs would effectively control one polymerisation while retarding another similar
one.176 The compatibility of a CTA with any given polymerisation is affected primarily by the
type of monomer used. However, it is also dependent heavily on the solvent and other reaction
conditions.177–179
At their core CTAs are a dithioester; see Figure 1.30, green. There are four general classes of
CTAs: dithiocarbamates, xanthates, dithioesters and trithiocarbonates, as shown in Figure 1.28.
Each of these classes has different uses as determined by the solvent and monomer. Attached
to the dithioester are the R and Z groups; the Z groups determine the reactivity of the agent and
control the rate of addition and fragmentation; the R groups reinitiate the polymerisation and
become the terminal functionality on the polymer.180 A broad outline of polymer compatibility
with RAFT agents is shown in Table 1.4.
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Figure 1.30 RAFT agent structures. Note: the dithioester groups, marked in green, are
consistent between all of the RAFT agents.
Dithioesters, specifically dithiobenzoates, were the first RAFT agents to be developed by
Rutger et al.172 and they are most effective with the use of MAMs. This efficiency is attributed
to the slow rate of fragmentation of the radical intermediate as a result of LAMs being a poor
homolytic leaving group.172
Trithiocarbonates are unique among RAFT agents in that the Z group can be used to determine
the rate of the reaction, or as a second propagating site if R = Z. This allows for the growth of
novel di-block polymers where the trithiocarbonate is in the centre, as shown by Mayadunne
et al.181 It has been further shown, however, that the predominating polymer formed in these
situations is not a di-block co-polymer as the first monomer addition typically becomes a better
leaving group than the second propagating group and is typically most suited for MAMs.161
Xanthates are sometimes referred to as macromolecular design by interchange of xanthate
(MADIX) due to their use in polymer systems prior to the development of RAFT. A xanthate
was first used as a “convenient source of alkyl and acyl radicals” for the addition of monoadducts in 1988 by Delduc et al.182 They are predominantly used with vinyl esters and vinyl
amides174 and are most suited for LAMs.161
Dithiocarbamates are more effective with LAMs; this is the result of lower transfer constants
associated with radical addition from the propagating chains.180 Dithiocarbamates can be
designed by using cyclic systems or electron withdrawing groups on the nitrogen.
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Table 1.4: Compatibility of dithioester derivatives, RAFT agents, with monomers by class.
Taken from Living Radical Polymerization by the RAFT Process— A Third Update.174
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1.6.1.3 Kinetics of RAFT Polymerisation
The kinetics of RAFT polymerisations are controlled by the equilibrium between the dormant
and active chains within the reaction. Further, there are differences to consider with the initial
rate of reaction compared to classical radical polymerisation. Key among these is the existence
of an initial incubation, or inhibitory period, as the CTA is converted to the macroinitiator. The
effect of this period is similar to that seen when there is an excess of oxygen in the system
which retards the propagation of the radical chain.183 This inhibition period has been shown to
be the result of the first monomer addition changing the leaving group properties of the CTA,
such that almost all of the CTA is converted to a single monomer adduct before the propagation
continues.184
This issue can be overcome through the use of switchable RAFT agents which are typically pH
driven changes involving the protonation of trithiocarbamate, nitrogen, or heteroaromatic
nitrogen. This effect has been demonstrated by Thang et al.185 who used a sodium carbonate
‘switch’ to change the electron withdrawing nature of the CTA and change from a styrene
addition to vinyl acetate, two generally incompatible monomers. The reaction is shown in
Figure 1.31.
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Figure 1.31 Switchable polymerisation of styrene and vinyl acetate using sodium carbonate
as a ‘switch’. Modified from Thang et al.186

1.7 Synthetic Polymer DNA Analogues
Polymers have been made that replicate the self-assembly of nucleic acids by incorporating
nucleobases into their structure. Through extensive work it has been demonstrated by a number
of groups that these polymers exhibit some DNA-like activity and are capable of selective
binding. As discussed in Section 1.2.1, the nucleobase is the active unit of the nucleotide that
enables this binding; as a result, there are a number of applications where nucleobases have
been attached to the monomer unit for multiple polymerisation methods, including
condensation and radical polymerisations.
The templating of polymers containing nucleobase functionality has been conducted by a
number of groups. Of particular note is the work of Lo et al.187,188 In this body of work Lo et
al. first created a polymer bearing thymine functionality using the Sonogashira polymerisation
method. Using this polymer the selective binding to adenine was demonstrated using free
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deoxyadenosine nucleobases in solution and non-binding to thymidine in solution. In addition
the presence of a complementary polyadenine DNA strand was also shown to selectively bind
as measured with the change in fluorescence, Figure 1.32. It was noted the duplex formed
between the polymer and ssDNA displayed similar melting behaviour to dsDNA in that there
was a sharp and rapid melting of the duplex structures formed.187 Further, the polyadenine
ssDNA binding to the thymine polymer was measured through the structural change as
determined through CD spectroscopy.187

Figure 1.32 Poly(p-phenylenebutadiynylene) polymer and it’s interaction with polyadenine
DNA. Taken from Lo et al.187
Following this work, Lo et al. also demonstrated the templating of one polymer’s properties
onto a second, daughter polymer, using nucleobase binding. The addition of nucleobase
functionality to the monomers to the starting monomer in both cases was achieved through
simple alkylation with a primary bromide. The template polymer containing thymine was
synthesised using a ring opening methathesis polymerisation (ROMP) due to narrow Đ shown
in Figure 1.34.188 The daughter polymer containing adenine was then synthesised the
Sonogashira polymerisation method, outlined in Figure 1.33. Due to the low aqueous solubility
of polymers generated from the Sonogashira method, most significantly due to its
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phenylacetylene backbone, a PEG-3 pendant group was also incorporated to improve solubility
and give space to the adenine; the resulting polymer is shown in Figure 1.33.

Figure 1.33 Overview of the Sonogashira polymerisation method for the templated synthesis
of Poly(p-phenylenebutadiynylene). Taken from Lo et al. 188
This experiment is of note as it demonstrated two achievements: firstly, the combination of a
nucleobase containing polymer with an additional polymerisation technique; more importantly,
however, this was the first work demonstrating enzymatic-like activity in copying the
molecular properties of one polymer onto another using the addition of nucleobase
functionality.188
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Figure 1.34 Mechanism for ring opening metathesis polymerisation. Adapted from Bielawski
et al.189
Similar work was also conducted by South and Weck190 using thymine containing monomers;
they demonstrated the synthesis of two polymers. The first was a solid support-based polymer
containing norbornene. It was able to selectively bind their thymine containing monomer and
control its polymerisation. In the paper they do not describe the bioconjugate monomer
composition beyond it containing both thymine and cyclic alkene moieties. The authors do
demonstrate however control of this polymerisation, provided by the selective binding between
the cyclic alkene template and the thymine containing monomer. This proximity control led to
a lower extinction coefficient for the initiator and subsequently higher degree of polymerisation
than would be achieved otherwise.190
Extensive work combining nucleic acids components with radical polymerisation techniques
has also been conducted by the O'Reilly research group.150,191-195 Primarily their work was
focussed on the incorporation of nucleobases into polymers and investigating the resulting
effect on morphology. They successfully demonstrated the effect of solvent on the formation
of base pairs and its subsequent effect on polymerisation.191 The monomers synthesised for the
O’Reilly paper used a hydroxyethyl methacrylate as the vinyl source and then conjugated to
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the nucleobase by first converting it into 2-(2-bromoacetoxyl) ethyl methacrylate using
bromoacetyl chloride which was then coupled to the nucleobase using nucleophilic substitution
of the terminal bromine.191 An overview of the process is shown in Figure 1.35; they
demonstrated that a solvent, CHCl3, allowed for the formation of base pairs between
nucleobase functionalised monomers that resulted in the formation of copolymers containing a
high proportion of alternating repeating units.191 When the same polymerisation was conducted
with a solvent that prevented the formation of these units, dimethylformamide, the resulting
polymer instead contained a statistical distribution of incorporated monomers rather than an
alternating sequence.191 When the solvent was changed to one that prevented the formation of
these base pairs, the polymer instead appeared more consistent with a statistical copolymer.
This result was not unexpected, but the successful demonstration of nucleobase containing
polymers synthesised with RAFT demonstrates a compatibility further expanded in this thesis.
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Figure 1.35 Formation of the adenine methacrylate (AMA) and thymine methacrylate (TMA)
monomers by nucleophilic substitution using alkylhalides. Taken from O'Reilly et al.191
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Most recently the O’Reilly group have focussed on using these polymers to develop tuneable
morphologies through the utilisation of nucleobases as a way to direct molecular
recognition.192–194 An example of this was the formation of well-defined spherical micelles
comprised of amphiphilic diblock copolymers.195 The hydrophilic block containing the
nucleobase functionality was located in the centre of the micelle; when a polymer containing
the complementary nucleobase functionality was loaded into the solution containing these
micelles, the added polymer was found to migrate into the centre of the micelles and change
the morphology, but this transition was dependant on the initial block copolymer composition.
Where the hydrophobic region of the polymer was shorter, the micelles decreased in size,
although remained micelles. Where the length of the hydrophobic polymer block was larger,
the micelles transitioned into cylinders before collapsing back into smaller micelles.195 The
transitions of these particles was determined through a number of techniques including
dynamic light scattering (DLS) for determining size, and transmission electron microscopy
(TEM) to image the structures.
Following formation of tuneable morphologies, the group has further expanded this work to
functionalise the external surface of the particles194 using thermoresponsive poly(Nisopropylacrylamide)-block-nucleobase functionalised polymers. The nucleobase monomers
were adenine and thymine functionalised acrylamide which were synthesised through the
same method shown in Figure 1.35, substituting an acrylamide for the acrylate. The result of
this work demonstrated that the micelles formed by post-addition of the complementary block
copolymer to the preformed thymine micelles created particles that would compact the
surface structure upon heating. It further demonstrated the conjugation method for generating
nucleobase functionalised polymers could be expanded to a wider variety of vinyl-based
monomers.
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This has to date culminated in the synthesis of several polymeric nanoparticles with both
morphology and fluorescence controlled through the incorporation of nucleobase
functionality.192 One such example was using 4-acryloylmorpholine-bloc-vinyl nucleobase
polymers containing either adenine or thymine functionality. These polymers were then
combined to form the micelle-like particles, and the thymine components cross-linked. This
resulted in fluorescent particles called non-conjugated polymer dots, similar to quantum or
carbon dots in function. The group demonstrated that confinement of the nucleobases,
particularly the adenine, results in π-π stacking which creates the emission-decay pathway
necessary for fluorescence. Further, it was shown that this fluorescence was generated in the
core of the particles primarily from adenine that had become entrapped during the crosslinkeding process, see Figure 1.36.

Figure 1.36 Formation of the non-conjugated polymer dots. Taken from O’Rielly et al.192

1.8 Conclusions
Notably, to date all work with radical based polymer systems has been conducted using
nucleobases, rather than any larger subunit. The reasoning for this is likely the difficulty in
synthesising these compounds: the additional moieties increase the chance for cleavage or
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competing polymerisation systems. The major limitation, however, is that these methods will
only ever be limited to synthetic systems and binding to natural DNA. The aim of this project
is to develop a nucleotide functionalised synthetic polymer that not only exhibits similar
binding properties but may in the future extend them to enzymatic compatibility.
There are 6 chapters that comprise the remainder of this thesis as follows:
Chapter 2: Experimental Methods, describes the methods and materials used to synthesise
and characterise the nucleotide bioconjugates developed in this thesis.
Chapter

3:

Synthesis

of

poly(2-(5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine-

monophosphate)oxyethyl methacrylate): a cytosine rich methacrylate polymer, describes
the synthesis and characterisation of a nucleotide functionalised monomer bearing cytosine
functionality, and their subsequent polymerisation. It also includes the experimental
development process and justification for the reagents used in the synthesis.
Chapter

4:

Synthesis

of

poly(2-(2′-deoxyguanosine-monophosphate)oxypropyl

methacrylate): a guanine rich methacrylate polymer, describes the polymerisation and
isolation of the bioconjugated polymers bearing guanine functionality. This chapter improves
and refines the methods presented in chapter 3. This includes detailing the deprotection and
detritylation of the polymer synthesised to generate an active guanine moiety. Also covered are
the competitive polymerisations and the kinetics of the polymerisation of the poly(2-(2′deoxyguanosine-monophosphate)oxypropyl methacrylate).
Chapter 5: Formation of G-quartets utilising nucleotide functionalised synthetic
polymers, describes the self-assembling and subsequent characterisation of G-quartets from
poly(2-(2′-deoxyguanosine-monophosphate)oxypropyl methacrylate). It also covers the effect
of monovalent cations, K+ and Na+, on the formation of the G-quartets and G-quadruplex.
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Chapter 6: Interactions of nucleotide functionalised synthetic polymers with DNA using
Poly(2-(2′-deoxythymine-monophosphate)oxypropyl methacrylate) as a model system,
describes the interactions of the nucleotide functionalised synthetic polymer poly(2-(2′deoxythymine-monophosphate)oxypropyl methacrylate) with single stranded DNA.
Chapter 7 concludes the thesis, summarises its findings, and outlines potential future research
based on the work presented.
1.9
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2 Chapter 2: Methods and Materials

2.1 Synopsis
This chapter pertains to the materials,
reagents, experimental procedures, and
characterisation techniques used in this thesis.
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2.2 Abbreviations for Nucleotide Derivatives.
This section lists the abbreviations, names and structures for the compounds synthesised in
this thesis (Table 2.1) based on the process outlined in Figure 2.1.
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Figure 2.1 Overview of polymer synthesis from protected nucleotide phosphoramidite to
the final deprotected polymer bioconjugate.
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Table 2.1: Scientific names, abbreviations and structures for the molecules synthesised in
this thesis.

Process

Abbreviation

Chemical name

(Figure 2.1
reference)
Chapter 3
Starting

DMT-dC-CE

5′-dimethoxytrityl-N-benzoyl-2′-

material

phosphoramidite

deoxycytosine,3′-[(2-cyanoethyl)-(N,N-

(C1)

diisopropyl)]-phosphoramidite

DMT-dC-CE-EMA-

5′-dimethoxytrityl-N-benzoyl-2′-

phosphite (C2)

deoxycytosine,3′-[(2-cyanoethyl)-(oxyethyl

Coupled

methacrylate)]-phosphite monomer
Oxidized

DMT-dC-CE-EMA-

5′-dimethoxytrityl-N-benzoyl-2′-

phosphate (C3)

deoxycytosine,3′-[(2-cyanoethyl)-(oxyethyl
methacrylate)]-phosphate monomer

Polymerized

poly(DMT-dC-CE-P-

poly(2-(5′-dimethoxytrityl-N-benzoyl-2′-

EMA) (C4)

deoxycytosine-monophosphate)oxyethyl
methacrylate)
Chapters 4,5

Starting

DMT-dG-CE

5′-dimethoxytrityl-N-isobutyryl-2′-

material

phosphoramidite

deoxyguanosine,3′-[(2-cyanoethyl)-(N,N-

(G1)

diisopropyl)]-phosphoramidite
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Coupled

DMT-dG-CE-PMA-

5′-dimethoxytrityl-N-isobutyryl-2′-

phosphite (G2)

deoxyguanosine,3′-[(2-cyanoethyl)-(oxypropyl
methacrylate)]-phosphite monomer

Oxidised

DMT-dG-CE-PMAphosphate (G3)

5′-dimethoxytrityl-N-isobutyryl-2′deoxyguanosine,3′-[(2-cyanoethyl)-(oxypropyl
methacrylate)]-phosphate monomer

Polymerized

poly(DMT-dG-CE-P-

poly(2-(5′-dimethoxytrityl-N-isobutyryl-2′-

PMA) (G4)

deoxyguanosine-monophosphate)oxypropyl
methacrylate)

Deprotected

Detritylated

poly(DMT-dG-P-

poly(2-(5′-dimethoxytrityl-2′-deoxyguanosine-

PMA) (G5)

monophosphate)oxypropyl methacrylate)

poly(dG-P-PMA)
(G6)

poly(2-(2′-deoxyguanosinemonophosphate)oxypropyl methacrylate)
Chapter 6

Starting
material

DMT-dT-CE
phosphoramidite

5′-dimethoxytrityl-2′-deoxythymine,3′-[(2cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite

(T1)
Coupled

DMT-dT-CEPMA-phosphite (T2)

5′-dimethoxytrityl-2′-deoxythymine,3′-[(2cyanoethyl)-(oxypropyl methacrylate)]-phosphite
monomer
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DMT-dT-CE-

Oxidised

Polymerised

5′-dimethoxytrityl-2′-deoxythymine,3′-[(2-

PMA-phosphate

cyanoethyl)-(oxypropyl methacrylate)]-phosphate

(T3)

monomer

poly(DMT-dT-CEP-PMA) (T4)

Deprotected

poly(DMT-dT-PPMA) (T5)

Detritylated

poly(dT-P-PMA)
(T6)

poly(2-(5′-dimethoxytrityl-2′-deoxythyminemonophosphate)oxypropyl methacrylate)
poly(2-(5′-dimethoxytrityl-2′-deoxythyminemonophosphate)oxypropyl methacrylate)
poly(2-(2′-deoxythyminemonophosphate)oxypropyl methacrylate)

2.2 Materials
This section lists all chemicals and reagents used for the research of this thesis.
2.2.1 Table of Chemicals and Reagents
Chemical Name
Acetone, analytical
grade
Acetone, HPLC
Acetonitrile
Acetonitrile,
deuterated (CD3CN)
Acetic acid, glacial
Ammonia, 30 %
Azobisisobutyronitrile
(AIBN)
Chloroform
Chloroform,
deuterated (CDCl3)
4-Cyano-4(phenylcarbonothioylth
io)pentanoic acid Nsuccinimidyl ester
(NHS-RAFT)

Supplier/Manufacturer
Info
Chem-Supply, Australia Used as purchased for all cleaning
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Purchased dry and stored over 4 Å
molecular sieves when used
Sigma-Aldrich, Australia Used as purchased.
Sigma-Aldrich, Australia Used as purchased
Chem-Supply, Australia Used as purchased
Merk, Germany
Recrystalised using the method
outlined in Section 2.3.1
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased, stored below 20 ℃.
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Deuterium oxide (D2O)
Deuterated chloroform
Dichloromethane
(DCM)
N,NDimethylformamide
(DMF) (99 %
anhydrous)
4,5, dicyanoimidazole
(DCI)
Ethyl acetate (EtOAc)
Hydroxyethyl
methacrylate (HEMA)
2-hydroxypropyl
methacrylate (HPMA)
Lithium acetate
(LiOAc)
Methanol (> 99.9%)
(MeOH)
Tetrazole, 0.45 M in
acetonitrile
Phosphoramidites,
DMT-dG-CE

Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased

Phosphoramidites,
DMT-dA-CE

Glen Research, USA
LGC Link Tech, UK

Phosphoramidites,
DMT-dT-CE

Glen Research, USA
LGC Link Tech, UK

Phosphoramidites,
DMT-dC-CE

Glen Research, USA
LGC Link Tech, UK

Phosphoramidites, 5´
DMT-dG-CE
Propan-2-ol
Sodium acetate
(NaOAc)
Sodium carbonate
Tetrahydrofuran
(THF)
Triethylamine (TEA)
Tris(hydroxymethyl)a
minomethane
hydrochloride (TRISHCl)
Water, MilliQ

Linktech, United
Kingdom
Chem-Supply, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased

Sigma-Aldrich, Australia Used as purchased

Tokyo Chemical
Used as purchased
Industry, Japan
Chem-Supply, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Glen Research, USA
LGC Link Tech, UK

Transition to a LGC Link tech
occurred during the work covered
in chapter 4.
Transition to a LGC Link tech
occurred during the work covered
in chapter 4.
Transition to a LGC Link tech
occurred during the work covered
in chapter 4.
Transition to a LGC Link tech
occurred during the work covered
in chapter 4.
Used as purchased

Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased
Sigma-Aldrich, Australia Used as purchased

Prepared by filtering through resin
membrane filters to a resistivity of
<18 MΩ cm. this was used for all
reactions and separations.
87

2.2.2

Table of DNA Sequences

Sequence Name
dA ssDNA

Nucleobase Sequence (5′-3′)
AAA AAA AAA AAA AAA AAA
AAA AA

dT ssDNA

TTT TTT TTT TTT TTT TTT TTT
TT

GQ

GGG AAA GGG CAC CGG GCC
GGG

Supplier
IDT DNA, Iowa, United
States.
Provided dry and prepared to
1 µM with 10 mM TRIS-HCl
EDTA buffer and stored
bellow 20 ℃.
IDT DNA, Iowa, United
States.
Provided dry and prepared to
1 µM with 10 mM TRIS-HCl
EDTA buffer and stored
bellow 20 ℃.
IDT DNA, Iowa, United
States.
Provided dry and prepared to
1 µM with 10 mM TRIS-HCl
EDTA buffer and stored
bellow 20 ℃.

2.3 Preparations
This section outlines the methods used to prepare materials and reagents.
2.3.1 Recrystallisation of AIBN
AIBN breaks down in storage requiring it to be recrystallised before use.1 This
recrystallisation was conducted in batches every 3-6 months depending on usage needs. To
conduct the recrystallization a batch of AIBN (~10 g) was placed into methanol (100 mL)
and heated to 50 ℃ with vigorous stirring. During this time a vacuum filtration funnel was
preheated to 50 ℃. The hot AIBN solution was then vacuum filtered through a quantitative
filter paper to remove the insoluble breakdown products. The eluent was then cooled to 5 ℃
for 24 h. Due to a lack of crystallisation the solution was then cooled to -21 ℃ for a further
24 h. At this point if crystals had not formed the crystallization was catalysed by the addition
of a drop of MilliQ water and cooled to -21 ℃ for a further 24 h.
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This resulted in the formation of fine crystals ~2 mm in length which were isolated by
filtration. These AIBN crystals were then placed under vacuum in a desiccator until dried.
Once dry the AIBN was transferred to a screw top vial and sealed with paraffin film, then
stored below -10 ℃ until required.
2.3.2 Generation of Molecular Sieves
To generate the 4 Å molecular sieves, they were placed in a dry glass watch glass, and heated
to 250 ℃ for 12 h prior to use. When not used immediately, the sieves were stored at 110 ℃.
Before use the 4 Å molecular sieves were placed in the desired vessel, sealed with a rubber
septum, and allowed to cool to room temperature before the addition of solvents.
2.3.3 Preparation of HPMA and DCI solutions.
The glassware required for these solutions was first dried in an oven at 95 ℃ for a minimum
of 24 h prior to use to ensure any surface moisture was thoroughly removed.
A solution of DCI (0.8 M, 250 mL) was prepared by adding DCI (23.62 g, 0.2 mol) to a
volumetric flask and filled to the 250 mL marker with dry acetonitrile and sonicated until
dissolved. The solution was then decanted into a dried bottle containing 100 g of 4 Å
molecular sieves and sealed with a rubber septum. The bottle was then backfilled and
degassed with dry N2, and stored at 5 ℃ until used.
A solution of HPMA (0.2 M, 250 mL) was prepared by adding HPMA (7.28 g, 0.05 mol) to
a volumetric flask and filled to the 250 mL marker with dry acetonitrile. The solution was
then sealed with a rubber septum, backfilled and degassed with dry N2, and stored at 5 ℃
until used.

