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Abstract 

 

Current clinical assays employ a number of different molecular recognition 

elements, with the most prevalent using antibodies as a consequence of their 

high selectivity towards target analytes. However, antibody-based assays carry 

several limitations. They are highly sensitive to temperature as well as pH, 

irreversibly denatured outside of physiological conditions, costly, laborious to 

produce, have a limited shelf life, and cannot be designed to detect targets that 

are not immunogenic. In recent years, aptamers have been highlighted as 

suitable alternatives to antibodies. Aptamers are single stranded 

oligonucleotides which fold to bind to non-oligonucleotide based analytes with 

high affinities and selectivities. With similar target affinities to antibodies, 

aptamers are inherently more stable, reversibly denatured by temperature, 

easily amenable to chemical modifications, and can potentially be developed for 

any analyte. However, aptamers experience several limitations when it comes to 

their use in therapeutic and diagnostic applications, one major factor being their 

inability to withstand nuclease degradation. This makes them unsuitable for 

analysing clinical samples. Fortunately, such limitations can be rectified by 

incorporating modifications into the aptamer sequence. This thesis aims to 

contribute to the growing field of modified aptamer development by introducing 

two vastly different but innovative modifications for incorporating aptamers into 

biosensing applications. 

 

The first approach aims to incorporate aptamers into molecularly imprinted 

polymers, or MIPs. Often noted as a more stable substitute to both antibodies 

and aptamers, MIPs are formed when the analyte of interest is imprinted into a 

polymer. Although there are already a handful of reports on aptamer 



 

incorporated MIPs, there is no mention on how the flexibility of the aptamer 

affects the sensing capabilities of the surface coupled aptamer-MIP hybrids. 

This approach aims to address this by studying the placement of novel 

acrylamide modified thymidine residues into the thrombin binding aptamer 

sequence. The synthesis of the acrylamide modified thymidine molecule is 

described, and the feasibility of the molecule to polymerise and be incorporated 

into DNA via solid phase oligonucleotide synthesis is reported. Modified aptamer 

sequences with various placements of acrylamide groups are then synthesised, 

and their ability to polymerise and bind to thrombin/complementary targets is 

studied. These studies demonstrate that placement of the modification needs to 

be carefully considered in order to maximise aptamer-target interactions. 

 

The second approach aims to utilise aptamers as target recognition elements 

in liposomes for biosensing applications. DNA-lipid conjugates comprise either 

steroidal or long hydrocarbon units which anchor the molecule into liposomes 

by partial insertion into the lipid bilayer. To date, a conjugate does not exist 

where the steroidal moiety spans the entire bilayer. Here, a novel lipid tag with 

two consecutive steroidal units is created, designed to anchor the DNA-lipid 

conjugate across the whole bilayer, providing more stabilization to the 

supramolecular structure. The design and synthesis of the bischolesterol 

molecule and its attachment to DNA to create transmembrane molecules is 

described via four different synthetic strategies, each one with varying success. 

Azide-alkyne cycloaddition and phosphoramidite coupling techniques are 

employed to couple the bischolesterol molecule to aptameric sequences of DNA 

in solution and on solid supports via automated DNA synthesis. Cy3 and Cy5 

fluorophores are also attached to the bischolesterol unit as signalling 

components for the system.  



 

 

An overview of the work described in this thesis is given below: 

 

Chapter 1- Introduction 

This chapter describes the structure and function of oligonucleotides and 

aptamers. A review of aptamer modifications is also provided.  

 

Chapter 2- Techniques 

This chapter gives a general overview of the techniques used to synthesise and 

study the unmodified and modified DNA aptamer sequences detailed in this 

thesis. 

 

Chapter 3- Acrylamide modified aptamers for incorporation into molecularly 

imprinted polymers 

This chapter describes the first approach undertaken in modifying aptamers 

by creating a novel acrylamide moiety to allow incorporation of aptamers into 

molecularly imprinted polymers. Acrylamide modified thymidine was used to 

place acrylamide groups in various positions of the thrombin binding aptamer 

sequence. The acrylamide modified strands were successfully crosslinked into 

acrylamide-based polymers and were observed to bind to thrombin and 

complementary DNA targets. 

 

Chapter 4- Lipid-aptamer conjugates for biosensing with liposomes 

This chapter describes the second approach undertaken in modifying 

aptamers by creating a novel bischolesterol-dye tag for inserting lipid-aptamer 

conjugates into liposomes. DNA-bischolesterol and DNA-bischolesterol-dye 

conjugates were successfully synthesised via three different synthetic 



 

strategies, purified by reversed phase HPLC, and characterized by mass 

spectrometry. The constructs afforded have the potential to bind to target 

molecules and ultimately be adopted into biosensing systems with liposomes. 

 

Chapter 5- Experimental 

This chapter provides a detailed description of the experimental procedures 

employed during the investigations performed in this thesis. 

 

Chapter 6- Appendix 

This chapter contains additional data obtained during the investigations 

performed in this thesis. 
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THF 

 

Tetrahydrofuran 

THPTA 

 

Tris(hydroxypropyltriazolylmethyl)amine 

TLC Thin layer chromatography 

 

Tm 

 

Thermal melting temperature 

TMS 

 

Tetramethylsilane 

TNA 

 

Threose nucleic acid 

TOC 

 

Total organic content 

TOF Time of flight 

 

tRNA Transfer ribonucleic acid 

 

U 

 

Uracil 

UNA 

 

Unlocked nucleic acid 

UV/vis Ultraviolet/visible 

 

XPS X-ray photoelectron spectroscopy  
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Chapter 1 Introduction 
 

1.1 Structure of nucleic acids  

 

1.1.1 Nucleotide structure 

Nucleic acids are biopolymers essential for the existence and evolution of all 

living organisms. The monomers of these biopolymers are called nucleotides and 

consist of three groups- a phosphomonoester, a ribose sugar, and an N-

heterocyclic base. The phosphomonoester is attached to the 5’ position of the 

sugar and the N-heterocyclic base is attached to the 1’ position of the sugar 

(Figure 1.1).1 

 

 

Figure 1.1 Structure of a nucleotide. The deprotonated phosphomonoester is highlighted in blue, 

the ribose sugar in black (with numbered positions), and the N-heterocyclic group in 

green.  