89

2.4 Synthetic Procedures
This section outlines the specific synthesis procedures for compounds used in this thesis.
2.4.1 Chapter 3 Methods
2.4.1.1 Synthesis of 5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine,3′-[(2-cyanoethyl)(oxyethyl methacrylate)]-phosphate monomer.
To carry out the conjugation C1 (0.17 g, 0.2 mmol) was placed into a dried 15 mL vial, sealed
with a rubber septa, and backfilled with N2. Tetrazole in dry acetonitrile (0.45 M, 6 mL) was
combined with HEMA (0.31 g, 2.3 mmol) and added to the C1 using a syringe while
maintaining N2 atmosphere. The sample was then cooled to 4 °C for 4 h and quenched with
2 mL of 45:45:10 v/v/v, ethyl acetate (EtOAc), dichloromethane (DCM), and triethylamine
(TEA) (EtOAc:DCM:TEA) solution. The resulting mixture was solvent extracted with DCM
(~30 mL) to isolate the organic phase containing the C3 monomer. This was then dried under
a flow of compressed air to oxidise the P(III) phosphite to the P(V) phosphate, thereby
generating the C3 monomer. The yield was recorded as 0.14 g (76%).
2.4.1.2 Polymerisation

of

5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine,3′-[(2-

cyanoethyl)-(oxyethyl methacrylate)]-phosphate monomer.
For the polymerisation, C3 monomer (1 g, 1.1 mmol) was dissolved in dry acetonitrile (10
mL). To this azobisisobutyronitrile (AIBN) (0.2 mg, 1.2 µmol) was added as an initiator and
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester (NHS-RAFT) (0.6
mg, 15 µmol) as a mediator. This resulted in a ratio of 3C:RAFT-NHS:AIBN of 100:1.5:0.1
The resulting solution was degassed using N2 for 45 min before being heated to 70 °C to
activate the polymerisation and maintained at that temperature for 3.5 h resulting in C4 which
formed a gel. The exact yield could not be obtained due to the hydration of the gel but was
greater than 50%.
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2.4.2 Chapter 4 Methods
2.4.2.1 Coupling: Synthesis of 5′-dimethoxytrityl-N-isobutyryl-2′-deoxyguanosine,3′-[(2cyanoethyl)-(oxypropyl methacrylate)]-phosphate monomer (G3)
HPMA (0.2 M, 6 mL) and DCI (0.8 M, 6 mL) solutions were added to G1 (1 g, 1.1 mmol) in
the sealed vial as supplied and sonicated for 1 min before being cooled to 4 ℃ for 4 h. The
reaction was then quenched with a 45:45:10 solution of EtOAc:DCM:TEA (v/v/v, 4 mL) and
left for 12 h at 0 ℃. Though not vital, it was found that the addition of the HPMA solution
to the reaction before adding the DCI allowed for easier solvation of the phosphoramidite.
The resulting mixture containing G2 monomer was then phase extracted by pouring the
mixture into an aqueous NaHCO3 solution (0.1 M, 20 mL) and isolating the organic (DCM)
phase. This phase was then washed with an equal volume of milliQ water. The organic
(DCM) phase containing the G2 monomer was then isolated.
The DCM solvent was removed under a high flow of compressed air (>5 L/min) (typically
12 h) in order to avoid the formation of any diene by-product during the isolation of the final
G3 monomer product. This also serves the secondary purpose of oxidising the phosphite into
a phosphate (from the P(III) to P(V) oxidation state). The yield was recorded as 0.82 g (76%).
Resulting in the formation of the G3 monomer.
2.4.2.2 Polymerisation

of

5′-dimethoxytrityl-N-isobutyryl-2′-deoxyguanosine,3′-[(2-

cyanoethyl)-(oxypropyl methacrylate)]-phosphate monomer (G3).
The following is an example polymerisation method based on the molar ratio of 100:4:1 gives
an effective ratio of 20:1 monomer to initiators and was designed to yield short polymers for
easier characterisation and solubility studies. The exact amounts varied for some experiments
to match the ratios presented. The G3 monomer (1.54 g, 1.7 mmol) was combined with the
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NHS-RAFT agent (27 mg, 7.1 µmol) and AIBN (3 mg, 1.8 µmol) at a molar ratio of 100:4:1
in dry acetonitrile (15 ml). The reaction mixture was put into a scintillation vial with a rubber
septum seal and degassed using dry N2 for 45 min, typically resulting in a decrease in solvent
volume of between 5-15 v/v, and then heated to 70 ℃ in a mineral oil bath with stirring for
24 h under a sealed N2 atmosphere. At the end of this time the reaction vessel was quenched
by rapidly cooling the reaction vessel with an ice water bath and exposing it to atmosphere.
This cooling caused the polymer to precipitate from solution. Samples were then freeze dried
until a pressure of 0.019 mbar was attained. The yield was recorded as 0.96 g (62%).
2.4.2.3 Deprotection

of

poly(2-(5′-dimethoxytrityl-N-isobutyryl-2′-deoxyguanosine-

monophosphate)oxypropyl methacrylate).
The crude G4 (0.8 g, 0.9 mmol) was placed in a round bottom flask with 30% ammonia in
water (50 mL). The solution was heated to 50 ℃ for up to 24 h until the sample dissolved
and the solution turned clear. The solution was then vacuum filtered through a quantitative
filter paper and the eluent dried under N2.
2.4.2.4 Detritylation

of

poly(2-(5′-dimethoxytrityl-2′-deoxyguanosine-

monophosphate)oxypropyl methacrylate).
G5 (0.4 g, 0.5 mmol) was placed into 80% acetic acid in water (10 mL) for 20 min producing
a bright orange colour. Lithium acetate (1.5 M, 1 mL, 1.5 mmol) was then added until the
orange colour was removed. The solution was cooled to 0 ℃ for 30 min, then the solution
centrifuged to isolate the final polymeric product G6. The yield was recorded as 0.16 g
(38%).
2.4.3 Chapter 6 Methods
2.4.3.1 Synthesis of poly(dT-P-PMA)
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Synthesis of the starting material, T3 monomer was conducted using the same methodology
presented in Section 2.4.2.1 for the synthesis of G3 monomer. To generate the thymine
version of the bioconjugate G1 was substituted for T1.
The polymerisation of the T3 monomer was conducted using the same procedure as discussed
in Section 2.4.2.2 for the polymerisation of G3 monomer.
To adapt the method for T3 monomer and achieve the increased Mw for the resulting polymer
the ratio of monomer:NHS-RAFT:AIBN was altered to 100:4:1, an effective
monomer:initiators . Therefore, T3 (0.78 g, 0.86 mmol) was combined with NHS-RAFT
(14.4 mg) and AIBN (1.95 mg) in dry acetonitrile (6 mL). The yield was recorded as 0.34 g
(78%).
2.5

Characterisation

This section outlines the general methods for characterisation used in the following chapters.
2.5.1 Chapter 3 Characterisation
2.5.1.1 Nuclear magnetic resonance (NMR) spectroscopy of DMT-dC-CE-P-PMA phosphate
Samples (5 mg) were placed into a single use NMR tube with deuterated acetonitrile solvent
(1 mL). The sample was then sonicated until the C3 fully dissolved.
2.5.1.1.1

1

H NMR Spectroscopy

Samples were measured using either a Bruker 400 MHz or 600 MHz spectrometer, as
indicated in the data captions, using a 5 mm inverse multinuclear probe measuring 1H.
Spectra were acquired using compilation of 32 scans.

93

2.5.1.1.2

31

P NMR Spectroscopy

Bruker 400 MHz spectrometer using a 5 mm inverse multinuclear probe measuring

31

P.

Spectra were acquired using 128 scans.
2.5.1.2 Quantitative Solvent-Gel Analysis
Five fragments of the C4 polymer gel between 0.5 mg and 2.5 mg were placed separately
into 25 mL scintillation vials and dried at 50 ℃ for 6 h. To each vial 10 mL one of the
solvents DMSO, H2O, MeOH, THF, or acetonitrile was added. These samples were the
placed in a dark cupboard for 12 h to absorb any solvent they could. Fragments were then
removed and patted dry on Kimtech® Science™ Kimwipes™ to remove surface moisture
before being weighed to determine their swelling ratio.
2.5.1.3 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy
Fragments of the poly(DMT-dG-CE-P-EMA) gel approximately 1 mg in weight were dried
and placed onto the Nicolet Nexus 870 step-scan FTIR using the ATR accessory with a
diamond crystal. The spectrum was acquired over the range of 525 nm to 5000 nm in
transmission mode.
2.5.2

Chapter 4 Characterisation

2.5.2.1 Electrospray Ionisation- Mass Spectrometry (ESI-MS)
ESI-MS contains two stages; the electrospray to ionise the analyte and the mass spectrometer
to measure the resulting mass to charge ratio of the analyte. In this case the analyte was the
G2 monomer solution. To start with liquid containing the analyte is positively charged
through the removal of electrons by a cathode as the sample moves towards the ESI nozzle.
The analyte is then exposed to both a high electric potential and vacuum. This causes the
formation of a charged aerosol, electrospray, which is accelerated across the potential
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towards a mass spectrometer inlet. Through a process of Coulomb fission these aerosol
particles break up until only one molecule of analyte remains in each particle.
Simultaneously, due to the vacuum present the solvent is removed. This spray is then
analysed by the mass spectrometer.
The ESI-MS spectrum presented in this thesis were recorded on a Waters Synapt HDMS
(Waters, Manchester, UK) in electrospray positive ion mode, using an infusion of 0.05 mM
sodium formate solution for calibration.
2.5.2.2 Size-exclusion chromatography (SEC)
The average molecular weight (Mn) and Đ of G4 synthesised via the large-scale process was
determined using SEC on a Waters 2690 Separation Module using a Waters 410 differential
refractometer. Two Agilent PLgel 5 µm MiniMIX-C columns were used in series with an
Agilent guard column for protection. The eluent was HPLC grade tetrahydrofuran at 5
mL/min with 5 µL sample injection volumes. Calibration was conducted using polystyrene
standards.
2.5.2.3 Kinetics Measurements
2.5.2.3.1 In-situ NMR Spectroscopy Kinetic Measurements
In-situ NMR spectroscopy polymerisation measurements to determine kinetics were
conducted on a Bruker 400 MHz spectrometer using a 5 mm inverse multinuclear probe
measuring 1H nucleus.
To acquire measurements the NMR instrument was preheated to 70 ℃ prior to inserting the
NMR tube. A degassed solution of G3 (1 mL, 75 mg/mL) with RAFT agent and AIBN at a
molar ratio of 20:4:1 in d3-acetonitrile was sealed in a glass NMR tube under an N2
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atmosphere. The NMR tube was then inserted into the instrument and measurements were
taken for 2.5 min at 10 min intervals for a total cycle time of 12.5 min and repeated for 850
min. The integration ratio of the monomer peak at 5.6 ppm was compared to the peak
associated with trace TEA at 3.1 ppm to determine conversion.
2.5.2.3.2 Ex-situ Kinetic Measurements with SEC
Ex-situ kinetic measurements were collected with the assistance of a ChemSpeed Swing XL.
This is an automated sampling system that allows arrays of experiments to be conducted in a
closed cabinet, as shown in Figure 2.2. The system is made of 4 major components. The
syringe pump and syringes (Figure 2.2(a and b)), the reagent rack (Figure 2.2(c)), the reaction
rack (Figure 2.2(d)) and the collection rack (Figure 2.2(e)). Each of these racks is mounted
on a water block to allow for heating and cooling to the desired temperatures, with the
reaction rack located at the opposite end of the machine to the reagent and collection racks
to prevent contamination. The entire cabinet is atmospherically isolated with samples loaded
through an airlock.

Figure 2.2 ChemSpeed Swing XL showing (a) syringe pump, (b) syringes, and racks for (c)
reagents, (d) reactions, and (e) collected samples.
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For kinetic measurements the ChemSpeed Swing XL chamber was first purged with dry N2
and maintained under a flow of N2 for the remainder of the experiment. The ChemSpeed
Swing XL was loaded with a 4 x 8 vial block as the reaction rack which was heated to 110
℃ to purge surface water, ensuring dry reaction vessels before the temperature was lowered
back to 70 ℃ for conducting the polymerisation. A separate rack containing 2 mL vials was
also loaded for collecting the samples as they were removed from the polymerisation. Bulk
solutions of the G3 (0.1 M) monomers with the AIBN and NHS-RAFT in a molar ratio of
100:1:0.25 were prepared in acetonitrile (25 mL) and degassed with argon (5 L/min) for 45
min. These were then loaded into the airlock and placed into a third rack, separated from the
heated 4 x 8 vial block by an air gap to prevent inadvertent heating.
The ChemSpeed Swing XL then separated 3 samples, each of 7 mL, of the G3
monomer:RAFT-NHS:AIBN solution into different vials of the 4 x 8 heated vial block. At
set time increments of 30, 60, 90, 240, 300, 480, and 600 min 1 mL samples were removed
and placed into separate unheated 2 mL collection vials.
These G4 samples were then freeze-dried and solvated in THF before being analysed using
SEC as outlined in Section 1.5.2.2, to determine the average molecular weight (Mn) and Đ of
the G4. Examples are presented in Appendix 3.
2.5.2.4 Solubility of G6
The solubility of the final deprotected, detritylated G6 was evaluated in a number of solvents;
DMAc, chloroform, THF, and water:propan-2-ol mixtures. This was determined qualitatively
by adding G6 (10 mg) to 1 mL of solvent with sonication for 10 min. The G6 sample was
then qualitatively inspected noting transparency and clarity of the solution formed.
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2.5.3 Chapter 5 Characterisation
2.5.3.1 SEM
Silicon wafer was diced into ~5 mm squares and washed successively in MilliQ water,
acetone, water, and HPLC grade ethanol. The wafers were then air dried in a covered
container to prevent dust settling. Samples of the G6 were then dropcast onto the wafer and
placed into liquid nitrogen 5 min until vigorous bubbling had stopped and the samples were
frozen solid. The wafers were then freeze-dried to 0.019 mbar, approximately 4 h, until dry.
The dried samples were coated with 3 nm platinum using an Emitech Quorum Sputter Coater
K575X and imaged on a FEI Phenom Scanning Electron Microscope under ambient
atmosphere.
2.5.3.2 UV-visible (UV-vis) single sample
The UV-vis spectrum of G6 was obtained on the NanoDrop 1000 microvolume
spectrophotometer. 1.5 µL sample volumes were measured with 0.2 mm path length and 3
nm resolution.
To determine the nature of the binding within the G6 particles, they were isolated using the
method described previously, Section 1.4.2.4, using LiOAc and prepared in 10:1 (v/v)
water:propan-2-ol at 10 µg/mL loading of the G6. Two additional samples were prepared
from this batch prepared with added NaOAc and KOAc salts. This was done as larger
monovalent cations have been shown to increase the formation and stability of G-quartets.2,3
The samples were then analysed using a full spectrum scan at 4 s nm-1 dwell-time between
180 nm and 340 nm.
2.5.3.3 UV-vis Measurement of TMB Oxidation Using Well Plate Reader.
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Stock solutions (1 mL each) were prepared containing analyte (0.5 µL. 0.1 M), KCl reaction
buffer (18.5 µL, 25 mM) and TMB solution (985 µL, 400 µM). From these bulk solutions 4
x 100 µL samples were taken for each analyte and placed into a 96-well microplate. Hemin
solution (1 µL, 500X) was then added to each well to catalyse the oxidation. The well plate
was then immediately placed into a well plate reader measuring absorbance at 595 nm over
15 min, taking samples every 30 s for 125 min.
2.5.3.4 Dynamic Light Scattering (DLS)
G6 (1 µM, 1 mL) was prepared in a cuvette and recorded on a Malvern high performance
particle size analyser. Hemin solution (2 µL, 500X) was added in increments and inverted
for successive samples. For comparison, a solution of the protected G4 (1 µM, 1 mL) was
used as a control.
2.5.3.5 Circular Dichroism (CD)
CD spectra were recorded on an Aviv Biomedical Model 410 (Aviv, Rhode Island, USA)
equipped with Peltier-controlled thermostat housing unit using a SQ-grade cuvette, with a
path length of 1 mm. Spectra were obtained at 25 ℃ using a scanning rate of 15 nm min-1,
bandwidth of 1 nm, 1 nm interval data sampling, and a single accumulation.
Samples were prepared by re-suspending the final product G6 (0.1 M) in water:propan-2-ol
(10:1 (v/v), 1 mL) with mild sonication. Multiple solutions were prepared for each instrument
analysis. For experiments where G6 was doped with KOAc or NaOAc this was performed
by taking 300 µL of the G6 solution and adding in 3 µL of aqueous KOAc or NaOAc (2.5
M). This resulted in a doping of 25 mM of KOAc or NaOAc.
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Melting data was obtained using the same sample preparation. Measurements were taken at
the 261 nm wavelength with a 1 nm slit. Samples were then heated by 1 ℃ at a rate of 5
℃/min and equilibrated for 30 s before recording measurements for 1 min.
2.5.3.6 Melting Measurements Using Fluorescence of ATTO 550 Dye
For the G4 analysis as isolated with lithium acetate, ATTO 550 fluorescent dye (1 µL, 500X)
was added to 100 µL of G6 in water:propan-2-ol 10:1 (v/v) a solution. Then 25 µL was
transferred into each of 4 separate plastic vials for analysis. For the G6 doped with KOAc
(25 mM), ATTO 550 dye (1 µL, 500X) was added to 100 µL of the KOAc doped solution.
Then 25 µL was transferred into 4 separate plastic vials for analysis.
2.5.3.7 Fluorescence Measurements
Fluorescence versus temperature measurements were then conducted on each 25 µL sample
simultaneously in a Rotor-Gene real-time polymerase chain reaction (PCR) thermocycler
using a yellow channel (530 ± 5 nm excitation, 557 ± 5 detection) for detection. The samples
were heated at 1 ℃/min from 30 ℃ to 95 ℃. The fluorescence of each of the 4 solutions of
each sample were averaged.
For the G6 samples were analysed as isolated with LiOAc. 1x ATTO 550 fluorescent dye (1
µL) was added to 100 µL of G6 in water:propan-2-ol 10:1 (v/v) a solution. For the G6 doped
with KOAc (25 mM), 1x ATTO 550 dye (1 µL) was added to 100 µL of the KOAc doped
solution. Confocal fluorescence microscope images were taken on a Nikon A1R with a 150
µm glass cover slide using a 488 nm excitation at 200x magnification and red band detection.
Each sample was drop cast onto the glass cover slide and the sample imaged near the glasssolvent interface.
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2.5.4 Chapter 6
2.5.4.1 UV-vis Spectroscopy of Poly(dT-P-PMA) Interactions with dA ssDNA
UV-Vis spectroscopy was used to determine if the combinations of dA ssDNA 23-mer and
poly(dT-P-PMA) 21-mer when mixed caused the formation of a duplex. To do this, separate
solutions of the 23-mer dA ssDNA and 21-mer poly(dT-P-PMA) were prepared at 1 ng/µL
each in TRIS-HCl EDTA buffer. The solutions were then combined at ratios from 100% dA
ssDNA through to 100% poly(dT-P-PMA). Absorption was measured using the 260 nm peak
associated with free nucleotides.4
2.5.4.2 Effect of Annealing on Fluorescence of Poly(dT-P-PMA) Dye Interactions
For measuring dye interactions with mixtures where binding was being determined, samples
were tested in quadruplicate. Samples of poly(dT-P-PMA) (100 µL, 10 µM) were prepared in
TRIS-HCl buffer (0.01 mM) then heated to either 45 ℃ or 95 ℃ from room temperature, held
at that temperature for 15 min, before being cooled. SYBR Safe 2.5X was then added. These
temperatures were chosen as 45 ℃ was above the 35 ℃ seen in Chapter 6 Section 6.6.2, where
the fluorescence rapidly drops. The 95 ℃ point was chosen as a maximum temperature control.
This heating process was conducted using a generic PCR heating block before measuring the
samples on the Qiagen® Rotor-Gene Q real time PCR instrument.
2.5.4.3 Effect of Sodium Concentration on the Interaction of the SYBR Dye
Samples of poly(dT-P-PMA) (1 µL, 1 mM) were prepared in TRIS-HCl buffer (0.01 mM) with
SYBR safe dye (5 µL, 50X). To this 0.5, 1, 2, 5 or 10 µL of sodium chloride solution (2.5 M)
was added and the solution made up to a total of 100 µL. The 100 µL solution was then divided
into four 25 µL aliquots and measured on the Qiagen® Rotor-Gene Q real time PCR instrument
using the default detection settings for the relevant dye.
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2.5.4.4 Complementary Dye Interactions
Samples were prepared in TRIS-HCl buffer (0.01 mM). To prepare each sample the relevant
dye (5 µL) was added to a vial with samples of the analyte; poly(dT-P-PMA) (10 µL, 10 µM),
dA ssDNA (10 µL, 10 µM), dT ssDNA (10 µL, 10 µM), poly(acrylic acid) (10 µL, 10 µM).
The solution was then made to 100 µL. From the 100 µL solution four 20 µL aliquots and
measured on the Qiagen® Rotor-Gene Q real time PCR instrument using the default detection
settings for the relevant dye.
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3 Chapter 3: Synthesis of Poly(2-(5′-dimethoxytrityl-N-

benzoyl-2′-deoxycytosine-monophosphate)oxyethyl
methacrylate): a Cytosine Rich Methacrylate Polymer

3.1 Synopsis
This chapter describes the design, synthesis
and characterisation of 5′-dimethoxytrityl-Nbenzoyl-2′-deoxycytosine,3′-[(2-cyanoethyl)(oxyethyl methacrylate)]-phosphate monomer,
henceforth referred to as the DMT-dC-CEEMA phosphate monomer. Synthesis of the
DMT-dC-CE-EMA phosphate monomer was
achieved through the coupling of hydroxyethyl
methacrylate (HEMA) with a protected 5′
cytosine (C) monophosphate. Following the
synthesis of the DMT-dC-CE-EMA phosphate
monomer it was polymerised using reversible
addition-fragmentation chain transfer (RAFT)
polymerisation and subsequently found to form
a cross-linked gel.

103

3.1 Introduction
This chapter outlines a method for the synthesis of 5′-dimethoxytrityl-N-isobutyryl-2′deoxycytosine, 3′-[(2-cyanoethyl)-(2-oxyethyl methacrylate)]-phosphate (C3 monomer) using
a phosphoramidite coupling approach. In this method hydroxyethyl methacrylate (HEMA) was
coupled

to

a

protected

cytosine

phosphoramidite

5′-dimethoxytrityl-N-benzoyl-2′-

deoxycytosine,3′-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (C1). The coupling
was achieved through the substitution of the diisopropylamine (DIPA) moiety with an oxyethyl
methacrylate (EMA) moiety chosen for this experiment as it contained the alkene group
required for radical polymerisation. The reasoning for the choice of the phosphoramidite
coupling as the polymerisation method will be discussed in Section 3.2.1., followed by the
discussion of choice of specific variables as they pertain to the synthesis of a nucleotide-vinyl
bioconjugate. An overview of the phosphoramidite coupling method used in this chapter is
shown in Figure 3.1. This synthesis route results in a C3 monomer.
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Figure 3.1 Overview for the conversion of C1 starting material through the activation with
tetrazole to form (i) the activated C1 intermediate. This in turn was coupled to HEMA to
form C2 and subsequently oxidised to form C3. The tetrazole required for the activation (step
1) was regenerated during the coupling step (step 2) allowing it to act as a catalyst.
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Following the synthesis of the C3 monomer, it was subsequently polymerised using the RAFT
polymerisation method for radical polymerisation, resulting in poly(2-(5′-dimethoxytrityl-Nbenzoyl-2′-deoxycytosine-monophosphate) oxyethyl methacrylate) (C4).
3.1.1

Choice of Phosphoramidite Coupling Method

Coupling of additional moieties to a nucleotide can be achieved using a number of methods,
depending on the site of the attachment. The three sites where the vinyl moiety could have been
attached in this case were the phosphate, 3´ hydroxyl, and 5´ hydroxyl moieties (Figure
3.2(green arrows)), depending on the isomer of phosphoramidite used.
For this thesis the coupling of HEMA was conducted through the phosphate site for a number
of reasons: Firstly, the reactive sites on the phosphate are equivalent due to the resonance
structure of the PO4-; this means that the attachment does not need to consider the chirality of
the binding site. Secondly, the phosphate acts as a linker in nucleic acids connecting the
nucleosides together, so it was considered appropriate to mimic this in a vinyl-coupled version.
There are three coupling methods for the attachment to the phosphate: H-phosphonate,
phosphoester, or phosphoramidite. These methods are discussed specifically in Chapter 1,
Section 1.4.2. The phosphoramidite coupling approach was chosen due to it having the most
easily accessible starting substrate, since phosphoramidites are commonly used in commercial
DNA synthesisers.1
Specifically, deoxyribose nucleotide phosphoramidites, Figure 3.2(i), were chosen instead of
ribose nucleotides as the presence of a hydroxyl moiety at the 2´ carbon would require further
protection to prevent non-specific coupling. This would have introduced an additional variable
that was not necessary for this proof of concept stage.
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With these criteria in mind, the choice was narrowed to two isomers of the nucleotide
phosphoramidite dependent on whether the phosphorous was attached to the 3´ or 5´ hydroxyl
moiety on the nucleoside subunit, see Figure 3.2. The largest effect this difference could have
had on the coupling was the possibility of the phosphorous being cleaved from the nucleoside
resulting in a vinyl phosphate monomer and free nucleoside. As a result, the 3´ isomer was
chosen as the secondary hydroxyl is less susceptible to hydrolysis, reducing the possibility of
the cleavage occuring.
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Figure 3.2 (i) 2'deoxyadenosine 5′ monophosphate and (ii) 2'deoxyadenosine 3′
monophosphate. Green arrows indicate sites that could be used for conjugation of the vinyl
moiety using the phosphoramidite coupling method.
The phosphoramidite coupling method requires a polar aprotic solvent. For this thesis
acetonitrile was used. Work conducted by Gaytán et al.2 has shown that acetone could be used
as an alternative. It would be preferable as acetone is easier to remove due to its higher vapour
pressure. However, the conditions of the coupling require the reaction to be immaculately dry,
and this requirement was easier to meet with acetonitrile through the use of molecular sieves.
Burfield et al.3 showed that the same method was not suitable when using acetone due to the
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catalytic effect of the molecular sieves that caused the production of water in-situ through an
aldol reaction. As a result, for this preliminary work acetonitrile was used to avoid this effect.
3.1.2