 

The phosphomonoester in Figure 1.1 is deprotonated in physiological 

conditions. This group is responsible for the acidity and negative charge of 

nucleic acids. The sugar of the nucleotide can either be ribose or deoxyribose 

(missing a hydroxyl group in the 2’ position of the sugar). The name ribonucleic 

acid (RNA) or deoxyribonucleic acid (DNA) is determined by the type of sugar 

used in the biopolymer. The N-heterocyclic base of nucleotides can either be 

monocyclic or bicyclic. The former are classed as pyrimidines and the latter 
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classed as purines. Naturally, nucleotides comprise of two purines and three 

pyrimidines, as shown in Table 1.1. Sequence labelling of nucleic acids denotes 

the first letter of each base for each nucleobase, hence A for adenine, G for 

guanine, C for cytosine, T for thymine, and U for uracil.1 Thymine, uracil, 

cytosine, and guanine can exist as aromatic tautomers but are more stable in 

their amide-like ring forms.  

 

Table 1.1 Different N-heterocyclic bases and ribose sugars found in nucleic acids. 

 DNA only DNA and RNA RNA only 

bases  

   

sugars 

 

 

 

 

 

1.1.2 Oligonucleotide structure 

Nucleotides are linked by phosphodiester bonds to form oligonucleotides. 

Condensation polymerisation links the phosphate group of one nucleotide to the 

3’ position of the ribose sugar of another nucleotide. In living organisms, the 

linkages are formed among nucleotide triphosphates, eliminating 

pyrophosphate in the process. The primary structure of an oligonucleotide is a 

linear single strand. Hydrogen bonding between nucleobases either within the 

same strand or between different strands lead to higher ordered structures of 

oligonucleotides. Guanine pairs with cytosine with three hydrogen bonds, and 

adenine pairs with thymine (in DNA) or uracil (in RNA) with two hydrogen bonds 
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(Figure 1.2). The pairing of two strands of oligonucleotides with base sequences 

complementary to one another results in a double helical structure. 

Hydrophobic interactions and π stacking of the bases further stabilise the helix. 

In nature, this structure is more commonly observed in DNA than RNA, 

although double stranded RNA has been detected in some viruses. RNA in other 

living organisms exists as highly folded single oligonucleotide strands.2  

 

 

Figure 1.2 Hydrogen bonding of nucleobase pairs in DNA showing three hydrogen bonds between 

guanine and cytosine, and two hydrogen bonds between adenine and thymine. The 

phosphodiester backbone is shown in blue. 

 

The structure of biological DNA was correctly identified as a double helix by 

Francis Crick and James Watson in the early 1950’s.3 The helix consists of 

complimentary oligonucleotide strands running antiparallel to one another, i.e. 

the 3’ end of one strand is paired with the 5’ end of the other and vice versa. It 

was later discovered that the dimensions and geometries of the helix can vary, 

but three main conformations are known (Figure 1.3). The predominant 

conformation for duplexes found in aqueous solutions is B-DNA; where the helix 

is wound in a right-handed direction. A-DNA is a shorter and fatter version of 
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the B form and is rarely found under physiological conditions. Z-DNA is a left-

handed version of the helix and a transient form of DNA.4 

 

Figure 1.3 The three different conformations of the DNA double helix.4  
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1.2 Biological function of nucleic acids 

 

DNA is found in high molecular weights in the nuclei and mitochondria of 

eukaryotic cells, and the nucleoids of prokaryotic cells.5 In eukaryotes, DNA is 

packed with proteins called histones to form chromosomes. In prokaryotes, 

various proteins are used to compact DNA. RNA is more abundant in living 

organisms but have much lower molecular weights than DNA. RNA 

predominantly exists as either ribosomal RNA (rRNA), messenger RNA (mRNA), 

or transfer RNA (tRNA). These three types of RNA serve different but relatable 

functions in cells. 

 

Nucleic acids are the blueprint for the biosynthesis of proteins. As well as 

catalysing reactions in the form of enzymes, partaking in molecular recognition 

and signalling, and transporting small molecules; proteins also provide 

structural integrity to cells in the form of keratin or collagen.6 Protein 

biosynthesis occurs via the transcription and translation of genes. Genes are 

DNA base sequences that correlate to the synthesis of specific polypeptides; the 

primary structure of proteins. Genes also contain hereditary information which 

is passed on from parents to offspring.7 Transcription involves the transfer of 

genetic information from DNA to mRNA, and translation uses the mRNA, along 

with tRNA and rRNA in ribosomes, to generate polypeptide sequences. Both 

processes are assisted and catalysed by enzymes and other proteins (Figure 

1.4).8  
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Figure 1.4 Transcription and translation processes.9 

Alongside storing genetic information for protein biosynthesis, nucleic acids 

also function in the catalysis of biological processes in the form of DNAzymes 

and RNAzymes.10 RNA riboswitches control gene expression in prokaryotes by 

binding to small molecule metabolites with high affinity and selectivity, altering 

the synthesis of polypeptides encoded by mRNA in the process. There is growing 

interest in engineering catalytic nucleic acids and riboswitches to develop our 

understanding of the alternative functions of nucleic acids.11, 12 There is also 

interest in using these oligonucleotides or chemically synthesised derivatives for 

gene expression, antisensing (the use of single stranded oligonucleotide probes 

to sense complementary sequences), and sensing of proteins and small molecule 

metabolites.13 Automated solid phase chemical synthesis of oligonucleotides 

and in vitro amplification of nucleic acids by the polymerase chain reaction 

(PCR) has greatly enhanced the opportunities of finding nucleic acid sequences 

for such applications.14  
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1.3 Aptamers  

 

1.3.1 Aptamer structure 

Aptamers are classed as synthetically derived single stranded oligonucleotides 

that structurally conform to bind to specific targets.15 The name ‘aptamer’ is 

derived from the Latin word aptus meaning ‘to join’, and the Greek word meros, 

meaning ‘parts’.16 Aptamers can consist of either DNA or RNA sequences. Self-

complementary regions within the sequence allow the aptamer to fold into 

secondary or three-dimensional structures that fit target molecules with high 

affinity and specificity (Figure 1.5). Targets include small molecules,17-21 nucleic 

acids,22-24 proteins,25-29 viruses,30 bacteria,31, 32 and whole cells.33-35 Depending 

on the structure of the target and the environmental conditions that are 

necessary, the interactions between aptamer and target are mainly non-covalent 

and so include van der Waals interactions, hydrogen bonding, and electrostatic 

forces. A number of secondary structure motifs for aptamers have been 

described, including G-quadruplexes,36 hairpin structures,37 and 

pseudoknots.38 Three-dimensional structures of these biopolymers have not 

been as easy to define. However, a few 3D structures,  mainly of the thrombin 

binding aptamer, have been determined by NMR spectroscopy39 and X-ray 

crystallography.40 

 

 

Figure 1.5 Common secondary structures of aptamers (adapted from the review ‘Aptamers: 

molecules of great potential’15). A- hairpin, B- pseudoknot, C- G-quartet/quadruplex. 
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1.3.2 Aptamer sequence selection (SELEX) 

Aptamer sequences are selected through a form of combinatorial chemistry 

called Systematic Evolution of Ligands by EXponential enrichment (SELEX). The 

process is termed so because it entails the removal of non-target binding 

sequences, making the process evolutionary. Exponential enrichment refers to 

the PCR amplification of selected target binding sequences.41 It was first 

developed in the early nineties by two independent research groups; Tuerk and 

Gold selected RNA sequences showing high affinity to the bacteriophage T4 DNA 

polymerase gp43 from a collection of random RNA oligonucleotides,25 whereas 

Ellington and Szostak used a similar procedure to target RNA aptamers for small 

organic dyes.42 

 

The process starts with a large library or pool of chemically synthesised DNA 

or RNA oligonucleotides (~1015 oligos)43. The sequences typically contain a 

region of 20-80 random nucleotides and are flanked with primer binding sites 

necessary for PCR amplification. The library is incubated with the chosen target 

and non-target binding oligos are partitioned from the mixture. The partitioning 

method implemented depends on the target selected. For large targets such as 

cells or proteins, membrane filters are used to filter off unbound oligos, whereas 

for smaller targets, the molecules are immobilised onto solid supports allowing 

for easy washing of unbound oligos. Target-bound oligos are isolated and 

amplified by PCR for DNA sequences, or reverse transcription PCR for RNA 

sequences. If symmetric PCR is used, the resulting double stranded DNA is 

transformed into a new oligonucleotide library by separating the relevant single 

stranded DNA or by in vitro transcription for RNA. This new library is then used 

for the next round of SELEX. The cycle is repeated until the initial 
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oligonucleotide pool is reduced to a small number of precise sequence motifs 

which show high affinity and specificity for the chosen target (Figure 1.6).44 

 

 

Figure 1.6 Aptamer selection process (SELEX).45 

 

 Usually, the stringency of each cycle is gradually increased by reducing the 

target concentration and/or by changing the binding and washing conditions 

(i.e. incubation time, buffer conditions) in later SELEX rounds. Negative and 

counter SELEX rounds are typically introduced to remove sequences showing 

affinity for filter membranes/solid supports and for molecules which are similar 

in structure to the target molecule. The success of the process is largely 

dependent on the design of the initial oligonucleotide library, target structure 

and concentration, ratio of target molecules to oligonucleotides, selection 

conditions (e.g. temperature, pH, salt), the efficiency of removing unbound 

oligos, and the elution of bound sequences.16  
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1.3.3 Aptamer function 

The ability of aptamers to bind selectively to targets permits them to be utilised 

in a variety of therapeutic and diagnostic applications. Therapeutics is the 

treatment of disease. For therapeutic applications, aptamers can behave as 

agonists: species which interact with and activate cell receptors, as well as 

antagonists: species which inhibit protein-protein or receptor-ligand 

interactions. An example of this is the aptamer-based drug Macugen, which 

works as an antagonist to VEGF165, a protein involved in angiogenesis (the 

development of new blood vessels) and permeability (the leakage of blood 

vessels). It is used to treat age-related macular degeneration, an eye disease that 

can result in blindness if left untreated.46 Also, aptamers specific for cell surface 

receptors are used to deliver drugs and other compounds to cells. There are 

many reports on aptamer mediated drug delivery of anticancer drugs to 

cancerous cells for therapeutic effects.47-50 

 

In terms of diagnostics, aptamers have been incorporated into biosensors to 

detect a variety of biological targets. Biosensors are devices which utilise 

biological molecules for the detection of analytes. The device consists of a 

biologically derived recognition element (the aptamer in this case), which 

interacts with a target of interest, and a physiochemical detector, which 

translates the interaction to an observable signal. Aptamers are often 

considered as superior alternatives to popular antibody based systems as they 

exhibit similar target affinities but are more stable, reversibly denatured by 

temperature, easily amenable to chemical modifications, and can potentially be 

developed for any analyte.51  Upon target binding, aptamers usually undergo 

conformational changes which can be detected by a number of techniques, 

including UV/vis analysis or circular dichroism.52, 53 Mass based detection 
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techniques such as surface plasmon resonance are also used to identify 

aptamer-target binding.54 Commonly, aptamer conformation changes in 

biosensors are detected using colorimetric, fluorescent or electrochemical 

techniques with oligonucleotides which are modified with fluorescent or 

electrochemical tags. Fluorescently labelled aptamers are occasionally called 

‘apta-beacons’. Usually the fluorescence of these apta-beacons is switched off 

by a quencher group on a complementary sequence present either within the 

same strand or duplexed with a different strand. Recognition of the target by 

the aptamer results in separation of the fluorescent tag and the quencher group, 

allowing the fluorophore to emit light (Figure 1.7). Förster Resonance Energy 

Transfer (FRET) is a mechanism by which energy is transferred between two 

fluorophores. The amount of energy transferred is dependent on the distance 

between the groups. It can be used to correlate shifts in fluorophore emission 

wavelengths to aptamer conformational changes upon target binding15 and is 

also used to determine structures of aptamers.55 

 