Selection of Compatible Vinyl Moiety

Selection of the vinyl moiety required a few specific criteria to be met: a vinyl moiety, a
hydroxyl group, and some form of linker between the two.
Firstly, for the living radical technique of RAFT polymerisation, the monomer would require
the vinyl moiety during the polymerisation process because it propagates the radical, as
discussed in Chapter 1, Section 1.6.1.1. Further, the choice was made to use a methacrylate as
the vinyl source to increase the stability of the propagating radical as methacrylates are more
activated monomers due to the presence of the methyl and ester moieties attached to the vinyl.
These properties allow the propagating radical to be stabilised, increasing its lifetime which
may also assist with polymerisation as the extended lifetime of the radical can compensate for
the steric hindrance of the conjugated nucleotide.
When using the phosphoramidite coupling method, a hydroxyl moiety is required for the
conjugation to the nucleotide. The two options for achieving this were a hydroxyl or a
carboxylic acid. For later work, following the polymerisation of the vinyl-nucleotide
bioconjugate monomer, it would have been more preferable to use the carboxylic acid as it was
more soluble than the hydroxyl in water. However, the carboxylic acid would have lowered the
pH significantly more than the hydroxyl, and the lower pH would cause the removal of the
protecting groups from the nucleobase and the 5´ hydroxyl as they were susceptible to acid
catalysed hydrolysis.4 For this reason a hydroxyl moiety was chosen.
The vinyl moiety was the most important component of this project as an incompatible group
connecting the vinyl to the nucleotide could prevent polymerisation altogether. The first
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requirement was the presence of a hydroxyl group for the phosphoramidite coupling to the
nucleotide. Additionally, it was important to consider the solvent compatibility with the
phosphoramidite for the coupling reactions, and the water for DNA interaction studies with the
final bioconjugate. These factors ruled out many of the common monomers for RAFT
polymerisation such as styrene or vinyl acetate. The two most appropriate classes of monomer
were therefore methacrylates and methacrylamides as these have multiple derivatives that are
soluble in both acetonitrile and water.
There are two main issues with these compounds to consider; cleavage of the linker, and off
site reactions. Both the ester and the amide would be susceptible to acid catalysed hydrolysis,
though there is no explicit use of acids strong enough to achieve this in the workup through the
phosphoramidite method. There is a risk of dehydration, converting the amide to a nitrile,
caused by the use of trifluroacetic anhydride for the removal of the DMT protecting group as
the method is presented in literature.5 This reaction occuring would leade to removal of
nucleotides from the final polymer and even partial removal would result in uneven spacing,
in turn effecting the binding behavior.
The methacrylamide has the potential to undergo an off target coupling reaction by creating a
second nucleophilic site on the monomer for the coupling of the phosphoramidite which was
undesirable for this experiment. Though it is not nucleophilic enough to proceed under the
initial conditions outlined as this procedure was unknown, having it present may have limited
options when adjusting the reaction conditions. The dehydration and off target reactions lead
to the selection of the ester, and thereby methacrylate, as the monomer of choice.
To give the vinyl moiety some spacing from the alkyl backbone during the polymerisation
process, the vinyl source chosen for the work outlined in this chapter was hydroxyethyl
methacrylate (HEMA) shown in Figure 3.3(iii). When HEMA was coupled to the C1 (Figure
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3.3(i-ii)), it resulted in the monomer 5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine,3′-[(2cyanoethyl)-(ethyl methacrylate)]-phosphite (C2).
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Figure 3.3 Coupling of the protected C1, (i) the activated phosphoramidite intermediate to (ii)
HEMA resulting in the C2 monomer.
The option to add a PEG linker between the alkyl backbone and the nucleotide would result in
more degrees of freedom for the nucleotide compared to the shorter ethyl provided by HEMA.
For the future application of the polymers synthesised in this project enzymatic compatibility
or another method for the creation of ribose phosphate backbone from the alkyl polymer could
more easily skip a unit in the sequence if the distance given by the PEG linker was greater than
the base separation along the chain. Based on this information the decision was made to keep
the linker between the nucleotide and the alkyl backbone to that given by the HEMA.
A risk with an alkyl polymer synthesised by radical polymerisation is its low solubility in
aqueous systems. This can be overcome by the addition of a polyethylene glycol side group, or
using a block-copolymer instead. However, both of these are incompatible with the goal of this
project.
The use of a block-copolymer could cause the formation of vesicles or other secondary
structures driven by the difference in solubility of each block. This would introduce a
competing factor with the formation of structures driven by the selective binding of the
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nucleobases, and is used as a method for controlling Mw and Đ in other polymerisation
techniques.
3.1.3

Activation of the Nucleotide Phosphoramidite

The first step of the phosphoramidite coupling method is activation, which converts the
phosphoramidite into a reactive intermediate. The most common activator for single nucleotide
phosphoramidite coupling is tetrazole, as discussed in Chapter 1, Section 1.4.3. In literature
tetrazole has been shown to be most effective with primary hydroxyls such as that found in
HEMA.6
Tetrazole was used in this study and underwent substitution with the diisopropyl amine, Figure
3.4 (blue), on the phosphoramidite to form the semi-stable intermediate as shown in Figure 3.4
(ii). The initial activation of the phosphoramidite was a rapid reaction that protonates the
phosphoramidite.7 The tetrazole was then, in turn, substituted with the hydroxyl moiety,
resulting in the C3 monomer.
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Figure 3.4 Mechanism for the activation of (i) a phosphoramidite, substituting the
diisopropylamine (blue) with tetrazole (pink) resulting in (iii) an activated phosphoramidite.7
The tetrazole is subsiquently regenerated when it is substiruted with the monomer,
completing the coupling.
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3.1.3.1 Quenching the Activator
Following the coupling of the bioconjugate, the reaction needed to be quenched to prevent
further addition of water to the C3 by the activator during the following phase extraction as
otherwise it would lead to the coupled vinyl moiety being replaced with water.8 To quench the
coupling reaction a solution containing triethylamine (TEA), ethyl acetate (EtOAc), and
dichloromethane (DCM) at a ratio of 45:45:10 v/v EtOAc:DCM:TEA is added to the coupling
solution. This combination of solvents has been shown by Dahl et al.8 to quench the
phosphoramidite coupling reaction while maintaining the successfully coupled phosphite
product in solution.
3.1.3.2 Oxidation
Oxidation of phosphite to phosphate was required to convert the protected phosphoramidite
into the nucleotide monophosphate. This step was necessary as the PO4- anion formed in the
process was more soluble in water, which was required to determine if the vinyl-nucleotide
bioconjugate was compatible with DNA systems.
When oxidising phosphite to phosphate, the ideal oxidant was something that would provide a
rapid and selective reaction. In literature, I2 has been used with a mixture of pyridine, THF and
water using the method outlined in Figure 3.5.9 This was not an option for the synthesis used
in this project because the I2 would add across the alkene bond which would remove the active
group for the living radical polymerisation. Therefore, an alternative method had to be found.
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Figure 3.5 (i) Oxidation of phosphite to phosphate using I2/pyridine/H2O2 (ii) the halide
addition to an alkene, and (iii) oxidation of phosphite by ozone present in air.
Methods have been reported using alternative oxidants, such as ethyl(methyl)dioxirane.10
However, many of these such as N-bromosuccinimide-dimethyl sulfoxide and t-butyl
hydroperoxide were also capable of acting as radical initiators11,12 which makes them
unsuitable as they may cause polymerisation of the vinyl moiety. Further literature studies
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found no other suitable oxidative compounds reported for the oxidation of phosphite to
phosphate for phosphoramidite coupling method.
Based on work by Dennison et al.13,14 with phosphorous compounds, compressed air was
trialled as it had several obviously favourable properties: notably, it uses oxygen gas which
acts as a mild oxidant, meaning that during the short exposure required the oxygen degradation
of the nucleic acid components of the C3 would not take place. There was limited evidence
directly showing the use of compressed air as a method for oxidation of phosphorous, e.g.,
Bolduc and Goe15 demonstrated the oxidation of phosphite with O2 under UV light using a dye
sensitiser. More recently, Martin et al.16 have shown that the oxidation of phosphite can occur
rapidly in the presence of atmospheric gases, specifically ozone, oxygen, nitroxides and/or
hydroxyl radicals.
More common than the deliberate oxidation of phosphite to phosphate using atmospheric
gasses, was the use of alkyl phosphates as antioxidants. These are compounds that undergo
sacrificial oxidation to protect another compound. Notably to this work is the previous use of
alkyl phosphites to protect synthetic polymers.17,18
Further, due to the phase extraction method employed to isolate the C3 the solution needed to
be dried. The use of compressed air also increased the rate of evaporation of the solvent
effectively increasing the rate of isolation and reducing the amount of remaining solvent to be
removed during freeze drying.

3.2 Synthesis of HEMA-Nucleotide Bioconjugate
The following sections outline the analytical methods used to confirm the synthesis of the
DMT-dC-CE-EMA phosphoramidite monomer, as described in Chapter 2, Section 2.4.1.1. The
methods employed for this analysis were NMR spectroscopy using 1H and 31P methods.
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To

carry

out

the

conjugation,

5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine,3′-[(2-

cyanoethyl)- (N,N-diisopropyl)]-phosphoramidite (C1) was treated with tetrazole and HEMA
in dry acetonitrile to perform the coupling procedure. The full process is discussed in Chapter
2 Section 2.4.1.1. Following this procedure the resulting mixture was solvent extracted to
isolate

the

5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine,3′-[(2-cyanoethyl)-(oxyethyl

methacrylate)]-phosphite monomer (denoted hereafter as C3 monomer). This was then dried
under a flow of compressed air to oxidise the 5′-dimethoxytrityl-N-benzoyl-2′deoxycytosine,3′-[(2-cyanoethyl)-(oxyethyl methacrylate)]-phosphate monomer (denoted
hereafter as C3 monomer).
3.2.1.1 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy
Support for the successful attachment of HEMA to the C1 was shown using 1H NMR
spectroscopy. Samples were prepared at 5 mg/mL in deuterated acetonitrile following
oxidation and drying. The results are shown in Figure 3.6(i and ii) illustrating the C1 and the
C3 monomer, respectively. The specific experimental parameters are presented in Chapter 2,
Section 2.5.2.1. Full peak allocations are presented in Appendix 1.
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Figure 3.6 1H NMR spectra of (i) C1 and (ii) C3 monomer, showing the appearance of peaks
(a-e) associated with HEMA and the disappearance of peak (f) associated with the
diisopropyl amine (inset (i, red)) Spectra acquired in deuterated acetonitrile at 600 MHz. Full
peak attributions can be found in Appendix 1.
The attachment of the HEMA to the C1 was carried out through the substitution of the DIPA
group. The removal of this peak in the C3 monomer would indicate that the tetrazole activator
had removed the DIPA.
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The peak attributed to DIPA moiety was present in the C1 spectrum (((CH3)2CH-N doublet, δ
= 1.2 ppm, 3JHH = 10.35 Hz); this magnitude of splitting was expected for 3JHH coupling.19 This
peak was notably absent in the spectrum of the C3 monomer which is more clearly shown in
Figure 3.7.

Figure 3.7 1H NMR spectra of the C1 (red), and C3 monomer (blue), showing the region
from 1 ppm to 1.25 ppm. Spectra acquired in deuterated acetonitrile at 600 MHz.
The presence of HEMA moiety coupled to the C3 monomer was seen as the presence of a pair
of peaks at 6.25 ppm and 5.70 ppm (Figure 3.6(ii, a and b)). This area is expanded in
Figure 3.8, showing the peaks associated with the cis and trans protons of the alkene group.20
The peak associated with the trans proton of the C3 (Figure 3.8(inset, a)) shows a doublet
caused by coupling to the adjacent trans proton, 2Jab = 10.9 Hz. This was within the expected
5-15 Hz range for 2JHH germinal coupling as reported by Cahill et al.21
The 5.70 ppm peak associated with the cis proton to the methyl group (Figure 3.8(b)) shows
two couplings. This major coupling seen from the cis proton was to the adjacent trans proton
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(2JHH = 8.9 Hz). Due to the fixed rotation of the alkene group an additional minor coupling was
seen between the cis proton and the spatially adjacent methyl protons (4JHH = 1.77 Hz). The
signal attributed to this methyl group appeared as a sharp peak at 2.10 ppm (
Figure 3.6ii (c)).

Figure 3.8 1H NMR spectra of the 5.5 ppm to 6.5 ppm region of C1 (red) and C3 monomer
(blue), showing the appearance of peaks (a and b) associated with the cis and trans protons of
the alkene (inset). In addition the peak associated with the 1′ proton on the ribose is also
visible in this region. Spectra acquired in deuterated acetonitrile at 600 MHz.
The coupling is further supported by the integration ratio between the peak at HEMA moiety
trans proton (6.2 ppm) and the 1′ proton (6.4 ppm) integrating to 1 and 0.9 respectively. This
indicates that at the very least there is no excess of HEMA in the solution that could undergo a
competing polymerisation during the following stages.
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3.2.1.2 Phosphorous Nuclear Magnetic Resonance (31P NMR) Spectroscopy
To confirm the oxidation of the C1 from the P(III) oxidation state to the C3 monomer P(V)
oxidation state

31

P NMR spectroscopy was used. The specific parameters are presented in

Chapter 2, Section 2.5.2.1
For this work the important difference was caused by the oxidation following the
phosphoramidite coupling. Prior to coupling the C1 was significantly deshielded the
phosphorous in the P(III) oxidation state. Following successful oxidation to the P(V) oxidation
state of the C3 monomer there was a significant upfield shift that can be seen in Figure 3.9 as
the difference in peak location between the red to blue spectra.

Figure 3.9

31

P NMR spectra of the -10 ppm to 160 ppm region of C1 (red, P(III)) and C3

monomer (blue, P(V)) Spectra acquired pulse decoupled in deuterated acetonitrile at 600 MHz.
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The result of the NMR for the C1 (Figure 3.9, red) showed a pair of peaks at 148.7 ppm and
147.8 ppm. This would lead to a coupling constant of J = 540 Hz. This value would be beyond
possible 1J coupling values and suggests the computer pulse decoupling has not worked
successfully. Due to the infrequent use of

31

P spectroscopy is likely the CPD had not been

calibrated, resulting in the peak splitting seen. The potential for the sample to be contaminated
with another phosphite is unlikely as the supplier reported purity >98% by HPLC and the
sample was used directly as supplied. The similar shift and symmetry suggests that this may
be due to deuterium induced peak splitting22 or another effect as similar peak splitting has been
previously reported in 31P spectra for cysteine deoxynucleotide phosphites.23,24
The spectra for C3 monomer (Figure 3.9, blue) shows a triplet peak (-2.71 ppm, t, J = 58.43
Hz). This was attributed to the P(V) oxidation state of the C3 monomer following oxidation.
The splitting of the peak was attributed to the chiral isomers at the phosphate position. The
asymmetry seen in this peak was therefore assigned to JPH coupling between the phosphorous
and the protons on the deoxyribose ring in one of these isomers.

3.3 Polymerisation of the C3 Monomer
Following the synthesis of the C3 monomer, it was polymerised using the RAFT method for
radical polymerisation. This method introduces a mediator in the form of a RAFT agent that
mediates the polymerisation to reduce the Đ of the resulting polymers. The Đ is discussed in
more detail in Chapter 1, Section 1.5.2.
Radical polymerisation is a method that generates polymers through the conversion of the
alkene moiety of the monomer into a long chain alkane through addition of a radical; this
process is discussed in Chapter 1, Section 1.5.3. As previously mentioned, uncontrolled radical
polymerisation results in polymers of varying lengths, which in turn causes the properties of
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the polymer mixture to be less well defined.21 Despite this, radical polymerisation was however
chosen because it requires an alkene moiety, and this requirement limits the polymerisation
sites within the complicated C3 monomer to the conjugated HEMA.25 As a result, the
polymerisation could be directed to the specific alkene site.
Using an alternative method for polymerisation could introduce conflicting groups. Using
RAFT polymerisation avoids this undesirable scenario due to the fact that the only moiety
compatible with radical polymerisation present in C3 monomer is from the conjugated HEMA.
Comparatively, if condensation polymerisation was chosen, then both the phosphate, alcohol,
and amine groups would have all been competitive sites for the polymerisation21 which likely
would have resulted in polymers that were branched and lacked structural uniformity.
To improve the uniformity of the polymers formed a controlled version of radical
polymerisation was used. Introduction of this control required the addition of a mediator which
regulates the growth of the chains, as discussed in Chapter 1, Section 1.5.4. Three specific
techniques were considered: nitroxide-mediated polymerisation (NMP), atom transfer radical
polymerisation (ATRP) and RAFT.
NMP was excluded because the nitroxide radical that was needed to propagate the active
chains, requires high temperatures (above 100 °C) which would cause thermal degradation of
the nucleotides.26,27 ATRP, on the other hand, uses metallic compounds that could complex to
the nucleobases. This complexation occurs due to the aromatic nature of the nucleobase, and
the protecting groups, blocking the metallic ions in solution, which prevents the necessary
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change in oxidation state of the metallic ion used to mediate the polymerisation which would
cause retardation.28
The thiol chemistry that provides the mediation of RAFT polymerisation is less sensitive to
complexation, and due to the solubility and reactivity being primarily determined by the
secondary functional groups it could be applied over a wide range of conditions.29 This made
RAFT the most viable option for the polymerisation of nucleotide-vinyl polymers.
The RAFT agent was able to act as a mediator during the polymerisation but still required a
radical source, the initiator. For this purpose, AIBN was chosen, the radical generation
mechanism is shown in Figure 3.10. The main reason for this choice was that AIBN activates
above room temperature, with a 10 h half-life at 65 °C, while still allowing the temperature to
remain low enough, below 90 °C, to not cause rapid thermal degradation of the nucleotide.30
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Figure 3.10 Thermal decomposition of AIBN into N2 and the isobutyronitrile radical.31
3.3.1.1 Selection of RAFT Agent
The RAFT agent mediates the polymerisation to control the Đ and molecular weight of the
polymers formed. It was used to ensure that the polymers formed from the C3 monomer would
be of similar molecular weight and therefore share similar properties. If the Đ varied greatly
between chains it could lead to inconsistent properties, such as broad melting peaks or
solubilities. This would make the analysis of the polymer and its interactions with DNA
difficult to perform, as different chains would act differently.
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Not all RAFT agents were able to mediate all monomers, each showing different
compatibilities with monomers, as discussed in Chapter 1, Section 1.6.1.2. For the
polymerisation of the C3 monomer, the 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid
N-succinimidyl ester (NHS-RAFT) agent was chosen based on compatibility with methacrylate
monomers as well as shared solubility with the monomer.
The HEMA coupled to the C1 was a methacrylate, which had been shown to work well with
dithiobenzoates so this was the first class of RAFT agents tested.
To conduct the polymerisation in solution, the RAFT agent was required to share similar
solvent compatibility as the C3 monomer. By this point it was known that C3 monomer was
soluble in several organic polar solvents including acetonitrile, DMSO, DCM, DMF and THF.
To accomplish similar solubility, 2-cyanopentanoic acid was chosen as the R group on the
RAFT agent. The pentatonic acid provided similar solubility to the nucleotide as it was organic
with an ionisable carboxylic acid group allowing it to be solvated in aqueous solutions. To act
as a RAFT agent, it also required for cyanoethyl to be an electron withdrawing group and assist
in the stabilisation of the radical intermediate of the dithiobenzoate, as discussed in Chapter 1,
Section 1.6.1.2.
To prevent the removal of the DMT protecting group from the C3 monomer during the
polymerisation the carboxylic acid group needed to be protected. This was achieved through
the use of the NHS protected version of the RAFT agent. In the absence of the NHS group the
DMT moiety would be cleaved by the pentanoic acid Z-group present. This would generate a
primary alcohol at the 5′ position which would in turn be susceptible to condensation reactions
with the pentanoic acid Z-group of the RAFT agent, or the phosphate on the C3 monomer.
3.3.2

Polymerisation of C3 Monomer
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Following the synthesis of the C3 monomer, it was tested to determine whether it was
compatible with RAFT mediated polymerisation, as intended. To do this the polymerisation
was conducted using the method outlined in Chapter 2, Section 2.4.1.2, simplified in Figure
3.11, giving a [C3]:[RAFT-NHS]:[AIBN] of [100]:[1.5]:[1] (M/M/M). This ratio was chosen
based on the provided literature and discussion with Boron Molecular.32 As this sample was
diluted in acetonitrile and only allowed to progress for 3.5 h the conversion factor was expected
to be low, with full conversion resulting in a theoretical DP of 36. This resulted in the formation
of

poly(2-(5′-dimethoxytrityl-N-benzoyl-2′-deoxycytosine-monophosphate)oxyethyl

methacrylate) (denoted hereafter as poly(DMT-dC-CE-EMA))
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Figure 3.11 General scheme for the polymerisation of (i) C3 monomer to (ii) C4 using the
RAFT agent 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succinimidyl ester and
AIBN (ii) showing the active vinyl group (red) converted to the alkyl backbone (blue).
To quench the polymerisation the reaction mixture was precipitated by the addition of 5 ℃
water. This method was used to quench the reaction for a number of reasons: the presence of a
non-solvent causes the polymer to precipitate from solution, preventing further propagation.
Water was chosen as both poly(hydroxyethyl methacrylate) (poly(HEMA)) and nucleotide
phosphoramidites were insoluble in it. Further, using cold water to decrease the temperature
would slow any reaction that was occurring and inhibited the generation of further radicals.
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This method had been tested with poly(HEMA) and found to form a white powder that could
be isolated by filtration. When conducted with the product of the C3 polymerisation the
resulting C4 resulted in a clear, colourless gel with no further precipitate (Figure 3.12(a))
indicating complete conversion or incorporation of monomer into the gel. Based on later
discussion in section 3.3.4 is possible that the monomer had become uncoupled phosphate and
as a result of being water soluble.

Figure 3.12 C4 gel swollen with (a) water or (b) DMSO and, (b) dried at 60 °C.
The formation of a gel from a polymer can be attributed to a number of factors.33–37 Notable
for this project were concentration, molecular weight, and cross-linkeding. Gels from high
concentration polymer solutions result from mechanical entanglement: higher molecular
weights of a polymer were associated with longer polymer chains, increasing the ability for
mechanical entanglement at lower concentrations.38 The solubility of the polymer in a given
solvent can also affect the concentration at which this mechanical entanglement occurs.39 For
the C4 the theoretical maximum DP of 36 on its own is too low to expect mechanical
entanglement, however the additional complexity and mass provided by the phosphoramidite
significantly increases the possibility.
Due to the formation of a gel, the techniques ideally suited for determining the composition
and properties of a polymer were no longer available, notably solution NMR spectroscopy, size
exclusion chromatography and mass spectrometry. This was because these methods all require
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the solvation of the polymer analyte to measure its properties. As a gel it was insoluble,
displaying swelling behaviour in some solvents, and as such other techniques were found. For
this thesis they were qualitative and quantitative solution studies to determine the binding
between chains that caused the formation of the gel, and FTIR spectroscopy to determine if the
nucleotide unit had been retained in the gel.

3.3.3

Investigating Solvent Effect on C4

Following polymerisation of the C3 monomer, the C4 gel that formed was tested in a number
of other solvents. This was done to determine the cause of the gel formation, whether by
mechanical, electrostatic, or covalent forces. In the case of a cytosine rich system there is a
broader scope for the electrostatic interaction in the form of i-motifs, these are stacked cytosinecytosine non-canonical pairs. These are able to form only in aqueous systems, so the same
alternating solvent that would prevent electrostatic interactions would also reduce the
formation of the i-motifs.
If the C4 gel was able to be dispersed in any solvent it would have ruled out covalent bonding
as covalent gels will only swell. If the gel swells in a solvent and then disperses it would
indicate a mechanical entanglement that is overcome by reducing the concentration. If the gel
is formed by electrostatic forces, then a solvent that destabilises these forces should disperse
the gel at low concentrations.
The C4 was first dried and then swollen in water to ensure no acetonitrile from the
polymerisation remained. The C4 sample was placed into a gross excess of DMSO. This
resulted in the C4 gel shrinking as it ejected the absorbed water, before again expanding in the
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DMSO. The resulting DMSO swollen C4 gel was less rigid and had poorly defined edges,
Figure 3.12(b), compared to the water swollen C4 gel.
The active rejection of the water from the polymer indicates a mechanical change a structural
change within the gel that made it hydrophobic in the presence of DMSO as solvent
displacement alone would not cause the gel to shrink and re swell. Due to the different
solubilities of the backbone this was hypothesised to be the result of the hydration of the
nucleotide moiety in water combined with the contraction of the hydrophobic regions shown
in Figure 3.13(red). This in turn restricted the movement of the polymer, leading to a more
rigid structure in water.
When the C4 was then exposed to DMSO the whole structure became hydrated thereby
allowing the hydrophobic regions to relax. This allowed more flexibility in the repeating units,
leading to the decreased rigidity seen in Figure 3.12 (b).
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Figure 3.13 Structure of the C4, indicating hydrophobic moieties in red.
3.3.3.1 Quantitative Solvent-Gel Analysis
Following the qualitative analysis of the polymer-solvent interactions of the C4 further
experiments were conducted to determine the mechanism for the cross-linkeding between
polymers. To do this the C4 was dried (Figure 3.12 (c)) and divided into fragments, each being
exposed to a gross excess of a solvent: water, DMSO, THF, CH3OH, or acetonitrile. If the C4
gel was forming as the result of secondary binding, then it would be expected that at low
concentrations the gel should be solvated. If it remained a gel, then it was more likely that the
bonding between chains was covalent.
Following exposure to a solvent the C4 sample was decanted, briefly blown with compressed
air to remove surface solvent, and weighed. The mass ratio of solvent to gel was then calculated
by the increase in mass of the gel following absorption of solvent compared to the initial
weight. Details of the method are presented in Chapter 2, Section 2.5.1.2. The result of these
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tests is shown in Table 3.1, with the solubility of DNA and poly(HEMA) included for
reference.
Table 3.1: Solubility of the C4 gel in different solvents compared to the DNA and
poly(HEMA) based on a single sample per measurement.
Solvent

DMSO
H2O
MeOH
THF
Acetonitrile

DNA
Poly(HEMA)
40
solubility
solubility

Soluble at
low Mw
Soluble at
all Mw
Soluble at
low Mw
Partially
soluble

C4 gel
Dry mass,
mg

Solvent mass
(absorbed),
mg

Swelling
degree
(%)

Soluble

1.1

67.8

6200

Gel

2.5

257.7

10000

Soluble

0.6

33.6

5600

Insoluble

Insoluble

Insoluble

Insoluble

From these results, it was apparent that none of the solvents were able to solvate the C4, even
with the gross excess of solvent used. This indicated that polymer was unlikely to be forming
due to electrostatic binding between chains. If the gel was forming from electrostatic
interactions one of the solvents would have interfered with the electrostatic binding causing
the C4 chains to solvate instead of only swelling. This experiment was primarily done to
investigate if there was a way to solvate the gel for better analysis so it was not replicated for
multiple samples.
One of the variables that was not considered at this stage was the pH, as all samples were
analysed in neat solvent. This was not tested as the presence of an acid, or base, could have
chemically altered the repeating unit, leading to a change in solubility without clarity on the
cause (i.e. was it due to the disruption of electrostatic interactions or the removal of the
functional groups). This was not investigated because the purpose of the project was not to
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investigate the properties of this homopolymer gel, and as such it falls beyond the scope of the
project.
If the C4 was mechanically entangled due to the molecular length then the low concentration
of gel used would be expected to dissolve the gels. As all the C4 gels remained solid through
the process, this indicates that mechanical entanglement was not the source of the gel
formation. This left the covalent binding between the C4 chains as the most likely cause of the
gel formation.
The magnitude of the degree of swelling found for the solvents DMSO, H2O and CH3OH was
significantly higher than that found for other gels in literature.33,41 For example the
poly(ethylene glycol)/poly(L-lactic acid) alternating copolymer synthesised by Huh et al,41
chosen for its similarly high complexity, was found to have a maximum swelling degree of
250%.
These high results were attributed to the small masses used and the balances available. As a
result, the swelling magnitude could not be determined with a high degree of accuracy.
However, the correlation between the swelling degree and the solubility of DNA indicates that
the HEMA moiety determined if the gel was able to form, as the non-solvents for poly(HEMA)
were also non-solvents for the C4. After that the nucleotide moiety affects the mass of solvent
absorbed, with better nucleotide compatibility indicated by better solvation of DNA, leading
to a higher swelling degree.
3.3.3.2 ATR-FTIR Spectroscopy
The gel-solvent analysis of the C4 had shown that the gel acted as if the nucleotides had been
incorporated. Further analysis using ATR-FTIR spectroscopy was conducted to confirm that
the cytosine nucleotide had been retained. ATR-FTIR spectroscopy was chosen as it did not
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require the solvation of the C4. The samples were first dried to remove excess solvent, and the
results of the spectroscopy are shown in Figure 3.14, with the fingerprint region of 500 cm-1 to
2000 cm-1 expanded in Figure 3.15. Notable peaks are listed in Table 3.2.