 

Figure 1.7 Fluorescence signal emitted upon target recognition of a fluorescently tagged 

aptamer.56 

 

Electrochemical detection using redox-tagged aptamers involves immobilising 

aptamers onto an electrode surface and measuring the effects of aptamer-target 

binding on the current flow through the system. The conformational change of 

the aptamer upon binding to the target affects the distance of the redox tag to 

the electrode surface, which in turn varies the rate of electron transfer.57 
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Alongside biosensing capabilities, aptamers can be used to separate targets 

from mixtures by immobilising the aptamer onto a solid support.58 

Oligonucleotides with aptameric tags showing high affinity to solid phase 

materials (e.g. cellulose) can be used to isolate sequences from mixtures of DNA 

or RNA.59  
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1.4 Aptamer modifications 

 

Unmodified aptamers have several limitations when it comes to their use in 

therapeutic and diagnostic applications. Their small size leads to rapid renal 

clearance and they are easily degraded by nuclease enzymes, making them 

unideal for therapeutics and for analysing clinical samples.60  Fortunately, as 

aptamers are synthetically derived, various modifications can be applied to 

avoid these limitations. Alongside improving aptamer stability to renal clearance 

and nuclease degradation, these modifications are also adopted to enhance 

aptamer-target interactions and/or to incorporate transducing elements for 

biosensing applications. Sites of modification can take place on the nucleobase, 

sugar, phosphate backbone, or tethered to the end of the strand, and can be 

applied before, during, or after sequence selection (SELEX) (Figure 1.8). Most 

modifications are introduced post-SELEX due to the inability of polymerase 

enzymes to recognise the modified groups in the amplification stage of the 

SELEX process.61 When added post-SELEX, structure activity relationship 

experiments are performed to determine the effect of the modification on 

aptamer-target interactions. A few examples of such modifications will now be 

discussed. 
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Figure 1.8 Sites for aptamer modifications. 

 

1.4.1 Nucleobase modifications 

Nucleobase modifications are usually applied to improve target binding affinity 

and selectivity, as the chemical diversity of unmodified aptamers is restricted to 

the five original nucleobases- A, T, C, G, and U.62 The C5 site of pyrimidines and 

N7/C8 sites of purines are often chosen for modification as they are more 

synthetically accessible than other sites and do not interfere with base pairing 

and other hydrogen bonding interactions (Figure 1.9).63 Affinities are enhanced 

via additional hydrophobic, hydrophilic, and charged interactions provided by 

the incorporated groups. 

 

 

Figure 1.9 Preferred modification sites on nucleobases (highlighted in blue). 
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Functional groups placed at the C5 position of pyridines and the N7 position 

of purines by rigid alkyne, alkene or amide linkers are often tolerated by DNA 

polymerases and can thus be introduced into oligonucleotide libraries in SELEX 

rounds.64 One notable example of such is the use of SOMAmers (Slow Off-rate 

Modified Aptamers) which are prepared from modified nucleoside triphosphates 

bearing hydrophobic amino acid side chains on the C5 position of cytosine and 

thymine (Figure 1.10).65 These modified aptamers were found to increase 

affinities with protein targets by providing additional interactions with 

hydrophobic regions of the protein. The protein-aptamer complexes formed were 

observed to have significantly lower (10-1000 fold) dissociation rates than their 

unmodified counterparts, which led to the terminology of these modified 

sequences. 

 

 

Figure 1.10 Structures of some of the modified nucleoside triphosphates used to form 

SOMAmers. 

 

As well as improving aptamer-protein interactions, modified nucleoside 

triphosphates have also been used to enhance aptamer-sugar binding (Figure 

1.11). Sawai and coworkers modified thymidine residues by adding charged 

cationic groups to improve interactions with the oligosaccharide sialyllactose.66 

The theory behind this was that the cationic group could ionically interact with 

the anionic carboxylic acid group of sialic acid and enhance binding. Wang and 
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coworkers added boronic acid moieties to thymidine residues to direct DNA 

aptamer binding to the glycan part of the glycoprotein fibrinogen, as boronic 

acids are widely known to bind to diols and hydroxyl groups.67 In both cases the 

modified aptamers showed higher affinities to selected targets than their 

unmodified counterparts. 

 

Figure 1.11 Structure of modified nucleoside triphosphates used to enhance aptamer-sugar 

interactions. 

 

1.4.2 Sugar modifications 

Sugar modifications are adopted to increase the stability of aptamers to 

thermal and nuclease degradation. They are usually placed at the C2 or C2 and 

C4 positions of the sugar and are more often found on pyrimidine-based 

nucleosides as these are more susceptible to nuclease degradation.68 Popular 

modifications of the C2 position include 2’-F, 2’-NH2, and 2’-OMe substituents 

(Figure 1.12). These substituents are compatible with certain engineered 

polymerases and thus can be used in SELEX rounds as modified nucleoside 

triphosphates.69 The aptamer drug Macugen (mentioned in section 1.3.3) 

contains modified 2’-F pyrimidine residues which were incorporated into SELEX 

rounds and 2’-OMe purine residues which were added post-SELEX.46   
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Figure 1.12 C2 sugar modifications used to increase stability of aptamers to nuclease 

degradation. Modifications are highlighted in red. 

 

Locked nucleic acids (LNA) have a methylene bridge linking the 2’-oxygen to 

the C4 position of the sugar (Figure 1.13). These modifications have been 

incorporated into aptamer sequences post SELEX and were found to enhance 

both thermal stability and stability to nuclease digestion, albeit sometimes at 

the expense of target binding.70 Jarstfer et al observed changes to aptamer-

target affinities in the thrombin binding aptamer sequence depending on where 

the LNA sugar was placed.71 Other sugar modifications utilised to enhance 

aptamer stability to nuclease degradation include unlocked nucleic acid 

(UNA),72 threose nucleic acid (TNA),73 hexitol nucleic acid (HNA),74 and 2’-F 

arabinose nucleic acid (FANA)75 (Figure 1.13).  