Figure 3.14 Normalised ATR-FTIR spectrum of the C4 gel.
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Figure 3.15 ATR-FTIR spectra of C4 gel in the fingerprint region 500-2000 cm-1.
Table 3.2: IR peak correlations.42 Molecular structure of idealised poly(DMT-dC-P-EMA)
included for reference.
Peak (cm-1)

Functional group38

3380
3243
2935
2393
1718
1452
1151
1052
950
748

N — H stretch
O — H stretch
C — H stretch
C ≡ N stretch
C = O Ester stretch
C = C Aromatic
C—N stretch
C—O stretch
P—O—R
C—H rock
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The peaks present at 3380 cm-1 and 1151 cm-1 were associated with nucleobase amines. This
indicated that the cytosine moiety of the C4 had been incorporated into the gel and was not
cleaved during its formation.39 Further evidence that the full nucleotide had been incorporated
into the C4 gel was seen from the presence of the 950 cm-1 peak associated with the phosphate
moiety.43
The presence of the peak at 2393 cm-1 associated with a C≡N stretch indicated that the
cyanoethyl protecting group was still present on the phosphates that make up the C4 gel. This
showed that the gel was unlikely to have formed from hydrolysis as the conditions required
would result in the removal of the cyanoethyl protecting group.
The presence of the broad peak centred at 3250 cm-1 indicated the O-H stretch, associated with
adsorbed water.40 This indicated that the C4 gel was hygroscopic and absorbed water from the
air.
3.3.4

Determining the Structure of the C4 Gel

At this point in the experiment the solvent analysis and ATR-FTIR spectroscopy showed that
the C4 gel formed during the polymerisation was associated with strong binding between the
polymer chains, and that the nucleotide unit was retained within the gel.
The broad insolubility of the C4 gel in multiple solvents suggested covalent cross-linkeding of
the polymer chains. Of the moieties that were present, the phosphate was the more reactive and
susceptible to hydrolysis and other reactions due to the expanded octet of the P(V) oxidation
state, confirmed in Section 3.2.1.2.
As the phosphate was still protected within the gel, the possibility of hydrolysis, or similar
reaction, to create the cross-linkeding unit was not possible. As a result, it was hypothesised
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that the cross-linkeding unit was a diene spontaneously formed (Figure 3.16) by the C3
monomer in solution. This hypothesis was formed based on the work reported by Grondahl et
al.45 where they showed that phosphates in solution underwent substitution without hydrolysis.
In their work they showed that monomers bearing primary ester link between the phosphate
and the alkyl substituent was susceptible to the substitution. To this project the appearance of
the peak associated with the formation would have appeared in the 31P NMR spectrum had it
occurred while stored, but it it is proposed that it would have occurred primarily during the
heating of the C3 for the polymerisation, or during the polymerisation between repeating units.
Thus, the diene formed within the C4 could act as a cross-linkeding agent due to the presence
of two alkene moieties each able to be incorporated into a different strand, creating a covalent
link between the two polymer chains. As this process created more dienes, more cross linkers
were present, eventually resulting in the C4 gel.
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Figure 3.16 Proposed by-product reaction caused by the solvation of vinyl-nucleotide
bioconjugate for extended periods, resulting in the diene impurity that would act as the crosslinking agent and subsequently leading to the gel formation.

3.4 Conclusion
This chapter has shown that using the phosphoramidite method to couple a hydroxyl bearing
vinyl monomer, HEMA, to a cytosine protected nucleotide was possible. The resulting attempt
to polymerise this vinyl functionalised nucleotide, C3, resulted in an insoluble gel unsuitable
for further applications. This was hypothesised to be the result of the primary alcohol of the
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HEMA being able to undergo substitution while solvated. This hypothesis was tested by
utilising a sterically hindered secondary alcohol, namely 2-hydroxypropyl methacrylate, to
prevent the substitution as presented in the following chapter.
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4 Chapter 4: Synthesis of The Poly(2-(2′-deoxyguanosine-

monophosphate)oxypropyl methacrylate)): a Guanine
Rich Methacrylate Polymer

4.1 Synopsis
This chapter describes the design, synthesis
and characterisation of the 5'-dimethoxytritylN-isobutyryl-2'-deoxyguanosine,3'-[(2cyanoethyl)-(oxypropyl methacrylate)]phosphate monomer, henceforth referred to as
DMT-dG-CE-PMA phosphate monomer,
building on the methods and conclusions
presented in Chapter 3.
Synthesis of DMT-dG-CE-PMA phosphate
monomer was achieved through the coupling of
2-hydroxypropyl methacrylate (HPMA) with a
protected 5′ guanosine (G) monophosphate.
Following the synthesis of the DMT-dG-CEPMA phosphate monomer, it was polymerised
using reversible addition-fragmentation chain
transfer (RAFT) polymerisation and
subsequently deprotected to form poly(2-(2′deoxyguanosine-monophosphate)oxypropyl
methacrylate), referred to as poly(dG-P-PMA).
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4.2 Introduction
This chapter builds on Chapter 3 which showed the synthesis of 5'-dimethoxytrityl-N-benzoyl2'-deoxycytosine,3'-[(2-cyanoethyl)-(oxyethyl

methacrylate)]-phosphate

monomer

(C3

monomer) using a phosphoramidite coupling approach. This approach was chosen for a number
of reasons, discussed in more depth in Chapter 3.
The phosphoramidite coupling method used in Chapter 3 was further developed for this
chapter, resulting in the procedure shown in Figure 4.1. The phosphoramidite coupling
approach started with a protected nucleotide phosphoramidite, Figure 4.1(i); the nucleotide
phosphoramidite was then activated with the imidazole derivative 4,5-dicyanoimidazole (DCI),
the activator. The activator reacts with the phosphoramidite moiety to form the activated
intermediate phosphoramidite, Figure 4.1(ii). This chapter utilised 4,5-dicyanoimidazole
instead of the tetrazole used in Chapter 3 for the reasons discussed in Section 4.2.5. The
activated phosphoramidite intermediate targets virtually any hydroxyl moiety, coupling it to
the nucleotide and forming a nucleotide phosphite, Figure 4.1(iii), and the coupling also
regenerates the activator allowing the latter to act as a catalyst. The final step in the coupling
is the conversion of the phosphite into a phosphate. This step was conducted in order to control
the oxidation of the phosphite, rather than allowing it to react uncontrollably during the
following polymerisation process.
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Figure 4.1 Overview for the conversion of G1 starting material through the activation with
DCI to form the activated G1 intermediate. This in turn was coupled to HPMA to form a G2
monomer and then oxidised to form the G3 monomer. The DCI required for the activation
(step 1) is regenerated during the coupling step (step 2) allowing it to act as a catalyst.
4.2.1

Maintaining the Use of the Phosphoramidite Coupling Method

As the method in Chapter 3 had synthesised the C3 monomer successfully, the use of a
phosphoramidite method was retained. This also meant that a nucleotide phosphoramidite
would still be used as the nucleotide source for the coupling reaction.
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Most important to this thesis, and the reason it was still used in this chapter, was the high yields
achievable through the phosphoramidite coupling method compared to other methods of
nucleotide coupling. Yield was important as producing polymers, which is the ultimate goal of
the work done for this thesis, required a significant amount of material. Alternative methods,
such as the H-phosphonate method discussed in Chapter 1 Section 1.4.2, have been shown in
literature to result in lower yields.1
4.2.2

Determining the Phosphoramidite Isomer to be Used

As discussed in Chapter 3, Section 3.2.1 there are 2 classes of nucleotide phosphoramidite
which are distinguished from each other based on the location of the phosphorus moiety on the
sugar ring, whether it is attached to the 5′ or 3′ carbon, Figure 4.2.
In Chapter 3, the 3′ phosphoramidite was chosen because it had the phosphorus connected to
the ribose through a more stable secondary alcohol, compared to the 5′ which connects through
a primary alcohol. This difference causes the 3′ phosphoramidite to be less susceptible to
hydrolysis. This property is important since hydrolysis of the phosphate would cause the
nucleoside to detach, effectively removing any selective binding functionality from the vinyl
bioconjugate. Based on this, the phosphoramidite method we used in this chapter still relied on
the 3′ phosphoramidite similarly to the previous Chapter 3.
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Figure 4.2 (i) 3′-deoxy guanosine monophosphate and (ii) 5′-deoxy guanosine
monophosphate isomers.
4.2.3

Preventing the Formation of a Gel

In Chapter 3 we used cytosine as the nucleotide, coupling it to hydroxyethyl methacrylate to
form the C3 monomer. This polymerisation resulted in the monomer forming a gel which was
undesirable consistency for the end product. The exact nature of the gel could not be determined
from the data collected, though it was hypothesised to be due to covalent linkages between
polymer chains caused by the formation of a diene. For that reason the synthesis of the
nucleotide functionalised monomer was changed in an effort to prevent gel formation by
limiting any sources of unwanted inter-chain bonding.
If the gel was forming due to secondary bonding, there are a number of sites where it could be
possibly happening. Least critical to the success of the project was the nucleobase component,
which had been cytosine. If the secondary bonding between polymer strands occurred through
the deoxyribose or phosphate moieties, however, that would prevent the use of any nucleotide
going forward.
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4.2.4

Changing the Nucleobase

As discussed in Chapter 3 Section 3.4.4 the formation of a gel from the C4 may have been the
result of intermolecular secondary bonding from the formation of i-motifs 3.3.3. To rule this
out as a possibility, the nucleobase used as a model for the generation for a nucleotide
functionalised polymer was changed from cytosine to guanine.
Thymine phosphoramidites were excluded as a model because they do not bear any protecting
group on the nucleobase moiety, meaning that they may act differently to the protected
nucleobases. Specifically of note, the conditions for the removal of the protection group with
ammonium hydroxide could not be tested as there is no protecting group present, and the
potential difference in solubility this may cause.
Adenine was not chosen as it contained the benzoyl protecting group which had also been
present in cytosine that was used previously; if this aromatic group had been involved in the
intermolecular binding it was more likely to occur when using adenine. Guanine sits in between
thymine and adenine in this regard, bearing the non-aromatic isobutyryl protecting group.
Guanine can also form secondary structures known as G-quartets, as discussed in Chapter 1,
Section 1.2.5.1. Similar to cytosine, G-quartets form through non-canonical bonding; on the
other hand, literature shows that G-quartets, unlike cytosine, form around large cations, such
as K+ or Mg2+. As none of the compounds being used contained such ions, this was not
considered an issue in this experiment.
4.2.5

Changing the Vinyl Moiety

The possible covalent route for the cross-linkeding was the formation of a diene impurity, as
described in Chapter 3 Section 3.4.4, and previously presented by Grøndahl et al.2 The reaction
as it pertains to this project is shown in Figure 4.3. In their work Grøndahl et al. showed the
147

dienes could form due to the exchange of the vinyl moieties on phosphates while solvated.2
This exchange could occur with the C3 monomer when solvated during the polymerisation in
which case the resulting DMT-dG-PMA-PMA phosphate diene would contain two vinyl
groups, each of which could be incorporated into a separate chain, thereby acting as a crosslinkeding agent.
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To mitigate the formation of the diene, the vinyl containing moiety was changed from HEMA
to 2-hydroxypropyl methacrylate (HPMA). The HPMA structure was similar to that of HEMA,
with the addition of a methyl group converting it from a primary to a secondary alcohol. This
change was hypothesised to minimise the formation of the diene through the decreased
reactivity and steric hindrance provided by the adjacent methyl group.
As a result of the change to HPMA, however, the activator also needed to be changed.
Tetrazole, the activator used in Chapter 3, has been shown in literature to undergo the coupling
more efficiently with primary alcohols; as a result the activator was changed to 4,5dicyanoimidazole (DCI). DCI was chosen as in literature it had been shown to produce higher
coupling yields with sterically hindered phosphoramidite compared to tetrazole.3 This
improvement in yield is explained by the increased nucleophilicity of DCI.3 This allows it to
be regenerated more easily during the coupling step (Figure 4.1).
The oxidation process that follows the coupling phase of the experiment was done in the same
way as described in Chapter 3 since using of HPMA as the vinyl source still prohibited the use
of I2 or pyridine as an oxidant due to the risk of halide addition, as discussed in Chapter 3
Section 3.2.3.2.

4.3 Analysis of DMT-dG-CE-P-PMA Phosphite and Phosphate
The following sections outline the analytical methods used to confirm the synthesis of G2 and
G3 monomers, as described in Chapter 2 Section 2.5.2.1. The methods employed were ESIMS and NMR Spectroscopy using both 1H and 31P variations of the method.
4.3.1

Electrospray Ionisation Mass Spectrometry (ESI-MS)

ESI-MS was used as the primary method for determining the successful synthesis of G2
monomer. This technique was chosen because it can provide an accurate mass measurement
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for all the components within the mixture, which can be compared to the theoretical mass of
the products in our calculations.4 As a result, it also gives a reasonable idea of not only how
pure a sample is (based on what m/z are present) but what impurities might be present.5 ESIMS is less sensitive to impurities compared to other techniques, such as NMR spectroscopy,6
since ESI-MS gives each molecule a dedicated signal despite impurities. For contrast, 1D NMR
spectroscopy maps all chemical environments for a given sample, which then need to be
interrogated to determine the source of each signal.6
Due to the ionisation method used, the G2 and phosphate monomers form adducts with the
cations present, notably H+ and Na+, and with solvent molecules attached through electrostatic
interactions. This is evident as a series of peaks following the molecular ion represent these
adducts on the resulting spectrogram.
To perform the ESI-MS analysis, samples of the G2 monomer were freeze-dried from the DCM
phase prior to evaporation and oxidation. This resulted in the formation of a white powder
which was prepared for ESI-MS at 1 mg/mL in acetonitrile. Measurements were then taken
under positive ion mode; the result is shown in Figure 4.4. The theoretical mass value for G2
monomer was calculated as 882.3 m/z. Following oxidation the DMT-dG-CE-P-PMA
phosphate monomer was calculated theoretically to be 899.3 m/z.
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Figure 4.4 ESI-MS spectrum of the final product showing the following peaks: (a) G2
(molecule shown inset), (b) G2 sodium adduct, (c) G3 monomer sodium adduct, and (d) G3
monomer disodium + acetonitrile adduct.
The ESI-MS spectrum showed the presence of a peak at 883 m/z (Figure 4.4(a)) which was
consistent with the theoretical value of 882.3 m/z for G2 with the H+ adduct. Figure 4.4(b) also
shows the sodium adduct of G2 at 905 m/z, evident from the 23 m/z difference.
A third major peak was also seen at 921 m/z (Figure 4.4(c)). This matched the theoretical value
of 921.3 m/z for the sodium adduct of G3 monomer. It was complemented by the peak at 985
m/z (Figure 4.4(d)) which matched the theoretical value of 985.34 m/z expected for the G3
monomer disodium + acetonitrile adduct.
The presence of these four peaks indicated successful coupling of the HPMA to the G1 starting
material by the substitution of the diisopropylamine group (DIPA). However, the spectrum also
indicated a mixture of G2 and phosphate was produced.
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The G1 starting material, with a theoretical m/z of 839.38, appears as a trace peak in the G2
spectrum (Figure 4.4(e)). This indicated virtually complete conversion during the
phosphoramidite coupling.
In addition to these major peaks, each is shadowed by a series of diminishing peaks of
increasing m/z due to the presence of different isotopes within the molecule.7 For all of the
elements present in the G2 and phosphate monomers, the major isotope for each element is
also the lightest which means that the statistically most common m/z is also the lightest.
4.3.2

Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy analysis was chosen as the secondary analysis method to confirm the
synthesis of the G3 monomer. Firstly, 1H NMR (proton) spectroscopy was used to confirm the
substitution of the diisopropylamine group with HPMA on the phosphorus. Following this 31P
NMR was used to determine the successful conversion of the phosphorus from the P(III)
oxidation state of the G1 starting material to the P(V) oxidation state of DMT-dG-CE
phosphate monomer.
4.3.2.1 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy
Support for successful conjugation of HPMA to the DMT-dG-CE-phosphoramidite was shown
using 1H NMR spectroscopy. Samples were prepared at 5 mg/mL in deuterated acetonitrile
following oxidation and drying. Figure 4.5(i and ii) shows the obtained 1H NMR spectra of the
G1 starting material, and the G3 monomer, respectively.
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Figure 4.5 1H NMR spectra of (i) G1 starting material and (ii) the bioconjugate G3 monomer.
Spectra acquired in deuterated acetonitrile at 400 MHz, with triethylamine residue (TEA).
Full peak attributions can be found in Appendix 2.
The removal of the diisopropylamine group was required for the addition of the HPMA moiety.
If it still appeared in the spectrum of G3 monomer (Figure 4.5(ii)), it would indicate that the
HPMA was only mixed with the G1 (Figure 4.5(i)) and had not been coupled.
The peak attributed to the DIPA moiety was present in the G1 spectrum ((CH3)2CH-N
multiplet, δ = 2.9 ppm, 3JHH=9.9 Hz), but was noticeably diminished in the spectrum for DMTdG-CE-PMA phosphoramidite (Peak a in Figure 4.5) indicating near complete conversion.
This is more clearly shown in Figure 4.6. This splitting of 9.9 Hz is in the expected range for
3

J coupling.
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Figure 4.6 1H NMR spectra region from 3 ppm to 2 ppm showing the G1 (black) and the G3
monomer (blue). Spectra acquired in deuterated acetonitrile at 400 MHz.
The presence of the HPMA moiety was seen as the appearance of peaks at δ = 6 ppm and δ =
5.45 ppm (Figure 4.5(peaks b and c)). These peaks (expanded in Figure 4.7(peaks a and b),
were attributed to the cis and trans protons on the alkene group respectively. Both of these
peaks appear to show asymmetric splitting, 2Jab=13.4 Hz and 2Jba=12.4 Hz, however this was
due to the different isomers formed at the secondary alcohol (Figure 4.7 (inset, arrow)).
The additional peak shown in this region, at 6.2 ppm, was caused by the 1′ proton on the
deoxyribose ring. In both samples the main coupling was to the 2′ protons, causing the distinct
triplet (3J1′2′=12 Hz). The G1 showed additional splitting (4J1′3′=1.8 Hz) which was not present
in the G3 monomer sample and was therefore hypothesised to be due to the conformation of
the HPMA moiety reducing the coupling below the resolution of the NMR spectrometer.
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Figure 4.7 1H NMR of the 6.3 ppm to 5.3 ppm region for G1 (black) G3 (blue). Spectra
acquired in deuterated acetonitrile at 400 MHz.
4.3.2.2 Phosphorous Nuclear Magnetic Resonance (31P-NMR) Spectroscopy
Confirmation of the phosphorus oxidation from the P(III) state of G1 to the P(V) oxidation
state of G3 was achieved using solution 31P NMR spectroscopy.
In this case, the P(III) oxidation state significantly deshields the phosphorus, leading to the
peaks being considerably downfield of those associated with the P(V) state for all phosphate
compounds. As a result, the oxidation of the phosphorus leads to an upfield shift of ~120
ppm.8,9 This can be seen in Figure 4.8 as the difference in peak location between (i) and (ii).

155

Figure 4.8 31P NMR spectra of (i) G1 starting material and (ii) G3 monomer with (inset) the 6
ppm to 1 ppm region. Spectra acquired in deuterated acetonitrile at 400 MHz.
This result showed a peak at δ = 148 ppm (multiplet 3JPH=21.86 (Figure 4.8(i)), associated with
the P(III) oxidation state of the G1. This splitting was caused by the 3JPH heteronuclear coupling
with the protons on the cyanoethyl, DIPA, and nucleoside.
The G3 monomer does not show this peak, indicating the complete conversion of the
phosphoramidite. The peaks present are a pair of split peaks at δ = 0 ppm and δ = 4 ppm,
centred on δ = 2 ppm (Figure 4.8(ii)).10 These are associated with the chiral states of the
phosphate that were formed following the oxidation from the deshielded P(III) state to the
shielded P(V) state of the phosphate. The chiral centre of note is the phosphate itself and the
proton on the oxypropyl group (Figure 4.8(ii, inset a)).
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These results from the 1H and

31

P NMR spectroscopy analysis show that the G1 has been

converted to a phosphate, and that the HPMA has been incorporated. The splitting and shifts
present in these spectra support the conclusion that the G3 monomer has been synthesised. This
further supports the results of the ESI-MS analysis discussed in Section 4.3.1, showing the
successful synthesis of the G3 monomer.

4.4 Polymerisation of G3 monomer
Following the synthesis of G3 monomer, it was polymerised using the same RAFT method as
the HEMA variant discussed in Chapter 3. Polymerisation included the use of
azobisisobutyronitrile (AIBN) as the initiator, and 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid N-succinimidyl ester (NHS-RAFT) as the RAFT mediator. This polymerisation
resulted in the formation of poly(2-(5′-dimethoxytrityl-N-isobutyryl-2′-deoxyguanosinemonophosphate)oxypropyl methacrylate), or G4, as shown in Figure 4.9.
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Figure 4.9 Polymerisation of G3 monomer showing the starting vinyl group (red) converted
to the alkyl group (green) and the incorporation of the NHS-RAFT agent (purple).
As discussed in Chapter 3 Section 3.4, the three components necessary for the synthesis of the
polymer by RAFT mediated polymerisation were the initiator used to begin the polymerisation,
namely AIBN, the monomer which forms the bulk of the polymer (G3 monomer), and the
RAFT mediator which helps to control the polymer synthesis (NHS-RAFT).
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4.4.1

Preliminary Testing for RAFT Polymerisation of G3 Monomer

Following selection of the NHS-RAFT agent, the polymerisation was tested to determine if the
G3 monomer was able to undergo RAFT mediated polymerisation without forming a gel. To
do this, the polymerisation was conducted with a relatively high concentration of the initiator
and RAFT agent compared to the monomer, specifically a molar ratio of 20:4:1 monomer:
RAFT agent: initiator.
The G4 was isolated from solution using a phase extraction with water, resulting in a white
precipitate. The mixture was then centrifuged and the solid G4 collected. It is worth noting that
the G4 synthesised in acetonitrile often separated from solution as the reaction cooled down,
and formed a second phase with high viscosity, approaching the properties of a gel. This
phenomenon was presumably caused by the decrease in solubility of higher Mw G4 in the
acetonitrile as the polymerisation progressed.
This G4 was unlike the C4 gel described in Chapter 3. The G4 was able to be dispersed in THF
where the C4 gel previously described in Chapter 3 only had only swelled in the same solvent
solvent. Further, when exposed to water the G4 instead precipitated to a loose white powder,
where the C4 gel had absorbed the water.
To determine the Mw and Đ of the G4, the sample was analysed by SEC. Due to the
compatibility of the available columns, the G4 sample was first freeze-dried to remove excess
acetonitrile and washed again with water, then freeze-dried a second time to remove any
residual solvents. The resulting G4 powder was solvated in THF at 1 mg/mL and measured
using SEC with a refractive index (RI) detector and polystyrene standards, Figure 4.10 and
Table 4.1.
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Figure 4.10 (i) Photo showing the phase separation of G4 upon cooling of the polymerisation
mixture, and (ii) DRI chromatogram and results of the 24 h polymerisation of G4, showing
the formation of a polymer, 6750 Da. at 27.5 min attributed to the G4. Additional peaks at 31
min is attributed to the monomer and 32.5 min to DMT residue in solution.
Table 4.1: Results of polymerisation of G3 monomer over 24 h.
24 h Polymerisation
Mn
5090 Da
Mw
6060 Da
MP
6750 Da
DP
7.08 units
Đ
1.12

The SEC result showed a Mw of 6060 Da indicating a DP of 7 (Figure 4.11) and thus essentially
an oligomer. This was determined by subtracting the Mw of the NHS-RAFT unit (376.45 Da)
and dividing the remaining Mw by the Mw of the G3 monomer (882 g/mol). This increase in
molecular weight showed that the G3 monomer had undergone radical polymerisation. The DP
is higher than that expected based on the starting molar ration of 5:1 monomer: CTA, which
would give a theoretical maximum DP of 5. This could be caused by a number of factors. Most
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apparent is that the PMMA standards used for SEC are not a perfect analogue to the G4 as
there may be a difference in solubility or the formation of aggregates that causes them to
migrate faster through the column. Based on this alone the DP and Mw can not be accurately
determined.
For the G4 the Đ of 1.1 found showed that the polymers were relatively uniform in length
compared to a non-mediated polymerisation. There is sufficient data to suggest that the
polymerisation has proceeded under RAFT mediation as the reported low Đ is consistent with
the standard bounds of Đ<1.2.11 This was calculated within the processing software based on
the formulas shown in Chapter 1, Section 1.5.2.
The peaks at 31 minutes (880 Da) and 32.5 minutes (303 Da) were determined to be residual
monomer monomer and DMT respectively. This indicates the incomplete conversion of the
monomer which is not ideal, a more complete analysis of the maximum attainable Mw for the
monomer is presented in Section 4.5.2. Importantly there is a large peak attributed to the
presence of free DMT in solution indication the partial degradation of the monomer or polymer.
As this is the removal of a protecting group, just earlier than anticipated in the procedure, it
was not considered an impedance in the continuation of the project.
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Figure 4.11 Structure of the G4 heptamer. Note that following polymerisation it has not been
treated in a way that would remove the NHS protecting group.
4.4.2

Confirmation of polymerisation of DMT-dG-CE-P-PMA Phosphate by 1H NMR

Confirmation of the polymerisation of G3 to the G5 was conducted using 1H NMR
spectroscopy in deuterated acetonitrile resulting in the spectra shown in Figure 4.12.

Figure 4.12 1H NMR spectra of G4 in deuterated acetonitrile with majority noted peak
allocation indicating (a) polymerisation, (b) nucleobase retention and, (c) the ribose
connection between them. Spectra acquired in deuterated acetonitrile at 400 MHz.
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Polymerisation was observed as the disappearance of the vinyl peak at δ= 5.6 ppm associated
with the alkene group that is converted into the alkyl backbone during the polymerisation. This
then creates a broad shoulder peak at approximately 1 ppm from the polymer backbone (Figure
4.12(a)).The peak associated with the C8 proton on the guanine nucleobase is present at 7.8
ppm (Figure 4.12(b)) indicating that the nucleobase has been retained with the polymer.
Confirmation that the nucleobase remains attached to the polymer through the ribose is shown
by the presence of the broad peak at δ= 5.1 ppm from the proton on the C2 carbon of the ribose
unit (Figure 4.12(c)).
The general broadening of peaks across the spectrum suggests that a polymer has been formed,
as this behaviour is indicative of the multiple similar chemical states caused by each repeating
unit. This further supports the conversion and synthesis of a polymer under these conditions.
4.4.3

Solvent Effect on Polymerisation of G3 Monomer

Following successful polymerisation of the G3 monomer in acetonitrile, the polymerisation
was tested in dimethylformamide (DMF) to investigate what effect the solvent had on the
polymerisation. This was done to determine if further polymerisations should be conducted in
a different solvent.
This effect of the solvent on the rate and conversion of the polymerisation can come from the
solvent affecting the energy required for propagation which leads to differences in the rate
constant as a result. Working out the specific reaction values was beyond the scope of this
thesis, but determining what effect the solvent had qualitatively was a necessity.
To determine the solvent effect on polymerisation, the polymerisation of G3 with NHS-RAFT
and AIBN was prepared for both solvents (acetonitrile and DMF) and run concurrently. For
these polymerisations two samples of 0.1 g G3 monomer with NHS-RAFT and AIBN at a
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molar ratio of 100:1:0.3 were prepared and solvated in 10 mL of either dry DMF or dry
acetonitrile.
The resulting mixtures were degassed with dry N2, followed by heating to 70 °C for 2 h under
inert atmosphere. This 2 h period was shorter than the test polymerisation shown previously in
Section 4.4.1, for two reasons. Firstly, it introduced a second piece of evidence to further show
the compatibility of the NHS-RAFT to provide mediation under different conditions. If the
RAFT mediation of the polymerisation was effective, then it should be effective over differing
time scales.
Secondly, by using a shorter time period for the polymerisation, any effects of the phase
separation (seen in Figure 4.10(i)) would be less likely to affect the result. If the longer polymer
chains decreased in solubility, it would affect the rate of the polymerisation as this process
would effectively remove them from the reaction. By decreasing the polymerisation time the
polymer synthesised would have a lower Mw resulting in better solubility and preventing this
influence.
During this time there was a slight change in colour of the DMF sample, losing the pink hue
associated with the NHS-RAFT agent, Figure 4.13. This yellowing can be attributed to the
presence of free amines in the DMF that can cleave the RAFT agent. Following the 2 h period,
the polymerisation was thermally quenched by placing it into liquid nitrogen, before exposing
it to air.
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Figure 4.13 Difference in solution hue of the G5 reaction mixture with (i) DMF and, (ii)
acetonitrile as solvent after 2 h.
To analyse the polymerisation, the samples were dried by evaporation at ambient temperature
with compressed air to remove residual solvent. The samples were then solvated in THF at 1
mg/mL for analysis by SEC, Figure 4.14. Freeze-drying was not an option as the sample
synthesised in DMF was incompatible with the equipment available. The results are shown in
Table 4.2.
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Figure 4.12 DRI chromatograms of G4 polymerised for 2 h using either (i) acetonitrile, or (ii)
dimethylformamide as the solvent. Numbers shown indicate the Mw at maximum.
Table 4.2: Results of polymerisation in different solvents over 2 h.
Mw (Da)
DP (units)
Đ

Acetonitrile
4054
4.6
1.12

Dimethylformamide
5003
5.7
1.14

The DRI chromatogram showed that the 2 h polymerisation in DMF resulted in a higher
measured molecular weight (5033 Da) compared to that achieved with acetonitrile (4054 Da)
over the same 2 h period. As with the previous sample the Mw reported can not be considered
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accurate but does still allow for conclusions to be drawn on the relative rate of reaction. The
higher Mw represents that roughly one additional G3 monomer unit had been incorporated per
chain. As the polymerisation was conducted over the same period, this suggested that the DMF
increased the rate of polymerisation.
Comparing the two polymerisations, there was also a change in the Đ. DMF showed a slightly
higher Đ = 1.14 compared to the Đ = 1.12 for acetonitrile. The difference in Đ between the two
solvents was small. In practice, it showed that the NHS-RAFT was roughly as effective at
mediating the polymerisation when solvated in DMF as compared to acetonitrile. The
experiment was conducted once, so there is no reported error, and the method for measuring
the Đ is subjective, so this result did not provide a distinction between the two solvents. Due
to the DMT-dG-CE-P-PMA phosphate monomer being prepared in acetonitrile, the decision
was made to use acetonitrile as the solvent for further polymerisations as it was at this point a
known value in the reaction procedure and the impact of a single addition was considered minor
at the cost of possible degradation.

4.5 Kinetics for the Polymerisation of G3 Monomer
The two methods for measuring the rate of polymerisation considered for this project were insitu and ex-situ measurements.
In-situ measurements have the benefit of being able to measure the direct conversion of
monomer to polymer by the change in NMR spectrum peak intensity of specific groups. In this
project it was the conversion of the monomer’s alkene group to the polymer’s alkane as the
polymerisation progresses. This allows direct measurement of the conversion rate and degree
of polymerisation but does not give insight to the mass properties on an individual strand basis,
i.e., the method describes how much monomer was converted but not the Đ or the Mw of the
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product. These values were collected following completion of the polymerisation using SEC,
following the same method as used in Section 4.4.2.
Ex-situ measurements require removal of a fraction of the mixture as a sample to study at
specific time increments during the reaction. Due to the removal of solution the number of
samples that can be measured was limited by the volume of solution. Further, under normal
laboratory conditions, there was a high risk of contamination by air due to repeated interactions
with the solution, however, such risk can be minimised with the use of a glove box or similar
isolation equipment. For this thesis ex-situ samples were collected using the automated
Chemspeed SWING robotic synthesis platform based at CSIRO Clayton, Victoria, Australia.
The Chemspeed SWING robotic synthesis platform is an automated system that operates under
a dry nitrogen atmosphere and can collect samples automatically using a syringe pump. The
machine is shown, and procedure described, in Chapter 2, Section 1.5.2.3.2.
4.5.1

In-situ

1

H Nuclear Magnetic Resonance (NMR) Spectroscopy Kinetic

Measurements
The kinetics of the polymerisation were measured in-situ using an NMR spectrometer by pinch
sealing the reaction solution in glass NMR tubes, which had been previously backfilled with
nitrogen. The benefit of this method was that the number of data points was only limited by the
time it took for each individual measurement to be made (2.5 min), as the total volume of
solvent (1 mL) was maintained throughout the reaction. In principle, this method allowed for
more consistent analysis because once the reaction was sealed it could not be contaminated.
This seal prevented oxygen or water entering the system and quenching the reaction, as is a
risk with ex-situ measurements.
The disadvantage to using NMR spectroscopy as a method for measuring the kinetics of
polymerisation was the need of a deuterated solvent, which meant that any significant scale of
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polymerisation became prohibitively expensive. Further, deuterated solvents can influence the
kinetics of a reaction of this type through the difference in the stabilisation of the radical
intermediate created during the propagation phase of the polymerisation, changing the chiral
preference of subsequent monomer additions.12
Samples for the NMR in-situ spectra kinetics measurements were first prepared by dissolving
the G3 monomer (1 g) into deuterated acetonitrile (6 mL) with NHS-RAFT (60 mg) and AIBN
(8.5 mg) for a molar ratio of 20:4:1, replicating the ratio used in Section 4.1. This volume was
then degassed with dry N2 and divided into 5 sealed NMR tubes under inert atmosphere. In
order to do this, 2 syringes were sealed into the end of the NMR tube by melting the glass and
pinching it closed. The syringe-modified NMR tube was then purged with N2 for 10 min to
ensure there was no oxygen remaining. The polymerisation mixture (1 mL) was then added to
the tube and the other end of the tube was sealed by melting and pinching it shut with pliers,
fusing the glass.
The sample compartment within the NMR instrument was then heated to 70 °C while
containing a ceramic spinner and one of the five samples of the polymerisation mixture,
denoted as the "locking sample". This locking sample was used to maintain the NMR phase
lock as the instrument was heated. This was needed as the heating of the solvent affects the
shift, which can result in the instrument failing to achieve a successful lock. If this lock was
not obtained the samples would not be comparable.
The heating was completed in 10 °C increments, with a 15 min hold time to equilibrate at each
temperature increment. This procedure was required to ensure the non-magnetic alloys used in
the NMR probe were not damaged by sudden temperature change. Locking and shimming was
also conducted at each of the equilibration points to ensure that the instrument auto-lock and
shim could account for the effects of higher temperature on the chemical shift.
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When the temperature had equilibrated at 70 °C, the locking sample was removed and replaced
with the sample of G3 monomer polymerisation mixture to be analysed. A series of 1H NMR
spectra were acquired using 16 scans. This process required 2.5 min per time increment, with
a 10 min delay between each set of the scans, resulting in the time separation of 12.5 min
between each data point. This process was then repeated a total of 4 times, the fifth sample
having been used as the locking sample.
When taking in-situ measurements the conversion would normally be measured by
comparing the decrease in the integration of the alkene peak associated with the G3 monomer
at 5.4 ppm (Figure 4.7(b)) with the appearance of the peak associated with the polymer at 1.2
ppm. However, in the case of the G4 an additional peak at 1.8 ppm associated with the
formation of the alkyl backbone overlaps with the signals from the nucleotide moiety.
The increased temperature appeared to affect the lock and shim enough that it caused a
downfield shift of the 5.4 ppm peak associated with the alkene to 5.6 ppm. As a result, a method
was developed to measure the decrease in the integration of the vinyl peak at 5.6 ppm (shown
in Figure 4.7(b)).13
To measure the conversion the integration of the 5.6 ppm peak was measured over time (Figure
4.13(i)). To do this the ratio of this peak had to be normalised to the 3.1 ppm peak associated
with the triethylamine residue from the isolation of the G3 monomer. The integration ratio of
the 5.6 ppm vinyl peak was then plotted against time to determine the kinetics of the
polymerisation Figure 4.15.
Over the first 3 time points (37.5 min) there was a steep upward trend. Based on prior literature
this represented the rapid decomposition of the AIBN initiator and its first addition to the G3
monomer.14

169

Following the first addition there was a plateau until 100 min. This was attributed to the first
addition of the G3 monomer reacting preferentially with the NHS-RAFT, rather than
propagating with other monomers in solution. This created the macro-RAFT agent, as shown
in Figure 4.16(inset). This phenomenon has been previously discussed in Chapter 1, Section
1.5.4.
Following this, from 147.5 min there was a linear trend during the propagation phase of the
reaction. Here, the macro-RAFT agent reacts with the G3 in solution, incorporating it into the
propagating chains through addition to the alkene group. This causes the decrease in the alkene
concentration as it was converted to the alkyl backbone of the polymer. The mechanism for
this process is shown in Chapter 1, Section 1.6.
Over the 4 runs the results showed a low level of variance (indicated by the consistent error
bars) and linear growth over the remainder of the 850 min period, indicating that the
polymerisation was progressing under RAFT mediation.

170

Figure 4.15 (i) Waterfall graph showing the decrease in magnitude of the 5.6 ppm peak
associated with the vinyl proton as the polymerisation of G3 with stacked spectrums (inset)
and, (ii) kinetic measurements of the conversion of G3 monomer, calculated using the peak
ratio of the 5.6 ppm peak associated with the vinyl proton (blue) average of 4 samples. Linear
fit from 147.5 minutes shown in red. Spectra acquired in deuterated acetonitrile at 400 MHz.
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Figure 4.16 Stages in the first addition during the RAFT polymerisation of G3 monomer
through the stages of initiation, addition, and fragmentation. This process is reversible as the
radical group created by the transferred chain can recombine with the dormant chain, the one
not containing the radical. The transfer of the thiol to the propagating chain generates the
macro-RAFT agent.
4.5.2

Ex-situ Kinetics Determined by Size Exclusion Chromatography.

For the ex-situ kinetic measurements, the experiments were conducted on a Chemspeed
SWING robotic synthesis platform, shown in more detail in Chapter 2, Section 2.5.2.3.2. This
is an automated system used for running arrays of experiments simultaneously and is typically
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used for formulation variations. For measuring the polymerisation of G3 monomer it allowed
for the reaction to be run both in triplicate and simultaneously.
The Chemspeed system was required for ex-situ measurements as the inert atmosphere could
not be maintained using the conventional lab setup. When the polymerisation was conducted
using manual syringing with positive N2 pressure only the first sample could be consistently
acquired. Following this the reaction solution would turn dark brown to black as if burning.
Potentially this could be overcome using an alternative methodology, but as the Chemspeed
was available and able to perform more consistently it was chosen instead.
To measure the polymerisation, G3 monomer was prepared with the NHS-RAFT and AIBN in
a molar ratio of 100:1:0.25 in acetonitrile. This ratio was substantially higher in monomer than
that used for the in-situ kinetics, discussed in Section 4.5.1. The choice to use this ratio was
made so that the automated system could determine if there was maximum molecular weight
achievable with acetonitrile as the solvent. By testing with acetonitrile this would indicate if
the solvent limited not only the rate, as discussed in Section 4.4.1, but the Mw achievable.
Based on the molar ratio 100:1:0.25 of G3 monomer: NHS-RAFT: AIBN, the calculated
maximum Mw for the resulting polymers was 78 kDa. This is provided by Equation 4.1 and
based on full conversion of the monomer into polymer, complete reaction with the RAFT agent,
and complete decomposition of the initiator.
Equation 4.1
The G3 monomer samples were polymerised in triplicate at 70 °C with 1 mL samples collected
at each time point. Following the collection of all time points, the 1 mL G4 samples were
freeze-dried for 24 h until the pressure equilibrated at 0.019 mbar. The G4 samples were then
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solvated in 1.5 mL DMF each and analysed using SEC against PMMA standards. The results
of these measurements were then collected and plotted, as shown in Figure 4.17.

Figure 4.17 (i) Mw of G4 (square) and the corresponding Đ (diamond) over time calculated
from SEC and, (ii) example DRI chromatogram for the 240 min sample of G4. Further
example DRI chromatograms can be found in Appendix 3.
These results showed that initially there was a noticeable increase in Mw between 0 and 240
min as the polymerisation progressed. Following the initial increase achieving a maximum Mw
of 40 kDa, equivalent to a DP of 43, there was an 18% decrease in Mw over the subsequent 360
minutes. This indicates that the polymerisation had stopped and that the product may have been
undergoing thermal degradation, likely partial deprotection of some repeating units based on
the results presented in section 4.4.1.
Over the first hour of polymerisation the Đ appears to remain below the threshold for RAFT
polymerisation to be controlled (Đ < 1.2) and the MW has increased above that seen in Section
4.4.1. Following this time however the Đ begins climes to over 1.5. The change in Đ over time
indicates that there is a loss of control for the polymerisation, potentially caused by the change
in solubility of the polymer inhibiting the ability for the chain addition step based on other
results. Further, the increased variance in the Đ at 300 minutes and 480 minutes matched the
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increased variance in the Mw at these time points, further supporting the partial decomposition
of the polymer. As the SEC indicated the conversion of Mw and not Mn
These observations suggested that the maximum Mw achievable by this method was a DP of
43. Combined with the results of the bulk polymerisation, being able to reach higher molecular
weights will likely require further optimisation of the solvent system, either adjusting
concentration or changing the solvent entirely, which could in turn need the RAFT agent and
possibly initiator to be altered.

4.6 Activation of the Guanine Nucleobase in G4
Following the successful synthesis of G4, the activation of the nucleobase functionality was
required to investigate the binding properties of the nucleobase. This was done through the two
step process: deprotection and detritylation.
The proper, deprotection, removes the cyanoethyl group from the phosphate and the isobutyryl
from the guanine. The latter, detritylation, removes the dimethoxytrityl protection from the 5′
hydroxyl on the ribose. Completion of these steps results in poly(2- (2′-deoxyguanosine
monophosphate)- methacrylate), or G6; the process is summarised in Figure 4.18.
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CE protecting groups shown in red and, (ii) detritylation removing the groups shown in
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4.6.1

Deprotection

Deprotection of the polymer refers to the removal the cyanoethyl protecting group from G4
generating acrylonitrile (shown in Figure 4.19(i)) and the removal of the isobutyryl protection
from the guanine (Figure 4.19(ii)). The deprotection was performed by treating G4 with a gross
excess of 30% ammonia at 50 °C. This high concentration of ammonia was important as lower
concentrations result in incomplete deprotection. The reaction was monitored by the solvation
of the polymer in the aqueous media. As the G4 was deprotected the formation of the phosphate
significantly changes the solubility as it is able to form the phosphate anion. For low molecular
weights the G5 was completely solvated; for higher Mw the solution formed a white suspension,
shown in Figure 4.19(iii).
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Figure 4.19 (i) Mechanism for the removal of the cyanoethyl protecting group by ammonia
resulting in acrylonitrile and G5 and (ii) mechanism for the removal of isobutyryl protection
from guanine using ammonia (iii) the white colloidal suspension of G5 generated.
4.6.2

Detritylation

Detritylation is the removal of the dimethoxytrityl (DMT) protecting group from the 5’ carbon,
generating the hydroxyl moiety. This step was conducted with addition of glacial acetic acid
and resulted in bright orange solution, as shown in Figure 4.20(i and ii). The benefit of using
this method was that it also removed any remaining protection from the nucleobase in the form
of dimethylformamide. The choice of acetic acid was made as it was easier and safer to work
with than trichloroacetic acid (TCA) that would have given similar results otherwise. TCA has
been used in literature because the detritylation process is typically carried out between
phosphoramidite additions during DNA synthesis. The anhydrous conditions for detritylation
required the use of a dry solvent, normally acetonitrile. As a result of the detritylation being
conducted following complete synthesis, rather than between cycles, exposure to water was
not an issue as the presence of water does not pose a risk to further reactions in this case. The
mechanism for the removal of the DMT group is shown in Figure 4.20(iii)
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Figure 4.20 The orange colour produced as a result of the acetic acid addition to the G5 from
(i) immediately after addition to (ii) 5 min after addition with (iii) the mechanism for this
conversion.
Exposure to acetic acid during the detritylation step also results in the removal of the NHS
protecting group from the NHS-RAFT unit of the polymer and converting it into the pentatonic
acid.
4.6.2.1 Neutralisation Agents
At this stage of the experiment the G6 was solvated at pH <3 as a result of the acetic acid used
during the detritylation. The solution therefore needed to be neutralised to ensure that the
guanine was not cleaved.
To perform the neutralisation the G6 solution was treated with an acetate counter ion which
was provided in the form of either sodium or lithium acetate. The addition of the acetate caused
a loss of colour as the orange DMT cation was converted to dimethoxytrityl acetate, a
colourless compound.
4.6.3

Isolation

Isolation of G6 was performed to remove residual monomer and salts during the deprotection
and detritylation phases. To achieve this, the G6 mixture following detritylation was
precipitated into propan-2-ol and chilled to -20 °C for 14 h. This method for desalting was
chosen based on the literature for isolation of DNA synthesised using similar approaches.
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Under these conditions DNA has been shown to precipitate at most Mw and even lower
concentrations where ethanol is ineffective. In this work however, early instances where
sodium acetate had been used in the detritylation step no precipitate formed. Instead the
solution turned slightly opaque. Further investigation of this solution and its subsequent
characterisation is presented and discussed in more depth in Chapter 5. The result was that the
colloid was attributed to the formation of G-quartets, discussed in Chapter 1, Section 1.2.5.1,
with the sodium cation.
To overcome this lithium acetate was used resulting in the polymerisation and isolation of G6
from any residual monomer by centrifugation. The G6 was then repeatedly washed with pure
water to complete the desalting (removal of acetate and excess lithium). Final isolation of the
polymer was achieved by drying the precipitate, which resulted in a solid white compound.
At this point it was found that the G6 was limited in that it was insoluble in water, requiring
the addition of propan-2-ol as a cosolvent. Polymers at all Mw tested appeared to be soluble in
10:1 water: propan-2-ol v/v, with the solutions appearing cloudy at other ratios tested. A test
with acetic acid showed that it could allow for the solvation of the polymer without a secondary
solvent, but the concentration of acetic required acid and the subsequent pH may damage the
polymer so no further work was conducted to improve its solubility.
4.6.4

Confirmation of Nucleobase Activation

Confirmation of the conversion of G4 (Figure 4.21(i)) to the G6 (Figure 4.21(ii)) was
conducted using 1H NMR spectroscopy in deuterated dimethyl sulfoxide. Due to the low
solubility of the polymer, the spectrum showed low signal-to-noise. However, it can be noted
that the spectrum was simpler following deprotection compared to the G4 suggesting that the
polymer has now had bulky moieties removed resulting in fewer proton signals.
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The removal of the DMT and CE protecting groups resulted in a change in solvent
compatibility between the G4 and G6. As a result the G4 was collected in deuterated
acetonitrile, while G6 had to be collected in deuterated DMSO. This had a small effect on the
proton chemical shift. It is notable that while both of these spectra were recorded under the
same conditions the signal to noise ratio is significantly higher for the G6 which is attributed
to the low solubility.

Figure 4.21 1H NMR spectra of (i) G4 in deuterated acetonitrile and (ii) G6 in deuterated
DMSO. Spectra acquired in deuterated acetonitrile at 400 MHz.
The removal of the aromatic DMT groups caused the methacrylic backbone peaks to be upshifted in the G6 sample compared to the protected G4. As a result, the methyl peak from the
alkyl backbone was observed at approximately δ = 0.4 ppm (Figure 4.22(ii, peak d)) and the
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two ethylene protons were now observed at approximately δ = 0.6 ppm (Figure 4.22(ii, peak
e)). The propyl linkage between the phosphate and the methacrylic backbone was seen as a
series of peaks around δ = 1.7 ppm (Figure 4.20(ii, peak f)).
The activated guanosine units were observed as the appearance of peaks from the ribose and
guanine. For the ribose, peaks were observed at δ = 5.2 ppm (C5′–OH) and δ = 5.4 ppm (H-2′)
(Figure 4.22(ii, peaks g and h respectively)). Finally, for guanine, peaks were observed at δ =
6.7 ppm (NH2), δ = 9.6 ppm (H-8) and δ = 11.5 ppm (NH) (Figure 4.22(ii, peaks i, j and k
respectively)). These results confirmed the presence of the guanosine monophosphate
nucleotides on the propyl methacrylate backbone.