 

 

Figure 1.13 Different sugar modifications used to enhance stability of aptamers to nuclease 

degradation. Modifications are highlighted in blue. 
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1.4.3 Phosphate backbone modifications 

As with sugar modifications, the main reasoning behind phosphate backbone 

modifications is to increase aptamer resistance to nuclease degradation. The 

most routinely used backbone modifications either replace one or both non-

bridging oxygens with sulphur to give phosphorothioates and 

phosphorodithioates respectively (Figure 1.14).76 Although effective, complete 

substitution for sulphur containing linkages can result in heightened non-

specific interactions reducing target selectivity.77 Another type of phosphate 

modification to use are methylphosphonates where one of the non-bridging 

oxygens is replaced with a methyl group, resulting in a neutrally charged linkage 

(Figure 1.14). Mergny and coworkers used methylphosphonate modifications to 

study the effect of charge loss on the structure of the thrombin binding 

aptamer.78 They observed that replacing the negative phosphate backbone with 

neutral methylphosphonate groups destabilised the aptamer structure. 

Although novel methods are being developed to connect nucleosides via non-

phosphate derived linkages for antisensing applications (e.g. triazole linked 

DNA)79, few examples of these technologies have so far been employed in 

aptamer research.80 

 

 

Figure 1.14 Phosphate backbone modifications used to increase aptamer resistance to nuclease 

degradation. Modifications are highlighted in green. 
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1.4.4 End strand modifications 

Numerous end group modifications have been developed to overcome the 

limitations that arise for unmodified aptamers. These modifications are often 

introduced post SELEX as phosphoramidites during the solid phase 

oligonucleotide synthesis process. Examples of these include 5’-cholesterol81 

and 5’-dialkyl lipids82 for enhancing cellular uptake of aptamers and resisting 

renal clearance, and also 3’-biotin83 and 3’/5’-inverted nucleosides84 for 

increasing aptamer stability to nuclease degradation (Figure 1.15). Alternatively, 

phosphoramidites of small functional handles such as amines, thiols, alkynes, 

and carboxylic acids are added instead which are then subsequently reacted to 

connect the aptamer to an array of substrates and transducing elements. 

Examples include attachment of strands to gold surfaces via thiol-gold 

connections,85 and attachment of fluorescent and electrochemical tags via 

amide or triazole linkages.86-88 
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Figure 1.15 Examples of 3’ and 5’ end group modifications. Modifications are highlighted in 

purple. 

  

1.4.5 Other modifications 

In addition to the few examples listed above, other noticeable modifications 

include the use of artificial base pairs to enhance aptamer-target binding and 

specificity, and Spiegelmers to prevent nuclease degradation (Figure 1.16). 

Hirao et al incorporated hydrophobic unnatural base pairs termed Ds and Px 

into SELEX rounds to interact with a number of protein targets.89 The modified 

aptamers yielded were found to have affinities that were >100 fold greater than 

sequences only containing natural bases. Spiegelmers are mirror images of 

natural oligonucleotides.90 They exist as L-forms whereas natural 

oligonucleotides are D-forms. Nucleases do not recognise the L-form of 
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oligonucleotides, making Spiegelmers ideal candidates for preventing nuclease 

degradation. Spiegelmer based aptamers are chemically synthesised using 

sequences of D-form aptamers that express high affinities to the enantiomer of 

the desired target, as DNA polymerases do not recognise the L-forms of 

nucleoside triphosphates. 

 

 

Figure 1.16 Aptamer modifications using artificial base pairs and Spiegelmers. 
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1.5 Summary  

 

Nucleic acids are an important class of biomolecules vital for the existence of 

living organisms. Alongside being the blueprint for the production of proteins, 

they also function in the catalysis of numerous biological processes in the form 

of DNAzymes and RNAzymes. Research into developing synthetic derivatives of 

these biomolecules particularly for use in sensing applications has grown 

significantly. One field which has spanned from this research is the study and 

use of aptamers- synthetically derived single stranded oligonucleotides that 

structurally conform to bind to specific targets. They are often championed as 

better alternatives for biosensing to commonly-used antibodies as they are 

inherently more stable, are easily amenable to chemical modifications, and can 

potentially be developed for any analyte whilst exhibiting similar if not greater 

affinities and selectivities. Although aptamers have some limitations, the major 

being their susceptibility to nuclease degradation, various modifications can be 

applied to avoid these limitations. 
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1.6 Aim 

 

This thesis aims to contribute to the growing field of modified aptamer 

development by introducing two vastly different but innovative modifications for 

incorporating aptamers into biosensing applications. The first modification aims 

to incorporate aptamers into molecularly imprinted polymers, or MIPs. Often 

noted as a more stable substitute to both antibodies and aptamers, MIPs are 

formed when the analyte of interest is imprinted into a polymer. Although there 

are already a handful of reports on aptamer incorporated MIPs, there is no 

mention on how the flexibility of the aptamer affects the sensing capabilities of 

the aptamer-MIP hybrids. This approach aims to address this by studying how 

the placement of novel acrylamide modified thymidine residues into the 

thrombin binding aptamer sequence affects the ability of the modified strands 

to bind to their desired target. The second modification aims to utilise aptamers 

as target recognition elements in liposomes for biosensing applications. DNA-

lipid conjugates comprise of either steroidal or long hydrocarbon units which 

anchor the molecule into liposomes by partial insertion into the lipid bilayer. At 

present, a conjugate does not exist where a steroidal moiety spans the entire 

bilayer. Here, a novel lipid tag with two steroidal units is created, designed to 

anchor the DNA-lipid conjugate across the whole bilayer, providing more 

stabilization to the supramolecular structure. Cy3 and Cy5 fluorophores are 

also attached to the bischolesterol unit as signalling components for the system. 