4.7 Conclusion.
This chapter showed the successful use of HPMA as a vinyl source in the generation of the
vinyl functionalised nucleotide, G3 monomer, using the phosphoramidite coupling method
previously described in Chapter 3.
The polymerisation of the G3 monomer using the RAFT polymerisation method resulted in
polymers of low dispersity (Đ<1.2) indicating that the RAFT method was successful. This was
further reinforced through the use of different conditions and reagent ratios of monomer: RAFT
agent: initiator where the dispersity remained below the 1.2 threshold. This indicated the NHSRAFT agent was able to mediate the polymerisation in acetonitrile. This resulted in a protected
G4 polymer.
Activation of the guanine moiety was achieved using similar deprotection procedures to
synthetic DNA and resulted in the activated G6 polymer. However this polymer formed a
colloid which is investigated further in the following Chapter 5.
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5 Chapter 5: Formation of G-quartets Utilising

Nucleotide Functionalised Synthetic Polymers

5.1 Synopsis
This chapter outlines the characterisation of
poly(2-(2′-deoxyguanosinemonophosphate)oxypropyl methacrylate), referred
to as poly(dG-P-PMA), colloidal solutions
following their synthesis as presented in Chapter 4.
The poly(dG-P-PMA) colloid was found to form as
a result of sodium acetate being present, indicating
the formation of G-quartet based secondary
structures, as determined by circular dichroism and
melting studies.
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5.2 Introduction
This chapter builds on some of the results described in Chapter 4. Specifically the formation
of

a

colloidal

solution

from

poly(2-(2′-deoxyguanosine-monophosphate)oxypropyl

methacrylate) (G6) following isolation. This G6 colloid formed during the desalting procedure
discussed in Chapter 4 Section 4.6.3, and was attributed to the presence of sodium acetate
(NaOAc) during the isolation.
The investigation of the G6 colloid and its properties forms the basis for this chapter. First the
specific characterisation of the G6 samples that formed the colloid will be presented, followed
by an investigation of causes for the colloid forming. This will include the effect of different
salts, lithium acetate (LiOAc), NaOAc and potassium acetate (KOAc), as they relate to the
secondary structures of G6.
The nature of the G6 suspension was determined using scanning electron microscopy (SEM)
and dynamic light scattering (DLS). This determined that the colloid led to the formation of
spherical particles in solution, and that the formation of these particles was solvent dependant.
This led to the hypothesis that G-quartets were influencing the formation of the particles. The
formation of secondary structures within nucleic acids was not a new phenomenon. The DNA
double helix was most notable of these but others, such as the i-motif and G-quadruplex
discussed in Chapter 1 Section 1.2.5, have been shown to form in both natural and synthetic
systems.1–3 Based on this hypothesis, experiments were conducted using circular dichroism
(CD) spectroscopy, fluorescence microscopy and melting behaviour of the G6 to determine if
G-quartets were the cause of particle formation.
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5.2.1

Size Exclusion Chromatography (SEC) of G6

The G6 samples used in this chapter were all derived from the same batch of synthesised G4.
This batch was synthesised using the method presented in Chapter 2, Section 2.4.2.2. Prior to
deprotection and detritylation SEC showed that this batch of G4 was a hexamer, a polymer 6
units in length, shown in Figure 5.1.

Figure 5.1 DRI chromatogram of G4 hexamer prior to deprotection, with specific results
inset. Note, the large peaks at 30.5 min and 32 min were attributed to cleaved DMT and
residual monomer, respectively, based on their elution time and the corresponding Mw.
Following deprotection and detritylation (Figure 4.17 and 4.18, respectively), the G6 was again
analysed with SEC using a 10 mM TRIS-HCl (trisaminomethane/hydrochloric acid) aqueous
buffer to account for the change in solubility caused by the removal of the dimethoxytrityl
(DMT) protecting group, at a loading of 1 mg/mL. The mass of the G6 was found to have
increased significantly. This elution time exceeded the calibration and measurement
capabilities of the SEC columns available at the time.
SEC works based on the same separation principle as any chromatography technique, differing
affinity to either the mobile phase solvent or stationary phase column causes different
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compounds to separate. In the case of SEC this is due to the porosity of the stationary phase in
the column and the hydrodynamic diameter and solvent dimensions of the analyte, in this case
the polymer. A smaller diameter leads to greater binding and therefore a longer elution time
indicates a lower Mw. The rapid elution of the G6 sample therefore showed that the Mw of the
samples was higher following deprotection. An increase in Mw from the removal of the
protecting groups did not appear to make sense, as similar methods are used in the synthesis of
ssDNA to near quantitative levels. The more likely possibility was that the polymer had formed
a larger secondary structure.
This was hypothesised to be due to the secondary interactions of the G6 causing the formation
of larger structures. These larger structures could simulate the effect of a higher mass polymer,
preventing the binding to the column which prevents the technique from being effective. This
supported the hypothesis that G6 was forming particles in solution. Due to this being a
homopolymers it was not going to be the result of a canonical duplex forming between the
nucleobases.

5.3 Formation of G6 Particles
The formation of the colloidal G6 occurred following the detritylation of the G5. For the
detritylation procedure the G5 was treated with an excess of with acetic acid, and subsequently
neutralised with sodium acetate.
In practice most Brønsted-Lowry acids of high pKa would have worked. In literature
trichloroacetic acid in dry DCM was typically used as it maintain the anhydrous conditions
required for the next coupling stage in the DNA synthesis. As the G6 synthesis was now
completed the presence of water was not an issue, allowing for the use of acetic acid instead.
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This also minimises the risk of depurination occurring due the higher pKa for acetic acid (4.76
compared to the 0.51 of trichloroacetic acid).
As the detritylation reaction requires a low pH simply using a stoichiometric (1:1) ratio of
repeating unit to acetic acid would have resulted in incomplete deprotection.4 Following
exposure to acid the G6 required neutralisation to prevent acid catalysed degradation of the
nucleotide moiety of the G6. This resulted in an aqueous solution containing sodium salts that
were normally removed through column extraction, precipitation, or filtration.5,6
Due to the novel structure of G6, phase extraction was chosen as the isolation method as it
would require less workup than other methods. This method of isolation was consistent with
those used for the isolation of short chain oligonucleotides and DNA by precipitation.7,8
Isolation of nucleic acids with salt precipitation works by screening the charge on the phosphate
allowing it to aggregate in solution.9
The process for the desalting of G6 was to precipitate it into propan-2-ol in a ratio of 5:1 (v/v)
propan-2-ol:water (Chapter 2, Section 2.4.2.4). Instead of precipitating the G6 formed a cloudy
white suspension, shown in Figure 5.2(a). This G6 suspension resisted separation using
centrifugation and remained suspended following 2 weeks at -10 °C.
At this point it was determined that potentially the addition of a vinyl moiety may have changed
the solubility of the G6 significantly compared to DNA. In an attempt to reverse the formation
of the colloid and solvate the G6, a fraction of the 5:1 suspension was added to enough MilliQ
water to invert the ratio to 1:15 (v/v) propan-2-ol:water, Figure 5.2(b). This dispersion also
remained as a suspension for the 2 weeks at -10 °C. Following drying and resolvation of the
samples 100% water and propan-2-ol solutions resulted in a similar appearance though could
be centrifuged.
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Figure 5.2 Sample of G6 following deprotection and detritylation as isolated using NaOAc in
propan-2-ol:water (a) 5:1 and (b) 1:15 (v/v).
From the stability of the G6 samples in solution it was hypothesised that surface charged
particles had formed, and that this surface charge prevented the aggregation required for
precipitation. The oxypropyl methacrylate moiety (Figure 5.(red)) was known to be insoluble
in water and propan-2-ol, and to aggregate to itself.10 The cause of the particle formation was
unclear at this time as both solutions appeared visually similar, but the generation of the
phosphate moiety (Figure 5.3(green)) may have had some impact, generating a negative surface
charge.
Alternatively, the nucleobases were mildly basic, and within the G6 structure were the most
exposed groups (Figure 5.3(green)). This, combined with their hydrophilicity, may have
resulted in them being pushed away from the hydrophobic alkyl backbone, creating a positive
surface charge.
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Figure 5.3 Structure of G6 showing the hydrophilic nucleotide based region known to be
water soluble in isolation (green) and the comparatively hydrophobic region known to be
water insoluble in issolation (red).
5.3.1

Scanning Electron Microscopy (SEM) of G6 Particles

Following the formation of the white suspension, SEM was used to investigate the nature of
the suspention. At this point it had been determined that it was acting as a colloid in terms of
its solubility, and SEM was thought to give some insight into the particle size. It would not
show what the interactions were directly, but the shape of the particles could indicate if they
were forming uniformly or if they were disorganised agglomerates.
The limitation of using SEM for solution particle analysis was that it is not a solution-based
technique. As a result, the G6 samples were prepared in such a way as to preserve any structures
that had formed while removing the solvent matrix. This procedure involved freeze drying the
samples onto a silicon wafer using the method described in Chapter 2, Section 2.5.3.1. Images
of the G6 particles isolated from 5:1 (v/v) propan-2-ol:water deposited onto silicon are shown
in Figure 5.4.
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Samples of G6 in 5:1 (v/v) propan-2-ol:water solution, at a loading of 100 mg/mL were drop
cast onto a silicon wafer and imaged using SEM on a Phenom® benchtop scanning electron
microscope (Figure 5.4).

Figure 5.4 SEM images of the G6 isolated in propan-2-ol:water 5:1 (v/v) at various
magnification.
These SEM images show the G6 had formed into particles approximately 0.5 µm in size. These
G6 particles appear to have formed bridges connecting them to each other. This could have
been the result of the isolation technique with the lower temperatures causing a forced
precipitation of the G6.
In this case the G6 has bound to the silicon surface and rapidly precipitated as the result of
cooling. This had then changed the structure of the G6 resulting in the formation of polymer
monoliths. Similar structures have been seen in a number of surface grafted polymers, most
notably in the work of Li et al.4 Their work synthesised multiblock thermo-responsive poly(2(2-methoxyethoxy)ethyl

methacrylate-co-oligo(ethylene

glycol)

methacrylate

(poly(MEO2MA-co-OEGMA)), with the monoliths formed from non-grafted samples shown
in Figure 5.5.
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Image Removed Due to Copyright Restrictions.
See Reference: 10.1021/am403510g

Figure 5.5 Non-grafted polymer monoliths of poly(2-(2-methoxyethoxy)ethyl methacrylate
(MEO2MA)-co-oligo(ethylene glycol) methacrylate at differing magnification. Taken from
Li et al10
Following these measurements the same batch of the G6 was used to prepare samples with the
solvent ratio of 1:15 (v/v) propan-2-ol:water using the same method (Figure 5.6). This ratio
was not chosen deliberately but was an attempt to force the precipitation of the G6 by changing
the major solvent from propan-2-ol to water.
These SEM images showed the G6 formed particles of more irregular size, where some larger
particles have collapsed or deformed in such a way as to suggest they were hollow. This was
consistent with the formation of polymersomes.10 These are vesicle macrostructures similar to
liposomes caused by a difference in solubility or amphiphilic nature within the polymer.10
Typically these are seen with block copolymers and surfactants.10
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Figure 5.6 SEM images of the G6 isolated in propan-2-ol:water 1:15 (v/v) at various
magnifications.
Based on the chemical structure of the G6, there was a distinct hydrophobic region in the G6
caused by the long chain alkyl backbone. If the difference in hydrophobicity was sufficient it
would have driven the formation of a sheet-like structure, as shown in Figure 5.7. This sheet
represents the cross section of the G6 polymersomes.

Figure 5.7 Proposed general structure of G6 in propan-2-ol:water 1:15 (v/v) (a) sheet ‘unit’
and (b) sheet cross section of polymersome wall.
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It was then plausible that in the propan-2-ol:water 5:1 (v/v) solution both this hydrophobic
region and the nucleotide component were insoluble leading to the formation of monoliths.
When the G6 was then solvated in propan-2-ol:water 1:15 (v/v) this hydrated and partially
solvated the nucleotide unit, creating the polymersomes as a way to stabilise the sheets at lower
concentrations, removing the sheet edge. If the structure proposed in Figure 5. was accurate
then the polymersomes would be covered in guanine.
Further, the change in size and shape between the two sets of G6 samples indicates that the
particles are dynamic. This indicates that unlike the poly(DMT-dC-CE-P-PMA) discussed in
Chapter 3 these polymers had not cross-linked. If the G6 had cross-linked the structure of the
particles would not have been able to change, and would instead have undergone a swelling
and gelation.
5.3.2

Particle Sizing of G6 Particles by Dynamic Light Scattering (DLS)

Following the SEM investigation the particles were further analysed using DLS. For this the
samples were made to a loading of 1:10 that used for the SEM as a lower loading was required
for clear measurements. The results are shown in Figure 5.8.
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Figure 5.8 DLS measurements showing the particle size of G6 in 15:1 (v/v) water:propan-2ol as isolated with NaOAc.
This DLS shows that the particles at room temperature were 726 nm in size with a small amount
of variance. The recorded diameter increases by 40% to 1017 nm with heating to 65 ℃. The
relatively uniform size at room temperature, increasing upon heating is consistent with the
hypothesis that these are dynamic particles. The increase in temperature changes the stability
of the particles causing them to merge and form larger particles. As the temperature approaches
that the polymer was forming particles that expanded upon heating.
These dimensions were significantly smaller than those determined by SEM, further supporting
the hypothesis that these are dynamic particles. The reason for the change in size comparing
the two methods was attributed to the effect of the decreasing solubility in the cold solvent
required for SEM, which would be consistent with the trend for the particles to be smaller at a
lower temperature.
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5.4 Determining the Presence of G-quartets and the G-quadruplex
Structure.
The structure proposed for the formation of G6 sheets may generate a guanine rich surface. As
a result, the next stage was to investigate if G-quartets, Figure 1.8, were influencing the
formation of these particles and if these quartets were stacking to form G-quadruplex structures
Figure 5.9. To do this CD was used. When used for DNA, this method can be used to determine
the secondary structure based on the induced chirality of the nucleobase in relation to the ribose,
and its interaction with the adjacent bases.11 It had previously been shown in literature that CD
was able to determine not only the presence of G-quartets, but their relation to one another
based on the conformation of the deoxyguanosine into either the syn- or anti- position, as
shown in Figure 1.13.12

Figure 5.9 The stacking of G-quartets to form a G-quadruplex. Image adapted from Tóthová
et al.12
To determine the nature of the binding within the G6 particles, they were isolated using the
method described previously, Chapter 2, Section 2.4.2.4, using LiOAc and prepared in 10:1
(v/v) water:propan-2-ol at 10 µg/mL loading. Two additional samples were prepared from this
batch prepared with added NaOAc and KOAc salts. This was done as larger monovalent cations
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have been shown to increase the formation and stability of G-quartets.13,14 The samples were
then analysed using a full spectrum scan at 4 s nm-1 dwell-time between 180 nm and 340 nm.
The results were shown in Figure 5.10.
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Figure 5.10 Circular dichroism measurements of G6 in 10:1 (v/v) water:propan-2-ol as
isolated with LiOAc (red) and with added NaOAc (green) and KOAc (blue) normalised to the
325 nm peak.
All three G6 samples show a large peak at 325 nm. It was hypothesised that was caused by the
tacticity of the propyl methacrylate moiety, consistent with that seen from other alkyl
polymers.15–17 This is iso or syndiotactic structure would be apparent over the length of the
polymer and may be induced by the nucleotide sidechain, forming a sterically locked helix
around the alkyl-backbone.4
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The two peaks relevant to the formation of G-quadruplexes were 261 nm, and the shoulder at
240 nm.18 These peaks were caused by the guanine moiety which as a pair is associated in
literature with the formation of a G-quadruplex containing stacked anti-G-quartets.12,19 The
increase in the peak 261 nm peak (Figure 5.10 (arrow) with the addition of KOAc shows greater
formation of G-quartets as would be expected for their increased stability.20 This was attributed
to the larger valence shell of the K+ cation being better able to stabilise the charge distribution
across the G-quartet.20 This increased stabilisation allowed some quartets to form that were to
far separated to be stabilised by the smaller sodium cation.
This data showed that the G6 polymersomes found in section 5.3 are able to form Gquadruplexes. Further, similar to those found in DNA the G6 G-quartets are increasingly
stabilised by the presence of potassium cations.

5.5

Testing for DNAzyme Properties with TMB Oxidation

In addition to circular dichroism the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) was
typically used as a method to determine the presence of G-quartets within DNA systems.21 This
was possible as ferric chloride heme (hemin) (figure 5.11) forms a complex with Gquadruplexes with is then able to demonstrate a peroxidase mimicking activity, a so-called a
DNAzyme as presented in Chapter 1, Section 1.3.3. This in turn accelerates the oxidation of
TMB which causes a change in colour, from colourless to blue, that can be measured with UVvis spectroscopy, specifically by measuring the peak at 450 nm.22 The mechanism for this
process is shown in Figure 5.12. However as the peroxidase mimicking activity is not required
for the oxidation to occur the rate of oxidation needs to be compared to the background rate.
Seeing a similar rate acceleration in the presence of G6 would therefore suggest the presence
of G-quadruplexes and the ability for the G6 to act as a DNA analogue in this reaction.
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Figure 5.11 (a) Structure of ferric chloride heme (hemin), and (b) the hemin stacked on a gquadruplex
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Figure 5.12 Oxidation of TMB caused by the G-quadruplex/Hemin DNAzyme with
absorption wavelengths shown. Adapted from Stefan et al. 23
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5.5.1

Bulk testing of DNAzyme Activity

The first test of the G6 for DNAzyme activity was conducted on a 1 mL scale and investigated
using qualitative observation. Specifically, if the presence of the G6 acted as a DNAzyme and
caused the production of the blue TMB charge transfer complex then this would be visible
without instrumentation. If the G6 sample turned a darker shade of blue than the negative
control in the same timeframe this would indicate the TMB charge transfer complex had
formed. As the samples were run concurrently a difference in the shade of blue would indicate
a difference in the rate of oxidation, with darker shades indicating more rapid oxidation. This
was done prior to quantitative analysis to ascertain if the G6 particles interfered with the
oxidation.
For these measurements a negative control solution containing hemin and TMB was prepared
and divided into 5 samples as outlined in Chapter 2, Section 2.5.3.2. The positive control was
made by adding the known G-quadruplex forming sequence (G3T2)3G3T20 (hereafter referred
to as GQ DNA). The primary analyte was the G6 sample. Two additional samples were also
included containing the polymer prior to deprotection G4 (as synthesised in Chapter 4, Section
4.6.3), and following deprotection of the G4, respectively. The inclusion of G4 and G5 was to
determine if incomplete deprotection had any effect on the oxidation caused by the G6. After
the addition of the polymer solutions the samples were left at ambient conditions for 1 h to
progress, the results were shown in Table 5.1.
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Table 5.1: Results of TMB oxidation tests, all samples contain hemin, TMB, 10 mM TRISHCl in addition to the listed reagent.
Reagent
No further addition
(negative control)

Result

GQ DNA
(positive control)
G6

G5

G4

The results of this test gave several key insights. Firstly, the evolution of the blue colour in
both the positive and negative control samples indicated that the oxidation of TMB occurs
without the presence of the GQ DNA to act as a DNAzyme.
Secondly, samples containing G6 and G5 show significantly less colour. The reduction in the
rate of oxidation compared to the negative control rate suggests that some component of the
reaction is being removed, either the TMB or the hemin.
Both of these samples contain an active guanine moiety, compared to the G4 which still has
the protecting group present. This suggested that the presence of the activated guanine moiety
on these vinyl based polymers decreased the rate of oxidation below the negative control. This
indicated that either the TMB or the hemin had been removed from the reaction. As it was
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previously reported that the hemin binds to g-quartets and these two polymers have available
guanines to form these quartets. This would suggest the G-quartets are forming polymersomes
or a similar structure and reducing the availability of the hemin for oxidation of the TMB.
5.5.2

Analysis of DNAzyme activity using UV-Vis spectroscopy

Following the bulk measurements of the DNAzyme activity, the experiment was repeated with
more detailed measurements using UV-Vis spectrometry. Due to the relatively limited supply
of the G6 the experiment was first performed with just the GQ DNA positive control and
negative control solutions to determine the required concentration and experimental
parameters. To do this 1 µL of hemin was combined with 18.5 µL of 0.4 M TMB and 985 µL
of 10 mM TRIS-HCl buffer as the stock solution. For the positive control an additional 0.1 µL
of the 0.6 mM GQ DNA solution was added as this sequence would accelerate the oxidation
of TMB above the background rate of the negative control. The results of these measurements
were shown in Figure 5.13. The results of the UV-Vis measurements of TMB oxidation showed
a clear distinction between the negative control solutions (Figure 5.13(black)) and the positive
controls with GQ DNA (Figure 5.13(blue)). This difference represents a high discrimination
between the samples.
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Figure 5.13 UV-Vis measurements at 450 nm for acceleration in the oxidation of TMB by
hemin/G-quadruplex complex. Positive controls of TMB/Hemin/GQ DNA (blue) and
negative control of TMB/Hemin (black) with non-linear behaviour (red arrows). Samples
measured in triplicate.
The limitation of this method was immediately visible within the positive control as these
samples showed a high degree of variance between replicates (Figure 5.13(blue)). Further,
several local peaks were seen between 20 and 100 minutes (indicated by the red arrows in
Figure 5.13). Based on the timing and the thermal sensitivity of the reaction this behaviour was
attributed to the air-conditioning in the laboratory. For this reason, the decision was made to
instead use a plate reader and measure multiple samples simultaneously. This affords a lower
sensitivity but ensures that all samples were exposed to the same temperature gradients.
To replicate the experiment samples were prepared in a 96-well plate. A Bulk solution of the
TMB/Hemin negative control was prepared and 140 µL added to each of 15 wells. 10 µL of
analyte was then added to make the final volume 150 µL. As a positive control the GQ DNA
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sequence was again used. Poly(HPMA) and the G6 were made to equivalent molar
concentrations based on the number of repeating units, i.e., as the G6 was a hexamer it was
prepared at 6 times the concentration of the GQ DNA, a 38-mer, to account for its shorter
length. By measuring this it was hoped to see an acceleration in the rate of TMB oxidation for
samples capable of forming G-quadruplex, such as those believed to be present in the G6
system. The results of these measurements were shown in Figure 5.14.
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Figure 5.14 UV-Vis measurements at 450 nm for TMB oxidation of the positive GQ DNA
control (blue), poly(HPMA) (orange), negative control (grey) and G6 (yellow).
This result showed that the presence of G6 does not increase the rate of TMB oxidation.
Further, it can be seen that there was a slight decrease in rate compared to the negative control.
In combination with the batch TMB oxidation observations it appeared that G6 does not act as
a DNAzyme. In addition, these results showed that G6 slows the rate of oxidation. This could
be due to a fraction of the hemin being bound within the G6 polymersome core, thus preventing
the complex from interacting with the TMB in solution.
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5.6 Properties of G6 Particles
5.6.1

Particle Sizing by Dynamic Light Scattering (DLS)

Following the measurements of peroxidase mimicking activity it was clear that there was no
increase in activity provided by the addition of hemin, but the potential decrease suggested
possible binding of the particles to the hemin. To test this, samples of the G6 were combined
with hemin and their diameters measured using DLS. The hypothesis was that the addition of
hemin to the G6 particles would shield the surface charge of the particles, thereby decreasing
the hydrodynamic diameter.
To this end, samples were prepared of G6 with addition of different amounts of hemin solution.
1 mL samples were prepared from 0.166 µM G6 hexamer (equivalent to 1 µM of the repeating
unit) with additions of between 0 and 16 µL of hemin solution resulting in a final concentration
of between 0 and 8X. For comparison, a solution of the protected G4 hexamer was also used.
The results are shown in Figure 5.15.
1200

Z-average diameter (d.m)

1000
800
600
400
200
0

0

1

2

3

4

5

6

7

8

9

Hemin Concentration (X)

Figure 5.15 DLS measurements of Z-average particle diameter of G6 (blue), and its protected
form G4 (orange).
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From this data it can be seen that the protected G4 had a smaller hydrodynamic diameter than
the G6 following deprotection. This was consistent with the G4 having a lower solubility, and
the DMT groups being hydrophobic. This causes the surface of the particles to be ‘hard’ and
separated from the solution, compared to the deprotected version which is better able to
hydrate.
Further, the G6 particle’s hydrodynamic diameter decreased with increasing additions of the
hemin solution. It was hypothesised that as the hemin was added to the G6 particles it
coordinated to the surface, similarly to its complexation with G-quartets. The result is the
screening of the guanine with the less soluble porphyrin, thereby decreasing the hydrodynamic
diameter. Full investigation would have required zeta potential analysis which was unavailable
at the time.
Zeta potential measurements may have indicated if the presence of the larger Fe(3+) present in
the hemin was able to effectively screen the particles to prevent aggregation, compared to the
K+ or Na+ present in a g-quadruplex.
5.6.2

Melting Behaviour of G6 Particles.

Melting measurements were conducted to determine the stability of the G-quadruplexes created
within G6 and the effect of addition of K+ ions. This was done as the increased stability of Gquartets provided by K+ ions should increase the melting point of the G-quadruplex. To
measure the melting behaviour CD was used as the melting of the G-quadruplexes could be
measured by the decrease in optical rotation of the 261 nm peak associated with the stacked
anti-G-quartets.
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For these measurements 1 µg/mL G6 was prepared with both untreated and treated with 25
mM KOAc. Measurements were taken as described in Chapter, 2 Section 2.5.3.5. These
measurements were obtained at 261 nm with samples heated from 25 ℃ to 85 ℃ and then
cooled to obtain a heating cycle and determine if the particles reformed. The results of this
method are shown in Figure 5.16.

Figure 5.16 Circular dichroism measurement at 261 nm of G6 samples in 10:1 (v/v)
water:propan-2-ol as isolated in LiOAc (black) and with 25 µM KOAc (red), normalised.
Heating indicated by orange, and cooling with blue.
These measurements showed an initial decrease in rotation as the samples were heated and that
this did not recover upon cooling. This suggested that 85 ℃ was above the upper critical
solution temperature (UCST), causing the G6 to precipitate into a hydrophobic structure as a
whole, preventing the reformation of the G-quadruplexes upon cooling.
This was most evident for the G6 sample as isolated with LiOAc. For this sample the increase
in temperature caused a decrease in the optical rotation to 0º. This indicated a generally
disordered structure with no preference for the induced chirality of the guanine in a G-
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quadruplex. When the G6 with LiOAc was cooled the angle of optical rotation remained at 0º,
indicating that there were no G-quadruplexes present. The lack of recovery to a higher angle
of rotation suggested that the process was non-reversible, and that the G-quadruplexes were
not reformed. This was likely due to the polymer passing its UCST and undergoing a major
structural change which prevented the reformation of the G-quadruplex.
The G6 treated with KOAc showed a distinctly different result. Firstly, the optical rotation
decreased in rotation more rapidly, reaching a minimum at ~60 ℃ compared to the ~70 ℃ for
the G6 sample, as isolated (i.e., no KOAc). Further, the optical rotation decreased beyond the
0º and began to show negative rotation, i.e., anti-clockwise. This could indicate that the
presence of the K+ ions stabilises a different conformation of the nucleotide as the G-quartet
melts.
As with the G6 sample without KOAc, the optical rotation measured returns to 0° rotation,
indicating that this was a non-reversible process. Further, as the optical rotation returned to 0º
this indicated that the high temperature structure was only stable at the increased temperature,
and was the result of the KOAc. This indicated that the negative rotation seen at high
temperatures could be the result of surface attachment between particles that precipitated above
the UCST. This would in turn mean that as the temperature decreased the particles partially
solvated causing the G-quadruplexes to separate.

5.7 ATTO 550 Fluorescence Measurements
To determine the chemical properties of the G6, fluorescence measurements were chosen. This
was because the confinement of fluorescent dyes within nanodomains had been shown as a
method for investigating the melting behaviour and structure of polymer particles.24,25
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For the measurements of the G6 polymersomes ATTO 550 was chosen as it was slightly
hydrophobic. This was chosen so that localised binding of the dye within the G6 polymersomes
would indicate that they contain a hydrophobic core. This in turn would mean that the alkyl
backbone was preferentially orientated inward within the particles. The specific properties of
the ATTO dye were listed in Table 5.1.
Table 5.1: Fluorescent properties of ATTO 550
Absorption
Molar
Emission
wavelength,
attenuation,
wavelength, λfl
λabs
εmax
554 nm
120000 M-1cm-1 576 nm

5.7.1

Quantum
yield, ηfl

Fluorescencelifetime, τfl

80%

3.2 ns

Melting Behaviour of G6 as measured with ATTO 550

The melting behaviour of the particles treated with ATTO 550 fluorescent dye was analysed
using the fluorescence detector on a Q-gen® real time PCR machine, as discussed in Chapter
2 Section 2.5.3.6. To do this 100 µL samples of the 1 µg/mL G6, which had been isolated in
LiOAc, were prepared in 10:1 (v/v) water:propan-2-ol with the addition of 2 µL of the ATTO
550 dye. This was then divided into 4 x 25 µL tubes so that an average could be taken. This
process was then repeated for samples made with an addition of KOAc to make a concentration
of 24 µM. The samples were then heated from 30 ℃ to 95 ℃, and the change in fluorescence
measured. The results of are shown in Figure 5.17.
Figure 5.17 shows an increase in fluorescence with heating, and that both G6 samples showed
similar magnitude increases. As the samples were loaded with the same concentration of ATTO
550 this indicated that the particles were releasing the dye in roughly the same quantity. This
suggests that the dye, initially bound within the G6 particles, was quenching the fluorescence.
When the particles were heated they undergo a change causing the release of the dye, allowing
it to fluoresce in solution.
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Figure 5.17 Change in fluorescence intensity of ATTO 550 treated G6 measured with
heating, average of 4 samples. Particles isolated with LiOAc (solid blue) and treated with 25
µM K+ ions (solid orange), normalised to the 95 ℃ untreated maximum fluorescence and the
derivative of the melting curves (dashed).
Further, the derivative curves show that there were two peaks (Figure 5.15, black arrows)
associated with the melting at 52 ℃ and ~65 ℃. For the K+ ion treated samples, there was a
higher fraction melting at the first point and a slight decrease in the second melting point. This
suggests that the presence of the K+ ions effects the stability, with the melting of the K+ ion
treated G6 particles appearing at a lower temperature than those without the treatment. This
was attributed to the first melting occurring as the particles disperse, with the second being
caused by the particles themselves melt. The stronger binding of the K+ increased the number
of aggregated particles, and thereby the proportion of the ATTO dye that was trapped within
the particle aggregates. Due to the lower density of binding sites the aggregates have a lower
melting point than the particles, meaning that it presented as the lower melting point peak.
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5.7.2

Optical Imaging of G6 with ATTO 550

Confocal laser scanning fluorescence microscopy (CLSFM) was then used to investigate the
G6 particles and their uptake of ATTO 550. Due to its slight hydrophobic nature any specific
confinement of the ATTO 550 dye within the particles could provide information on their
structure.24 If the ATTO 550 was confined to the particle core it would indicate that the core
was hydrophobic and therefore the nucleotide component (being hydrophilic) was pushed onto
the surface of the particles.
Further, it allowed for specific visualisation of the particles without the issue of diffraction.
This was because CLSM focuses on a plane, limiting the distortion caused by the solvent.26
Samples were prepared containing G6, and poly(HPMA) as a control, in the 10:1 (v/v)
water:propan-2-ol solvent. The samples were prepared with at 1 mg/mL concentrations of the
respective polymer with 1x ATTO 550 dye. These solutions were then treated with no salt, or
25 µM NaOAc, or 25 µM KOAc, as shown in Figure 5.18.
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Figure 5.18 Optical and CLSM images of ATTO 550 stained (a and b) poly(HPMA), (c and
d) G6 as isolated with LiOAc, and (e and f), as isolated with LiOAc and added Na+ ions and
(g and h) and as isolated with LiOAc and added K+ ions (25 mM), respectively. Note the
excitation laser output for poly(HPMA) had been amplified 10x. Scale bars indicate 20 μm.
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These images showed the poly(HPMA) samples (Figure 5.18(a and b)) showed no
confinement of the ATTO 550 dye seen as the uniform distribution of the fluorescence across
the field of view. This was in contrast to all samples containing G6 where the ATTO 550 dye
had been confined within the particles, as indicated by the red colour.
Of interest was the confinement of the ATTO 550 in samples containing G6. In all these the
ATTO 550 had been confined to the particles, indicating the presence of a hydrophobic region
capable of confining the dye, and that this does not quench the fluorescence of the ATTO 550
dye.
Further, the presence of NaOAc and KOAc, Figure 5.18(e-h), led to aggregation of the G6
particles compared to those isolated using LiOAc, Figure 5.18(c, d). These aggregates appeared
rigid in solution, based on how they move as blocks in solutions and collided inelastically. This
suggested some form of electrostatic binding between the particles. Based on the previous CD
measurements, this was likely due to the formation of inter-particle G-quartets (Figure 5.19).

Figure 5.19 Proposed pathway for the formation of G6 particles and their interactions with
K+ ions. Starting with the polymer, forming sheets, becoming micelles with G-quartets on the
surface, and forming inter-particle G-quartets.
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5.8

Conclusion

This chapter has shown that the samples of G6 found in Chapter 4 formed polymersomes.
These macrostructures were the result of the hydrophobic alkyl backbone of the polymer and
the hydrophilic nucleotide groups interacting with the solvent to create a bilayer.
This lead to the hypothesis that the polymersomes would have a guanine rich surface.
Investigation with circular dichroism showed that G-quartets were formed and subsequently
stacked to form G-quadruplexes. This lead to an investigation of the effect of stabilising cations
which showed that the addition of Na+ and K+ ions stabilised the formation of interpolymersome binding. From this it could be determined that further study on alkyl polymerDNA interactions, such as that covered in Chapter 6, should avoid the use of guanine containing
polymers to avoid the competitive formation of G-quartets.
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6 Chapter 6: Interactions of Nucleotide Functionalised

Synthetic Polymers with DNA Using Poly(2-(2'deoxythymine-monophosphate)oxypropyl
methacrylate) as a Model System.
6.1 Synopsis
This chapter outlines the principles for the binding
of a thymine functionalised homopolymer, poly(dTP-PMA) (T6) with dA ssDNA. This interaction will
be considered initially from a computational model
with further insight provided from UV and
fluorescence spectroscopy measurements.
This chapter describes the synthesis
characterisation of 5′-dimethoxytrityl-N-isobutyryl2′-deoxythymine,3′-[(2-cyanoethyl)-(2-oxypropyl
methacrylate)]-phosphate, hence forth referred to
as the T3 monomer (T3), using the methodology
developed in the previous Chapter 4. Following the
synthesis of the T3 monomer, it was polymerised
using reversible addition-fragmentation chaintransfer (RAFT) method resulting in poly(dT-PPMA).
This poly(dT-P-PMA)(T6) was then tested with a
complementary sequence of monoadenine
deoxyribose nucleic acid (dA ssDNA) to investigate
the binding properties of the two complementary
polymers.
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6.2 Introduction
This chapter outlines the application of the method for the synthesis of a nucleotide
functionalised alkyl polymer, presented in Chapter 4, as it applies to the nucleotide thymine.
Subsequently the interactions of the T6 with the complementary single stranded DNA (ssDNA)
adenine homopolymer was investigated using a number of fluorescence binding dyes. Firstly
the interaction of the SYBR Safe dye was used as a model for the optimisation of the analysis
process, before applying the method to further dyes, namely dsGreen, Yo-Pro-1 Iodine and
SYBR Green II. The interaction and binding preferences of these dyes was then used to illicit
the binding structure of the DNA-T6 complex.
6.2.1

Choice of Nucleobases

For studying model nucleobase pairing interactions between the alkyl DNA-polymer and native
ssDNA there were a number of factors to be considered. Based on the work reported in Chapter
5, guanosine was excluded due to the high risk of competing G-quartet formation. This also
ruled out the guanine-cytosine pairing, leaving the adenosine-thymine (A-T) pairing the most
straightforward to study.
There are additional benefits to the A-T base pairing for this investigation. Firstly, the
deprotection of thymine was simpler than for the other nucleobases as it does not contain the
benzoyl or butryl protecting groups present in the other bases.1 This lack of protecting group
means that the thymine present in the alkyl polymer will be active independent of the efficiency
of the deprotection. This was important as the protection of a single nucleotide in the polymer
chain may dramatically lower the melting point as it separates the binding regions.2
Following the selection of the nucleobase pair the next factor to consider was the length of both
the alkyl DNA polymer and the native ssDNA polymer. It is well known that the length of a
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DNA sequence is directly linked to its melting point.3 Thus, for this chapter the ideal length
needed must be high enough to form a duplex at room temperature, ~25 ℃, while also being
within the range of the critical solution temperature of the alkyl polymer which appeared to be
in the range of 65 ℃ based on the data presented in Chapter 5, Section 5.7.1 on the melting
behaviour of the polymersomes.
The melting point of the complementary A-T duplex for differing lengths was determined using
the calculators provided by DNA suppliers IDT DNA technologies® and Sigma-Aldrich®.
Here, the target melting point was chosen as 40 ℃. This was chosen as it was above 25 ℃
which will be used for the binding experiments, with additional clearance to account for some
variance in the melting point caused by the presence of salts in the solution which can alter the
melting point.4 Based on the IDT DNA technologies® calculator this was an adenine ssDNA
sequence 23 units in length. The specific melting point as calculated was 40.8 ℃ at 0.25 µM
dA ssDNA with 50 mM sodium chloride. The proposed T6-dA ssDNA pairing is shown in
Figure 6.1. In this structure the narrowly separated C-C backbone of the T6 is shorter and less
hydrophilic than the dA ssDNA causing it to stretch away from the base par similar to a
polymer brush.
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Figure 6.1 Proposed binding of T6 23-mer (blue) interacting with dA ssDNA 23-mer (red).
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6.3 Synthesis of Target T6
For the analysis of the T6 binding interaction, the polymer first had to be synthesised using the
method developed in Chapter 4, with adjustments to account for use of the thymine
phosphoramidite and the targeted 23-mer.
6.3.1

Synthesis of T3 Monomer

The method for the synthesis of the thymine-methacrylate monomer utilised the conjugation of
2-hydroxypropyl methacrylate (HPMA) to the protected thymine nucleotide phosphoramidite.5
The method for this coupling is outlined in Chapter 2, Section 2.4.2.1. The isolated product
was then analysed using electrospray ionisation mass spectrometry (ESI-MS) using the same
method discussed in Chapter 4, Section 4.3.1. The results are shown in Figure 6.2.

Figure 6.2 ESI -MS spectrum of T2 monomer showing the following peaks: (i) T2 monomer
(molecule shown inset), (ii) T3 monomer, (iii) T2 monomer sodium adduct, (iv) T3 monomer
water adduct, and (v) DMT-dT-CE-PMA sodium adduct.
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Figure 6.2(i)). This was assigned as T3, which has a theoretical value of 788.8 m/z. This means
that the theoretical value was lower than the measured by 5 m/z. This was attributed to the
presence of a Li+ ion adduct, rather than the H+ ion normally used to generate the charged
molecule.
The peak present at 810 m/z (Figure 6.3(ii)) was attributed to the DMT-dT-P-PMA phosphate
monomer which has a theoretical value of 804.8 m/z. As with the previous peak this was 5 m/z
lower than the experimental result.
The largest peak was seen at 814 m/z (Figure 6.2(iii). This peak was attributed to the T2
monomer sodium adduct. This complex has a theoretical value of 810.78 m/z.
Above this point are two smaller peaks at 826 m/z and 830 m/z (Figure 6.2(iv and v)). The first
of these was attributed to the T3 monomer with water adduct, consistent with the theoretical
value of 821.8 m/z. The second was associated with the T3 monomer sodium adduct, consistent
with the theoretical value of 16 m/z higher than the peak attributed to the T2 monomer due to
the presence of the additional oxygen contributing the total 16 m/z.
The consistent difference of 5 m/z from the theoretical values suggests an error in the
calibration of the instrument, though the separation between peaks matches the expected
values. Further, the presence of these five peaks indicated successful synthesis of the T2
monomer, in combination with its oxidised form. This was considered sufficient to then
continue to the polymerisation method.
In addition to MS of the monomer, 1H NMR was also conducted to confirm the identity of the
T2 monomer, Figure 6.3. Full peak allocation is presented in Appendix 4. The integration of
the peaks associated with the trans and cis protons at δ= 5.6 ppm and δ=6 ppm respectively
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(Figure 6.3(a and b)) can be seen and integrate to the peak at δ= 6.2 associated with the 1'
proton on the deoxyribose ring. The additional splitting is due to the combination of the T2
P(III) and some T3 in the (PV) state caused by oxidation during preparation.

Figure 6.3 1H NMR of the 6.5 ppm to 5.5 ppm region for T2 (inset) with T3 present. Spectra
acquired in deuterated acetonitrile at 600 MHz.
6.3.2

Synthesis of Polymer

The synthesis of the T6 used the same method developed in Chapter 4, with the concentration
of T3 monomer increased to four times the concentration of guanine bioconjugate which
resulted in the hexamer discussed in Chapter 5. Assuming similar conversion this would have
resulted in a 24-mer of the T6. This increased length compared to the 23-mer desired was
chosen as the target to account for the decreased rate of polymerisation caused by the longer
polymer chain becoming less soluble. This behaviour was previously discussed in Chapter 4,
Section 4.4.1.

223

The time period of the polymerisation was reduced to 4 h due to the formation of a precipitate
at this time. This indicated that the polymer forming was at the limits of its solubility in
acetonitrile, and further polymerisation may have resulted in a gel similar to that found in
Chapter 3.
The resulting T4 was then deprotected and detritylated to form the T6. This was analysed using
SEC to determine its molecular weight, using PMMA standards, the result shown in Figure 6.4
and described in Table 6.1
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Figure 6.4 DRI chromatogram of T6 following 4 h polymerisation, showing the formation of
a polymer, 9364 Da.
Table 6.1: SEC results for the measurement of T6.
24 h Polymerisation
Mn
7800 Da
Mw
9400 Da
MP
9000 Da
DP
21 units
Đ
1.2
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The SEC result showed the T6 had a Mw of 9364 Da. This showed that the T6 chains formed
were approximately 21 units in length. This was determined by dividing the Mw of the T6 (9364
Da) by the Mw of the dT-P-PMA repeating unit (447.3 Da).
The Mw found was below the targeted Mw of 10281 Da for the T6 23-mer. Based on the
formation of the precipitate this was close to, if not, the maximum Mw attainable using this
polymerisation method. For this reason, it was decided to progress using the T6 21-mer and
measure its interaction with the dA ssDNA 23-mer.
For a length of 21 base pairs the expected melting point of the duplex was 38.2 ℃ based on
the IDT DNA technologies calculator. This temperature still fits within the intended
temperature range, discussed in Section 6.2.1.

6.4 Computer Modelling of T6
To validate the proposed binding of T6 to dA ssDNA computer modelling was conducted using
Ascalaph designer running on the FIREFLY computational chemistry algorithms. This
program was chosen as Ascalaph was open access software based on the same fundamental
protocols, definitions, and code parameters as other programs such as PC GAMES (UK) and
PC GAMES (US). Further, its open file standards make it more accessible for integrating
structures from other programs, notably for this project ChemDraw Ultra 12.0.1076.
Modelling was conducted on a consumer level workstation running a 4.02 GHz Intel 4790k
quad-core 8 thread CPU and nVidia 970 TI GPU. This combination was chosen as Ascalaph
was CPU bottlenecked with limited multithread optimisation and the 4790k was the highest
speed CPU based on single core performance available at the time.6
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6.4.1

Modelling of Selective Binding Interactions Between T6 and dA ssDNA

Pentamers of T6 and dA ssDNA were generated in Chemdraw ultra 14, converted to the .mol2
format and imported into Ascalaph designer. This method was chosen as Chemdraw allows for
rapid generation of complex structures, where Ascalaph designer was optimised for generation
of DNA and protein structures. Further, using the 2 dimensional visualisation of the structure
makes proofreading easier. From here the molecules were converted to 3 dimensional
structures using the quick optimisation tool and checked for correct stereocenters at the 2’, 3’
and 5’ positions. The program was then optimised a further 2 times to relieve stress on the
structure generated by this conversion.
The binding state simulation was run initially at 1 K to reduce energy generated from the
optimisation, followed by 2 optimisations at 50 K. This was essential as running the simulation
immediately at 50 K resulted in the molecules breaking apart and crashing the simulation. Once
a stable state for the model had been found as a starting point the simulation was run for
100,000 iterations using the hybrid Lui Storey and conjugate descent method (LS&CD) for
optimising the structure.6–8 The resulting optimised dimer structure is shown in Figure 6.5.
This showed that there was a level of binding and orientation seen between some of the
nucleobases, specifically 5´ terminal group of the dA ssDNA, located in the lower right of
Figure 6.5(i) as indicated. The T6 strand on the left appears to be fanning out more, a result of
the shorter base separation caused by the alkyl backbone as hypothesised. As a result of this
measurement it was determined that binding between the complementary bases was possible,
but that the duplex structure formed would need to somehow account for this difference in base
separation.
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Figure 6.5 Optimised structural model of T6 and dA ssDNA pentamers following 100,000
iterations. Directionality of the dA ssDNA shown. Angles provided are (i) groove, (ii) T6
front, (iii) top, and (iv) dA ssDNA front.
The binding nature of the polymer can not be determined from this calculation however as the
specific interactions between nucleobases remains unclear. It can be seen in Figure 6.5(i) that
the separation of the base pairs is leads to a binding ratio of approximately 1:1, as they are
aligned, but due to them not being coplanar the binding may be driven partially by non-specific
electrostatic forces.
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6.4.2

Modelling of Long-strand T6

Following modelling of the T6 and dA ssDNA duplex using the pentamers, a larger model was
prepared to determine the conformation of larger T6 molecules. This modelling was required
to ascertain if the thymine functionality would be available for binding to ssDNA as the effect
of the hydrophobic backbone may become more dominant at higher molecular weights, causing
the polymer to become insoluble. Similar behaviour was seen in other polymers, notably
pHEMA.9,10
The 21-mer of the T6 structure was imported as a 2D file from Chemdraw® as it had been with
the dimer combination tested in Section 6.4.1. Following the short optimisation to remove
clashes and overlap, the molecule was optimised using the same hybrid LS&CD method. This
time the optimisation was carried out for 10,000 iterations at each of 70 K, 180 K and 273 K
before being run at 100,000 iterations at 300 K, room temperature. The result of the
optimisation, Figure 6.6, shows the formation of a spiral like structure.

228

Figure 6.6 Molecular structure of the T6 21-mer following optimisation, (a) at 0° and (b) 90°
rotation around the vertical axis, with light green bars indicating linearly aligned nucleobases.
(c) showing the structure of T6.
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As expected the shorter separation between nucleotides caused by the alkyl backbone, seen in
the previous section, results in the nucleotides fanning out. Short runs of the nucleobases appear
to be linearly stacking, indicated in Figure 6.6(a and b) with the green lines. This means that
the thymine was available for base pairing.
Importantly, it shows that T6 does not form a dense particle. Overall there was a clear curve to
the structure, arching away from the nucleobases, compacting the alkyl backbone on itself. The
resulting orientation breaks up the nucleotide sections.

6.5 Analysis by UV-Vis spectroscopy of DNA
The absorbance of nucleotides in solution as measured by UV-vis spectroscopy is commonly
used to determine the concentration of DNA in solution11 due to the consistent absorption at
260 nm. This peak is associated with the heterocycle aromatics rings that make up the
nucleobase moiety.12 It has been shown that the formation of a standard double helix results in
lower absorption of UV light due to interactions between complementary bases.13
It was hypothesised that measuring the decrease in absorbance caused by the formation of a
duplex would be able to show that hybridisation was occurring between the dA ssDNA and the
T6. This would occur as a result of the hybridised adenine to thymine decreasing the
absorbance at 260 nm associated with free nucleotides in solution.11 This technique was
reported by Tinco,14 and others have since applied to non-canonical DNA systems.15,16
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To determine the level of hybridisation, the dA ssDNA was combined with samples of T6 as
described in Chapter 2, Section 2.5.4.1, such that the net concentration of nucleobases in
solution remained constant. The absorbance versus T6/dA ssDNA concentration ratios are
shown in Figure 6.7. The hybridisation would therefore appear as an inverted peak, minimum
absorbance occurring at the ratio of the dA ssDNA to T6 that resulted in the greatest
hybridisation.
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Figure 6.7 The absorbance with increasing ratio of T6 to dA ssDNA at 260 nm, average of 4
samples, in 10 mM TRIS-HCl buffer.
The data showed that increasing ratio of T6 to the dA ssDNA in solution resulted in an overall
decrease in absorption, and that this was approximately linear. This decrease could not be
determined to be caused by binding, as it was consistent with what would be expected for the
dilution of the higher absorbing dA ssDNA by the lower absorbing T6 sample. Therefore this
does not show direct evidence of the hybridisation occurring between the two strands.
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This experiment did show that the equivalent concentration of T6 resulted in a decrease in
absorption of 32.5% compared to the dA ssDNA. This gives two important pieces of
information. Firstly, that the T6 still shows absorption in the 260 nm region associated with
DNA, indicating nucleobase functionality was still present. Secondly, if there was any binding
to form a duplex it was not significantly effecting the absorption of either compound. This does
not explicitly rule out the formation of base pairs, but it does show that they may not form a
traditional double helix.

6.6 Determination of Duplex Formation Using Fluorescent Dyes
The determination of DNA hybridisation is frequently measured by the addition of intercalator
dyes.17,18 These dyes bind to DNA as described in Chapter 1, Section 1.4.5. As a result, they
were used to interrogate some of the binding properties of the dA ssDNA-T6 duplex that would
be formed. If the dyes show the same fluorescence response when exposed to the dA ssDNAT6 duplex that is seen with the dAdT dsDNA this would show that the binding is almost
identical. Conversely, no change in fluorescence response to the dA ssDNA-T6 duplex would
indicate no binding is present. An intermediate result would indicate an alternative binding site
has formed.
There are a number of possible dyes that can be used to illicit binding properties of DNA that
will be considered in this chapter including the SYBR(R) range of dyes and Yo-Pro-1 Iodine.
Four stains were tested, namely SYBR Safe, dsGreen (equivalent to SYBR Green I), Yo-Pro1 and SYBR Green II.
Throughout this section the concentration of the fluorescent dyes will be referred to in terms
of “X” for concentration. Due to the proprietary nature of the dyes, unfortunately, there was no
direct conversion for this measure into standardised units, such as mM or g L-1. Through this
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chapter the provided concentrations of dye before dilution was 10,000X dye in dimethyl
sulfoxide (DMSO). Based on the result presented in Chapter 3, Section 3.4.3.1, DMSO may
affect the solubility of the nucleotide functionalised alkyl polymer. However, as the dye was
diluted below 1/100 of the original concentration, the interaction of the DMSO was deemed
insignificant.
For measuring the fluorescence, a Qiagen® Rotor-Gene Q real time PCR instrument was used.
This instrument was chosen because it was a high throughput system able to measure 72
samples at low volumes (20 µL) meaning that replicates can be conducted in a single run to
minimise variation between measurements. Further, it was designed for use with the dyes used
in this section, specifically the SYBR binding dyes.
One limitation of this method was that the fluorescence detector can be over saturated for some
samples, requiring the automatic adjustment of the signal gain. As a result, the gain was
recorded with the data, and samples that saturated the detector are noted. These samples exceed
the detection limit the Rotor-Gene Q. This automatic adjustment of gain was limited to 10,
raising it further could have introduced artefacts and reduce reproducibility between runs by
amplifying secondary effects, for example additional fluorescence from the plastic of the PCR
tubes.
6.6.1

Binding and Properties of SYBR Safe® DNA stain

The most common series of dyes used in DNA staining was the SYBR series produced by
Thermos Fisher Scientific. For the initial round of testing SYBR Safe® was chosen for its
relative versatility as it could be used in a wide range of tests including being free in solution,
added into precast gels or added into gels post-electrophoresis. The structure of SYBR Safe is
shown in Figure 6.8. SYBR Safe was primarily used as a dsDNA dye for measuring the
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formation of dsDNA during hybridisation processes.19 This was possible due to its higher
quantum yield when confined between the stacked bases of dsDNA compared to ssDNA.
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N

Figure 6.8 Structure of SYBR Safe dye.
6.6.2

Optimisation of T6 Concentration for Investigation of Dye Binding

The first step in preparing for the dye measurements was to optimise the concentration of T6.
Optimising the concentration of the T6 was required for a number of reasons. As was seen in
Chapter 5, the nucleotide functionalised polymers are able to form particles, and due to the
limited solubility of the alkyl backbone, it was considered important to minimise the
probability that the T6 would precipitate after binding to the dA ssDNA. If the duplex became
insoluble and precipitated then this could significantly affect the fluorescence measurements.
In addition, the batch process for synthesis of T6 meant that getting all the measurements from
the same batch was important, as a separate batch of T6 may have a different Mw and dispersity.
Samples of the T6 21-mer were prepared in MilliQ water at concentrations between 1 µM and
1 mM to determine the optimum concentration for the fluorescent dye binding studies, with
each concentration prepared in quadruplicate. For these measurements the concentration of
SYBR Safe was maintained constant at 5X concentration. This concentration was chosen based
on previous work from Bou et al.20 investigating similar polymer DNA properties. These T6
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samples were heated from 25 ℃ to 99 ℃ and their fluorescence measured at 1 ℃ intervals on
the Qiagen® Rotor-Gene Q real time PCR instrument. The results are shown in Figure 6.9.