The constructs afforded have the potential to bind to target molecules and 

ultimately be adopted into biosensing systems with liposomes. Literature 

methods more specific to the two approaches are further explored in the 

introduction sections of Chapter 3 and Chapter 4.  
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Chapter 2 Techniques 
 

This chapter gives a general overview of the techniques used to synthesise and 

study the unmodified and modified DNA aptamer sequences detailed in this 

thesis. The production of the strands via automated solid phase DNA synthesis 

is first explained in detail. Afterwards, the methods behind the purification and 

characterisation of the strands is discussed. Then the analysis of 

oligonucleotide conformations using circular dichroism spectroscopy is next 

described. Subsequently, the solution-based techniques used for DNA-analyte 

interactions in the form of thermal melting, gel electrophoresis, and isothermal 

calorimetry is reported. Finally, the methods used to examine DNA reacted 

surfaces via contact angle, ellipsometry, and X-ray photoelectron spectroscopy 

are conveyed. Although not utilised in experiments described in this thesis, 

Förster resonance energy transfer and surface plasmon resonance spectroscopy 

are briefly touched upon as methods for future experiments. 
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2.1 Automated solid phase DNA synthesis 

 

Solid phase DNA synthesis entails the heterogeneous coupling of a 

deoxyribonucleotide derivative in solution to another residue or growing 

oligonucleotide chain bound to a solid support (or resin). The technique is used 

to chemically synthesise single strands of oligonucleotides of up to 100 bases. 

Many types of solid supports can be used but the most common is controlled 

pore glass (CPG). CPG is rigid, non-swellable, and chemically inert to all 

reactions involved in DNA synthesis. It is manufactured with different particle 

and pore sizes with the most favoured pore sizes being 500Å and 1000Å. An 

advantage of solid phase DNA synthesis is that it permits the use of large 

excesses of reagents to force the coupling reaction to completion. Impurities and 

unreacted components are easily removed by washing the solid support, 

meaning no purification is required after each coupling step. The process is 

quicker and higher yielding than solution-based methods and is amenable to 

automation on computer-controlled DNA synthesisers. Several approaches to 

chemical synthesis of oligonucleotides have been developed to date, originating 

with the H-phosphonate method by Todd in the 1950s,1 leading on to 

phosphodiester,2 phosphotriester,3 and phosphite triester4 coupling 

chemistries. By far the most popular method for solid phase DNA synthesis is 

the phosphoramidite approach devised by Caruthers in 1981.5 

  

When designing the chemical synthesis of DNA oligonucleotides, one must be 

aware of the sensitivity of the nucleobases to acylation, alkylation, oxidation 

and reduction, and the sensitivity of the phosphodiester backbone to hydrolysis. 

There is also a risk of acid hydrolysis of the glycosidic C-N bond resulting in 

depurination of the nucleoside (Scheme 2.1). This effect is more prominent with 
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adenine and guanine nucleobases than with cytosine and thymine. This 

restricts the chemical reactions to mild alkaline hydrolysis, very mild acidic 

hydrolysis, mild nucleophilic displacement, base catalysed elimination 

reactions, and a few mild redox reactions.6 

 

 

Scheme 2.1 Depurination of a guanine nucleobase. 

 

For the formation of phosphodiester connections between nucleosides via the 

phosphoramidite method, one sugar-based hydroxyl group must be 

phosphitylated with a phosphoramidite group and all other nucleophilic sites 

protected to provide regiocontrol of coupling reactions. The main nucleophilic 

sites on deoxynucleosides are the two sugar-based hydroxyl groups and the 

exocyclic amine groups on adenine, guanine, and cytosine nucleobases (Figure 

2.1). To control the regiochemistry of coupling reactions, permanent protecting 

groups which are stable throughout the entire synthesis are placed on the 

exocyclic amine groups and on the phosphotriester backbone, whereas 

temporary protecting groups which can be removed after each coupling step are 

placed on one of the sugar-based hydroxyl groups. Stereochemistry is 

maintained throughout synthesis via the use of nucleosides in D-form derived 

from natural sources.6 
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Figure 2.1 Main nucleophilic sites on nucleosides. 

 

2.1.1 Synthesis of nucleoside phosphoramidite monomers 

Synthesis of the nucleoside phosphoramidite monomers starts with the 

protection of the exocyclic amines with acyl protecting groups. The thymine 

nucleobase does not contain any exocyclic amine groups and thus does not need 

to be protected. The most common protecting group for adenine and cytosine 

nucleobases is the benzoyl protecting group, whereas the isobutyryl group is 

often used for the protection of guanine nucleobases (Figure 2.2).6 

 

 

Figure 2.2 Benzoyl and isobutyryl protecting groups used to protect exocyclic amine groups 

on deoxyadenosine, deoxycytidine, and deoxyguanosine nucleobases. 

 

Acylation is performed via one of two procedures. The per acylation route uses 

excess acylating reagent to acylate both exocyclic amines and hydroxyl groups 

of the molecule. The esters formed are then selectively hydrolysed to recover the 
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hydroxyl groups. The transient protection route selectively protects the hydroxyl 

groups using a silylation agent prior to acylation of the exocyclic amine. 

Desilylation then occurs to recover the hydroxyl groups (Scheme 2.2).6 

 

 

Scheme 2.2 Different synthetic routes for the acylation of deoxyadenosine. Similar protocols 

are applied to the acylation of deoxycytidine and deoxyguanosine. 

 

 The phosphoramidite group can be attached to either hydroxyl group on the 

sugar. However, the 3’ hydroxyl group is usually phosphitylated as the primary 

5’ hydroxyl group is a more effective nucleophile than the secondary 3’ hydroxyl 

group. Prior to phosphitylation of the 3’ hydroxyl group, the 5’ hydroxyl group 

is first protected with a dimethoxytrityl (DMT) group (Scheme 2.3). The reaction 

is regioselective due to the steric bulk of the DMT group. DMT is chosen as a 

temporary protecting group as it is sensitive to mild acidic conditions, unlike 

the other protecting groups used. Thus, this group can be selectively removed 

for each coupling step. Another advantage of DMT is that upon deprotection, 

the liberated DMT cation is orange in colour and so can be used as a measure 

of nucleoside coupling.6 



Techniques  36 

 

 

Scheme 2.3 DMT reaction of acyl protected deoxyadenosine. Identical DMT reactions are 

applied to acyl protected deoxycytidine, acyl protected deoxyguanosine, and deoxythymidine. 

 

The last step in the synthesis of the nucleoside phosphoramidite monomers is 

the phosphitylation of the 3’ hydroxyl group using a phosphitylating reagent. 

The reagent often used is 2-cyanoethyl N,N-diisopropylchlorophosphoramidite 

(Scheme 2.4). The cyanoethyl group serves as a phosphate protecting group and 

is removed under basic conditions.6 

 

 

Scheme 2.4 Phosphitylation of DMT and acyl protected deoxyadenosine. Identical conditions 

are applied to the other protected nucleosides. 

 

2.1.2 Attachment of protected nucleosides to solid supports 

The first nucleoside must be attached to the CPG resin before automated solid 

phase DNA synthesis can take place. A succinate linker is coupled to the 3’ 
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hydroxyl position of a protected nucleoside. This linker is then activated and 

reacted with amine functionalised CPG resin to fix the protected nucleoside onto 

the solid support (Scheme 2.5).7 

 

 

Scheme 2.5 Attachment of protected deoxyadenosine to a solid support via a succinate linker. 

Identical conditions are applied to the other protected nucleosides. 

 

2.1.3 DNA synthesis process 

Automated DNA synthesis is performed in a 3’ → 5’ direction i.e. the chain is 

extended from the 3’ hydroxyl group of the nucleoside. This direction is opposite 

to the biosynthesis of DNA. The complete synthesis cycle consists of 5 main 

steps, with acetonitrile washing of the resin occurring between steps (Scheme 

2.6). 

Step 1: The DMT group is removed from the attached nucleoside by addition 

of trichloroacetic acid (TCA) in DCM to generate the 5’ hydroxyl group 

for nucleophilic attack. The absorbance intensity of the liberated 
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dimethoxytrityl cation at 495nm is monitored and used to determine 

the coupling efficiency of each nucleoside. 

Step 2: The next nucleoside phosphoramidite monomer in the sequence is 

activated with tetrazole in acetonitrile. 

Step 3: The activated nucleoside phosphoramidite is reacted with the exposed 

5’ hydroxyl group to form a phosphite triester. 

Step 4: Unreacted hydroxyl groups are capped with acetic anhydride and N-

methylimidazole to prevent them from reacting with subsequent 

nucleoside phosphoramidite monomers and causing failure sequences 

with missing internal residues. 

Step 5: The formed phosphite triester is oxidised to a phosphate triester with 

iodine in pyridine and water. Pyridine is used to neutralise hydrogen 

iodide produced in the reaction. 

 

The cycle is then repeated, adding one nucleoside at a time to produce the 

desired oligonucleotide. Once the final nucleoside has been added, the last DMT 

group is removed with TCA, and then concentrated aqueous ammonia is added 

to cleave the strands from the resin and remove cyanoethyl protecting groups. 

The ammonia solution is then heated to 60°C for 6 hours to remove acyl 

protecting groups from the nucleobases. The solvent is evaporated to leave the 

desired DNA sequence along with shortened capped strands and impurities from 

the basic deprotection stage. The crude is then purified to isolate the final 

product.7 
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Scheme 2.6 Solid phase DNA synthesis. 
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2.2 Purification of oligonucleotides 

 

After solid phase DNA synthesis, the crude contains a mixture of truncated 

sequences, byproducts of the deprotection steps, and other impurities alongside 

desired DNA sequences. The two most frequently used techniques to isolate the 

desired strands are high performance liquid chromatography (HPLC) and 

polyacrylamide gel electrophoresis (PAGE). HPLC is suitable for the purification 

of strands of up to 50 bases with high sample recovery, whereas PAGE 

purification is better for longer sequences but is often low yielding.6 

 

2.2.1 High performance liquid chromatography (HPLC) 

HPLC separates mixtures by differential adsorption of each component onto 

an adsorbent stationery phase. Components are then independently desorbed 

from the stationery phase and eluted by altering solvent (mobile phase) 

conditions. A HPLC system usually comprises of an injector for sample 

introduction, an interchangeable column (stationery phase), a pump for delivery 

of solvents through the column, a solvent mixing system for gradient elutions, 

and a detector for analysis (UV/vis, fluorescent, refractive index), all connected 

by a computer. Two different HPLC methods can be applied to purify chemically 

synthesised DNA: reversed phase HPLC and anion exchange HPLC.8 

 

Reversed phase HPLC resolves components in a mixture according to their 

hydrophobicity. The mixture is passed through a hydrophobic stationary phase 

(typically C18) and components are eluted with polar solvent (e.g. acetonitrile, 

methanol, water). Longer strands contain more hydrophobic nucleobases and 

are therefore retained more on the column and eluted later than short strands. 

Purification of oligonucleotides via this method utilises ion pairing whereby a 
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long-chained alkyl amine (e.g. triethylamine) is added to the mobile phase to 

indirectly increase DNA-stationery phase interactions and enhance resolution 

(Figure 2.3).9 

 

 

Figure 2.3 Indirect adsorption of DNA to a C18 stationery phase via interaction of the 

phosphate backbone (shown in green) with an ion pair reagent (highlighted in red). 

 

Anion exchange HPLC resolves components in a mixture according to their 

charge. A positively charged stationery phase is used for heightened DNA 

adsorption via the negatively charged phosphate backbone. DNA strands are 

then displaced according to charge by an aqueous mobile phase containing 

increasing concentrations of sodium salt, and eluted. Longer strands have a 

larger number of charged phosphodiester linkages and thus are eluted later as 

they require a higher concentration of sodium salt for displacement to occur.8 

 

2.2.2 Polyacrylamide gel electrophoresis (PAGE) 

PAGE separates the desired DNA product from failed sequences according to 

their electrophoretic mobility. This property is a function of the molecule’s mass, 

size, conformation, and charge. The gels used are hydrogels formed from 

acrylamide and bisacrylamide crosslinkers, with acrylamide content generally 

ranging from 5-25%. A buffer (typically tris-borate-EDTA) is also incorporated 

to stabilise the pH of the gel. Gels can either be run natively where DNA 

interactions and conformations are conserved, or under denaturing conditions 
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where a denaturant such as urea is added to the gel to disrupt all non-covalent 

interactions. Wells are created in the gel where the sample is loaded, and an 

electrical potential gradient is applied across the gel to instigate the migration 

of DNA strands through the gel. The gel matrix provides a resistance to the 

movement of the strands, resulting in greater separation (Scheme 2.7). Shorter 

strands tend to have higher electrophoretic mobilities and thus travel quicker 

through the gel. The separate strands are stained and visualised as bands in 

the gel. The band corresponding to the desired strand is excised and the DNA 

extracted.10 

 