Figure 6.9 Normalised fluorescence of 5X SYBR Safe (blue) and with T6 at 1 mM (orange),
100 µM (grey), 10 µM (yellow) and 1 µM (green). Samples run in quadruplicate at gain 10.
The first note from this data was that the fluorescence begins to sharply decline at 35 ℃. This
temperature was consistent across the 1 mM, 100 µM and 10 µM concentrations, measured
with only its magnitude changing between samples. The 1 µM sample appeared to be only
slightly above the background SYBR Safe fluorescence (<1%) meaning that it was unsuitable
for further measurements.
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Importantly all samples decrease to similarly low levels, <1.5% at higher temperatures. This
suggested that the dye was no longer confined, as the confinement of the dye causes the
fluorescence.
The 10 µM solution appears to show the best balance of analyte consumption to fluorescence
yield, giving 5% of the fluorescence from the 1 mM sample for only 1% of the T6. As a result,
10 µM solutions of T6 was chosen for further work. Further, this concentration produced high
enough signal above the background to discriminate any decrease in fluorescence caused by
the binding of dA ssDNA.
6.6.3

Optimisation of the SYBR Safe Concentration.

Following the optimisation of the T6 concentration the next step was to optimise the
concentration of the SYBR® Safe dye. Following the thermal profile seen in the T6
optimisation, there were a few important considerations for this process. Primarily, the high
gain required to produce that signal meant that the separation between blank and sample needed
to be maximised both in magnitude and error. Further, the distinct thermal profile seen means
that this profile needed to be maintained for investigating the melting behaviour of any T6-dA
ssDNA duplex.
To do this samples of SYBR Safe were prepared with and without the 10 µM G6. The
concentration of SYBR Safe vas varied between 0 and 12.5X in 2.5X increments. The
fluorescence of these samples was measured using a Q-gen® real time PCR machine at 25 ℃
and again at 99 ℃ (Figure 6.10(a and b, respectively)).
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Figure 6.10 Normalised fluorescence of SYBR Safe with 10 µM T6 (blue) and without
(orange) at (a) 25 ℃ and (b) 99 ℃. Samples run in quadruplicate at gain 10, error bars are
displayed in both plots though fit within the marker for some data points.
These results showed that the greatest difference in fluorescence between samples with and
without T6 occurs at a SYBR Safe concentration of approximately 2.5X. This result was
unexpected as the presence of more dye would be expected to create a higher fluorescence
signal. The reason this was not the case may be due to an increase above the critical micelle
concentration of the SYBR safe dye, partially attributed to the dye having a relatively low
affinity for the T6. This means that at the lower concentrations there was an increase in
fluorescence with increasing concentration as a result of there being more dye bound to the T6.
When the concentration increases enough the dye begins forming secondary structures
competitively with the dye binding to T6. This may be in part due to the DMSO required to
solvate the dye initially increases in concentration with the dye and improves the solubility of
the T6. A decrease in fluorescence of 85% for the 2.5X sample between 25 ℃ and 99 oC, with
all samples decreasing to a similar level.

237

As with the measurements in Section 6.6.2 this was attributed to the non-confinement of the
dye at higher temperatures. This was supported by the same decrease observed in the samples
not containing T6.
From these results it was observed that the best concentration for discrimination between the
blank and the T6 sample was at 2.5X and as a result it was this concentration that was used for
further SYBR dye measurements.
6.6.4

Effect of Sodium Chloride on SYBR Interaction

Sodium chloride (NaCl) can play a significant role in the conformation of DNA, being a major
contributor to the conversion between A-, B-, and C- forms of the double helix (see Chapter 1,
Section 1.3.2 for further details). Similarly, the presence of NaCl can affect the solubility of
DNA and methacrylate polymers.
To ensure this was not an issue, samples of 10 µM T6 and 2.5X SYBR safe were prepared with
NaCl concentrations between 5 mM and 1 M (see Chapter 2, Section 2.5.4.3 for experimental
details), in quadruplicate. These samples were then heated from 25 ℃ to 99 ℃ and their
fluorescence measured at 1 ℃ intervals. If the presence of the NaCl was impeding the binding
of the SYBR safe dye there would be a significant change in the melting curve, as the dye
would not be released because it had not bound to the duplex formed. The results are shown in
Figure 6.11.
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Figure 6.11 Normalised fluorescence of 2.5X SYBR Safe with 10 µM T6 with the addition of
different loadings of NaCl ; 5 mM (purple), 10 mM (blue), 20 mM (green), 50 mM (yellow),
and 100 mM (red). Samples run in quadruplicate at gain 10. Error bars included for the 10
mM NaCl sample are similarly representative of all samples.
Most importantly these measurements showed a low reproducibility between samples as
indicated by the large error bars. This demonstrated that the addition of sodium chloride
interfered with the binding and stabilisation between the T6 and SYBR safe dye. This could be
due to the destabilisation of the SYBR Safe ion pair, or the change in solubility of T6. For this
reason, no NaCl was added to further experiments.
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6.6.5

Effect of Pre-annealing on Fluorescence

The final parameter to check was if pre-annealing the T6 would affect the binding of the SYBR
Safe dye. The annealing process involved heating the samples and then rapidly cooling them
to generate specific conformations. These measurements were also conducted in TRIS-HCl
buffer as this would be required for the addition of ssDNA in subsequent sections.
To do this, four 100 µL samples of 10 µM T6 were prepared in 10 mM TRIS-HCl buffer then
heated to either 45 ℃ or 95 ℃ from room temperature, held at that temperature for 15 min,
before being cooled. SYBR Safe 2.5X was then added (see Chapter 2, Section 2.5.4.2, for
experimental details). These temperatures were chosen as 45 ℃ was above the 35 ℃ seen in
Section 6.6.2 Figure 6.9 where the fluorescence rapidly drops. The 95 ℃ point was chosen as
a maximum temperature control to prevent boil off of the solvent. This heating process was
conducted using a generic PCR heating block before measuring the samples on the Rotor-Gene
Q. The measurements are shown in Figure 6.12.

Normalised Flouresence (a.u.)

1.2
1
0.8
0.6
0.4
0.2
0

No Heating

45

95

Figure 6.12 Normalised fluorescence of SYBR Safe with T6 following annealing at
temperatures indicated.
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These results demonstrated that the interaction of T6 with SYBR Safe was not affected
significantly by annealing the sample before the addition of SYBR Safe. This shows that any
structures that may have been formed by the heating of T6 were not retained upon cooling,
allowing the T6 to be available to bind dA ssDNA.

6.7 Comparison of Binding Interactions of dA ssDNA with Complementary
Polymers
Following the optimisation of the various concentration parameters, measurement of the
interactions between T6 and the complementary dA ssDNA were conducted. The dyes are all
reported in the same concentration units (X) which was designed to be detected using the same
instrumental parameters (i.e., 1X SYBR SAFE should have a similar signal intensity to 1X
SYBR Green II). In addition optimisation of the process was considered beyond the scope of
the project so the process used for optimising SYBR Safe was not repeated for each of the
remaining dyes.
Further, to exclude effects of the alkyl polymer backbone an additional sample of poly(acrylic
acid) (pAA) was used. This was chosen due to pAA having a significantly improved solubility
in water compared to pHPMA while still retaining an alkyl backbone. The effect of the
isonisable acid was considered acceptable within this approximation to compare to the
ionisation of the phosphate. The pKa of pAA is reported to be 4.521 which puts in in the range
of reported pKa for adenosine of between ∼3.6-4.3.22

Finally, a dT ssDNA 23-mer was also tested with each of the binding dyes. This sequence was
chosen as it was complementary to the dA ssDNA 23-mer, and provided a positive control for
the formation of double stranded DNA and the associated hybridisation
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6.7.1

Interactions with SYBR Safe Dye

The first dye tested was SYBR Safe. This dye binds to dsDNA, leading to its confinement and
an increase in fluorescence. For this experiment the signal increase for the combination of T6
with dA ssDNA would indicate the formation of a double helix with base pair stacking similar
to that seen in traditional double stranded DNA systems. For that reason the combination of dT
ssDNA and dA ssDNA was also measured, as this would hybridise to form dsDNA.
Samples were prepared at 10 µM with 2.5X SYBR Safe in 10 mM TRIS-HCl buffer, full
experimental details are presented in Chapter 2, Section 2.5.4.4. The samples to undergo
hybridisation have a loading of 10 µM of the duplex to account for hybridisation, i.e. 10 µM
dA ssDNA and 10 µM dT ssDNA results in 10 µM dAdT dsDNA. Fluorescence was measured
at 25 ℃ with the results shown in Figure 6.13.
As expected, Figure 6.13 shows that the combination of dA ssDNA and dT ssDNA resulted
in far greater fluorescence than any other sample, exceeding the detection limit of the
instrument at the maximum permitted gain settings. This showed that the SYBR Safe has an
increased quantum yield in the presence of dsDNA.
Interestingly the fluorescence of the SYBR Safe in the presence of T6 is 290% that seen in the
dA ssDNA and 241% greater than that seen in dT ssDNA alone. This suggests that the T6 only
sample confines the SYBR Safe dye, but the insertion does not lead to a dramatically higher
fluorescence state.
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Figure 6.13 Background corrected fluorescence of samples treated with SYBR Safe
containing ssDNA and T6 in combinations shown. Samples normalised to dA ssDNA and run
in quadruplicate at gain 10, 25 ℃.
The measured fluorescence of the dA ssDNA + T6 sample was significantly lower than the
fluorescence measured for dsDNA. This indicated that any hybridisation was not in the same
conformation as dsDNA. This result was therefore consistent with the findings of Section 6.4.2.
The lack of fluorescence signal for the pAA shows that the confinement provided by the T6
does not come solely from the hydrophobic alkyl backbone of the polymer.
6.7.2

Interactions with dsGreen

Following testing with SYBR Safe the experiment was repeated with dsGreen, Figure 6.14.
dsGreen was more sensitive to dsDNA than SYBR Safe being both an intercalator and a minor
groove binder with both binding sites causing fluorescence (see Chapter 1, Section 1.4.5 for
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further details).23 The experimental conditions were the same as the Section 6.6.1 with the only
change being the substitution of the dye. Thse results are presented in Figure 6.15.

Figure 6.14 Structure of dsGreen.

Figure 6.15 Background corrected fluorescence of samples treated with dsGreen containing
ssDNA and T6 in combinations shown. Samples normalised to dA ssDNA and run in
quadruplicate at gain 10 at 25 ℃. Samples marked * indicate oversaturation of the detector.
These results show, again, that the dsDNA (A-T) creates a much stronger fluorescent signal
than any of the individual single stranded component. The overall response from the samples
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was significantly higher than the recorded measurements for SYBR Safe, roughly an order of
magnitude, showing that the dsGreen gives better detection of the dsDNA.
The data shows that the affinity for dsGreen was higher towards thymine than adenine, based
on the increased fluorescence for both dT ssDNA and T6 compared to dA ssDNA. This was
likely due to the 6 membered heterocycle pyrimidine being better able to bind the dye than the
larger 9 membered heterocycle purine, as reported by Somoza et al.22 Similar selectivity for
cytosine dyes, the class dsGreen belongs too, was reported by Agbavwe et al. who attributed
this to the difference in the ability to undergo π-π stacking.
The detector was once again saturated with the signal from dAdT dsDNA indicating that the
canonical duplex has a stronger affinity for the dye. The combination of T6 with dA ssDNA
also did not lead to an increase in fluorescence, within the margin of error the combination
caused a decrease of 11%. This may suggest that the addition of the dA ssDNA causes the
removal of bound dsGreen from the T6. This further suggests that a complex structure was
forming between the dA ssDNA and T6 which was in turn binding the dye, but based on the
magnitude of fluorescence it was not able to increase the quantum yield to the extent of
equivalent dsDNA.
6.7.3

Interactions with Yo-Pro-1 Dye

The next dye tested was Yo-Pro-1 iodide (Yo-Pro), Figure 6.16. Yo-Pro was a monointercalating dye that binds between base pairs at a 1:3 spacing of Yo-Pro:base pairs. It has
been shown by Biebricher et al.17 that this leads to a higher fluorescent yield with dsDNA due
to the more rigid structure of the double helix. For these measurements the same concentration
of analyte was used as for the previous SYBR dyes, 10 µM, but the Yo-Pro iodide concentration
was lowered to 1X compared to the 2.5X used for SYBR dyes. The fluorescence was then
measured using the Q-gen® real time PCR machine. The results are shown in Figure 6.17.
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Figure 6.16 Structure of Yo-Pro iodide.

Figure 6.17 Background corrected fluorescence of samples treated with Yo-Pro iodide
ssDNA and T6 in combinations shown. Samples normalised to dA ssDNA and run in
quadruplicate at gain 2.67, 25 ℃.
The first important thing to note with these samples was the magnitude of the signal intensity.
Due to the high fluorescence intensity the gain on the photomultiplier was lowered to 2.67,
compared to 10 for SYBR stains, to get the same signal intensity for the dA ssDNA. This can
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be attributed to the higher efficiency of the Yo-Pro when bound. Further, the signal intensity
for the pAA standard remained at 0, indicating that again, as with SYBR, there was no
fluorescence caused by binding to the alkyl backbone of the vinyl based polymers.
As with SYBR, Yo-Pro shows the highest fluorescence with the dsDNA sample, greater than
the sum of the two individual ssDNA samples. Distinctly though it now shows a statistically
significant increase in fluorescence for the dA ssDNA compared to dT ssDNA indicating a
possible preference in binding. Somoza et al. have reported that this behaviour is present in
guanine and adenine rich sequences of ssDNA due to the increased rigidity caused by the size
of the purine nucleobases.24 When the dA ssDNA was combined with T6 again the
fluorescence decreased compared to the dA ssDNA by itself.
6.7.4 Interactions with SYBR Green II
The major difference between SYBR Green II and the other dyes tested was that it was
considered selective for ssDNA and RNA. There was no available structure for SYBR Green
II as it was a trade secret. It was also the only dye tested that was of unknown binding, but this
selectivity has been demonstrated experimentally.25 As with SYBR Safe the dye was prepared
at a 2.5X loading with 10 µM of each analyte tested, the results of the fluorescent measurements
shown in Figure 6.18.
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Figure 6.18 Background corrected fluorescence of samples treated with SYBR Green II
containing ssDNA and T6 in combinations shown. Samples normalised to dA ssDNA and run
in quadruplicate at gain 10, 25 ℃.
The sample containing dA ssDNA showed the highest fluorescence. This was due to the
adenine being a purine, containing a larger aromatic structure. This in turn was able to bind to
the SYBR Green II more effectively as reported in literature.26 By comparison thymine samples
(dT ssDNA and T6) have a lower fluorescence response because it was a smaller pyrimidine.
When the dA ssDNA was combined with a complementary nucleobase sequence (dT ssDNA
or T6) the binding of the adenine by the thymine displaces the SYBR Green II dye, causing the
fluorescence to decrease. This change indicates that there was successful hybridisation between
the T6 and dA ssDNA, but that it was not structurally comparable to that of dsDNA.
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6.8 Structural Hypothesis
From the investigations into the binding of different fluorescent dyes it was hypothesised that
the shorter spacing of bases in T6, and by extension all nucleotide functionalised alkyl-based
polymers, causes a shorter space between rotations. This in turn leads to the ssDNA wrapping
around the alkyl polymer in order to bind to it, creating an asymmetric helix as shown in Figure
6.19. This new structure prevents the binding of traditional dyes, but was detectable by
measuring the decrease in fluorescence caused by the displacement of the ssDNA bound dye.
This is unlikely to be a 1:1 binding as idealised in Figure 6.19, but rather a series of regions
bound in this manner.

Figure 6.19 Proposed screw-like helix formed around T6 by dA ssDNA.

6.9 Conclusion
From the information covered in this chapter it was possible to determine that there was binding
occurring between the T6 and a DNA structure containing its complementary nucleobase,
namely dA ssDNA. However, the nature of this binding was not clear. The change in
fluorescence of the dyes in the presence of T6 following addition of dA ssDNA showed that
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there was binding occurring between them. The magnitude of the change in fluorescence seen
following the addition showed that the spacing of nucleotides does not offer the same
confinement of the dye as it did for the similar complementary dsDNA under the same
conditions. It was hypothesised that this was the result of the shorter spacing between bases in
the T6 caused by the shorter distance between repeating units in the polymer chain, compared
to dT ssDNA equivalent, impairing the binding of the subsequent confinement of the dye which
would have led to a higher fluorescence signal.
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7 Chapter 7: Conclusion

7.1 Synopsis
This aim of this thesis was to develop a method for
the synthesis of alkyl based polymers bearing
nucleotide functionality with a view to creating a
DNA analogue.
Chapter 3 demonstrated the fundamental basis for
the process through the phosphoramidite coupling
method to generate the required class of monomer.
Chapter 4 built on this to show that a polymer
could be synthesised that contained guanine
functionality. This polymer and its secondary
interactions were further investigated in Chapter 5
with the determination that they formed complexes
analogous to those found in DNA.
Chapter 6 applied the techniques and information
gathered to determine that the thymine nucleotide
polymer bioconjugate underwent binding to
complementary DNA.
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7.2 Concluding Remarks and Future Work.
Chapter 1 presented the prior work on the convergence of biological nucleic acid and synthetic
polymerisation techniques, demonstrating that nature has already achieved what artificial
methods are still attempting to replicate (Section 1.5.2). The body of literature presented shows
that achieving this through a hybrid method of combined biological and synthetic techniques
has formed a foundation on which to build. The incorporation of nucleic acid fragments has
already built a foundation for this work (Section 1.7). Building upon that, this thesis has
developed a monomer possessing both nucleic acid and radical polymerisation compatible
moieties. What has made this work unique is that it is the first to combine the full nucleic acid
repeating unit, a nucleotide.
The work presented in Chapter 3 demonstrated the coupling method for attaching a vinyl
moiety from a methacrylate, to a nucleotide in the form of 5′-dimethoxytrityl-N-benzoyl-2′deoxycytosine,3′-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (Section 3.3). This was
achieved through the use of a modified phosphoramidite coupling method, created for this
project. This resulted in the formation of the C3 monomer. Confirmation of this coupling was
achieved through the use of proton and

31

phosphorous nuclear magnetic resonance (NMR)

spectroscopy. This was through the substitution of the diisopropyl amine peak at 1.2 ppm with
a pair of peaks associated with the HPMA conjugation at 6.25 ppm and 5.7 ppm.
Subsequently the bioconjugate monomer was found to undergo radical polymerisation
successfully, but testing resulted in the formation of a polymer-gel (Section 3.4). The remainder
of the chapter investigated the formation of this gel, determining its characteristics and
properties to prevent it happening in subsequent iterations of the procedure. Fourier transform
infrared spectroscopy demonstrated that the nucleic acid functionality had been retained within
the gel, ruling out hydrolysis of the nucleotide connection to the methacrylate. Testing with a
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variety of solvents revealed that the most likely cause of the C4 forming a gel was the diene
caused by substitution of the methacrylate moieties while in solution.
Chapter 4 demonstrated how the limitations of the initial method could be overcome for the
synthesis of a monomer capable of forming a stable polymer by adjusting the vinyl source to
clock the substitution that caused the diene to form (Section 4.2). This was achieved using a 2hydroxypropyl methacrylate, and conjugating it to the 5'-dimethoxytrityl-N-isobutyryl-2'deoxyguanosine,3'-[(2-cyanoethyl)-(diisopropyl)]-phosphoramidite,

resulting

in

5'-

dimethoxytrityl-N-isobutyryl-2'-deoxyguanosine,3'-[(2-cyanoethyl)-(oxypropyl ethacrylate)]phosphate monomer. This conjugation was again confirmed through the use of proton and
31

phosphorous NMR spectroscopy (Section 4.3). The appearance of peaks 3.6 ppm and 5.3

ppm in the proton NMR spectrum combined with the removal of the 2.9 ppm peak associated
with the substituted diisopropyl amine confirmed the conjugation. The

31

phosphorous NMR

showed a shift from 148 ppm to the 2 ppm range indicating that the phosphorous had oxidised
to the desired P(V) state of the phosphate.
The successful conjugation was further confirmed through the use of electrospray ionisation
mass spectrometry where the peak at 883 m/z and the associated adducts further confirmed the
conjugation.
Chapter 4 further demonstrated the compatibility of the G3 monomer with radical
polymerisation and the controlled growth that could be achieved (Section 4.4). Though
preliminary experiments showed the formation of a stable suspension, further investigated in
Chapter 5, the successful polymerisation was confirmed through size exclusion
chromatography.
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Additional investigation of the polymerisation of G3 utilised both in-situ an ex-situ
measurements to determine that the polymerisation was proceeding under RAFT mediated
conditions (Section 4.5). The in-situ NMR spectroscopy methods demonstrated that the
polymerisation of G3 monomer initially begins under the expected RAFT control based on the
distinct growth period, followed by a decrease as monomer availability in solution decreases.
The addition of SEC as a technique showed that there is a distinct plateau in the rate of
polymerisation at ~22 repeating units incorporated, indicating the maximum Mw attainable
using this methodology.
Chapter 5 investigated the formation of particles from the G6 in solution. It was found that
these particles were forming as the result of g-quartets forming between the guanine units of
the G6 chains, resulting in the formation of g-quadruplexes (Section 5.3).1 These gquadruplexes were found to form more strongly in the presence of the monovalent potassium,
consistent with the g-quadruplexes found in other DNA systems. The measurement of the
structures formed using the ATTO 550 fluorescent dye with microscopy and melting analysis
indicated the formation of a vesicle like structure with a hydrophobic shell and hydrophilic
core (Section 5.5).
Finally, Chapter 6 investigated the formation of duplexes between the thymine functionalised
homopolymer, T6 and a complementary sequence dA ssDNA. Computer modelling using the
Firefly computational modelling system demonstrated that the binding was possible, and
introduced strain to the system forming a non-typical structure (Section 6.4). This was further
supported through the investigation of the binding with florescence dyes, comparing their
relative affinity to the canonical DNA duplex to that seen for the polymer-ssDNA duplex
(Section 6.7).

257

7.3 Future Work
The synthesis of nucleotide functionalised polymers as presented in this thesis demonstrate a
distinct method to those presented previously. The resulting polymers bare a structural
similarity closer, to that seen in natural systems, and therefore should be further investigated
in systems where this similarity may provide a benefit.
Most notably among these is enzymatic compatibility. The polymers presented here show that
when a vinyl back bone is generated through a radical addition there remains a binding affinity
for DNA, as presented in Chapter 6. The extension of this then would be to generate a ribose
phosphate backbone using a polymerase enzyme and determine if this allows the radical
polymerisation to be conducted afterwards. If possible, this presents a route for the synthesis
of sequence-controlled polymers beyond what has been achieved to date.2 Along this line then
is the expansion of the monomer library, utilising different vinyl sources such as the amides
considered in Chapter 3 Section 3.2.2, and non-natural nucleotides.
Utilising the current polymers though there is scope to investigate their binding and use as a
scaffold in the synthesis of nanostructures. Previous literature has shown that DNA can be used
to form structures through origami like folding,2,3 but the potential to create these structures
from more resilient alkyl polymers increases the range of potential applications.
The potential resilience of the alkyl based polymers able to bind DNA selectively could also
increase the availability of DNA sensors. Currently the conditions required for the preservation
of DNA restrict their possible application. The polymers presented here may assist in
overcoming this as the alkyl based polymer would be incompatible with biological breakdown
mechanisms, such as bacteria, and more thermally stable due to the carbon-carbon back bone.
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To determine if this is the case further work is required to investigate the biocompatibility of
the polymers presented.
Overall, the work presented in this thesis is a significant step towards the use of biological
processes for the synthesis of tailored artificial polymers over a broad range of applications.
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Appendix 1: C3 1H NMR Peak Attributions
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Appendix 2: G3 1H NMR Peak assignments

Proton
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Appendix 3: Example DRI chromatograms for the polymerisation kinetics
of G3.
30 minutes.
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60 minutes.
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90 minutes.
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240 minutes.
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300 minutes.
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600 minutes.
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Appendix 4: T3 1H NMR Peak Attributions
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