 

Scheme 2.7 PAGE purification of crude DNA mixture. 
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2.3 Characterisation of oligonucleotides by mass 

spectrometry 

 

The purified single DNA strands are characterised prior to use in sensing 

experiments. If the sequence (i.e. the order of deoxyribonucleotides) is unknown, 

then the order is determined using the sequencing method originally developed 

by Fred Sanger.11 However, the sequences of the oligonucleotides produced from 

automated solid phase DNA synthesis are already known, as the strands are 

synthesised in the order of the inputted sequence, and thus mass spectrometry 

is deemed an adequate and efficient method for characterisation of these 

oligonucleotides. 

 

Mass spectrometry is a technique that analyses ions by their mass to charge 

ratios (m/z). Mass spectrometers consist of an ionisation source, a mass 

analyser, and an ion detector, all controlled by a computer. The sample is 

vaporised and ionised by the ionisation source, the ions are then accelerated 

under vacuum through electric/magnetic fields into the mass analyser where 

their mass to charge ratios are determined. Mass spectra are recorded and 

compared to the calculated mass of the sample. Although destructive, very little 

material (1mg/ml) is required for analysis with this technique.12 

 

2.3.1 Ionisation methods 

The methods of ionisation routinely used in the analysis of oligonucleotides 

are either matrix laser desorption ionisation (MALDI) or electrospray ionisation 

(ESI). Both are soft ionisation techniques, whereby fragmentation of the 

individual molecules is significantly reduced. In MALDI, sample is added to a 

matrix solution (usually 3-hydroxypicolinic acid for oligos), the resulting 
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mixture is placed on a sample grid, and the grid is inserted into the instrument 

for analysis. The sample is vaporised by a strong laser pulse, resulting in 

ionisation of the oligo via protonation (i.e. the oligo gains a +1 charge).13 With 

(negative mode) ESI, the sample is dissolved in a volatile solvent and introduced 

into the instrument as a fine spray in the presence of a strong electric field. The 

molecules are ionised via deprotonation and the droplets transported to a high 

vacuum region where solvent is removed. Multiple deprotonations within the 

same strand can occur resulting in a variety of species with multiple negative 

charges.14 

 

2.3.2 Mass analysers 

Numerous mass analysers are available for mass determination of the ionised 

oligos. However, the mass analysers utilised in the analysis of DNA strands 

studied in this thesis were either time of flight (TOF), quadrupole, or a 

combination of the two. In TOF, the ions are accelerated by an electric field to 

matching kinetic energies (KE) and their time of flight is measured across a set 

distance. As the mass to charge ratio is directly proportional to the time of flight, 

masses can be calculated from the time taken for the ions to reach the detector, 

with small ions arriving faster than larger ions. With quadrupole mass 

analysers, a constant direct current and radio-frequency is applied between two 

pairs of two parallel electrodes. Ions are injected in-between the electrodes and 

the voltage is varied, creating an electric field which causes the ions to oscillate. 

Changing the radio frequency results in ejection of ions of a specific mass to 

charge ratio into an ion detector, and thus masses can be determined from the 

radio frequency applied.12 
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2.3.3 Interpretation of mass spectra 

Oligo data produced from MALDI shows the mass to charge ratios of singly 

ionised species (i.e. M + H+). Signals corresponding to doubly charged species 

can occur but are rare. Determination of the molecular mass from the data 

requires subtraction of a proton mass from the signal given. 

 

The raw data produced from ESI does not show the parent ion. Instead, many 

signals are generated corresponding to strands with different multiple negative 

charges (i.e. M - nH+). The mass of the parent ion is calculated by multiplying 

the measured signal by the charge of the species, and then adding the 

magnitude of the charges to that amount. The charge of the species (i.e. the 

number of protons removed) is determined from the spacing between a cluster 

of signals. It is calculated by taking the inverse of the spacing. For example, an 

oligo ion with a -2 charge would show a cluster of signals with 0.5 m/z spacing 

in the ESI raw data. Oligo ESI traces shown in this thesis are processed results 

that have been treated with a deconvolution algorithm. The software applies the 

calculation to the raw data to give a spectrum showing the parent ion peak 

(Scheme 2.8). 

 

 

Scheme 2.8 Deconvolution of ESI raw data. 
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Hail et al. compared MALDI and ESI for analysis of oligonucleotides and 

reported that results from both methods were accurate for short oligos, whereas 

MALDI was found to be ineffective for determining accurate masses of longer 

strands (>50 bases). Long strands fly poorly in the MALDI instrument setup, 

resulting in an insufficient number of ionised strands reaching the detector and 

subsequent low resolution spectra.15  
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2.4 Circular dichroism spectroscopy (CD) 

 

Circular dichroism (CD) is observed when optically active molecules absorb left 

and right handed circularly polarised light differently. This slight difference in 

absorption of the two forms leads to an elliptical projection of the polarised light 

which is measured as ellipticity on a CD spectropolarimeter. The spectrum 

produced shows the ellipticity as a function of wavelength (Figure 2.4). Positive 

CD signals indicate a greater absorbance of left handed circularly polarised light 

over right handed circularly polarised light of a particular wavelength, whereas 

negative CD signals indicate the reverse.16 Optically active molecules are chiral 

in nature and therefore this phenomenon is observed in oligonucleotides as they 

exhibit planar chirality and contain multiple chiral centres. CD spectroscopy is 

an efficient, highly sensitive, and non-destructive technique for studying the 

secondary structures of DNA in solution. Structures of both duplexed and single 

stranded DNA have unique CD spectral signatures in the UV range of 200-

350nm, and interpretation of CD data is performed empirically.17 DNA 

conformation is highly influenced by ligand binding, and sample environment 

(e.g. pH, temperature, solvent), and such changes are observed by shifts in the 

position and intensity of the CD signal of the solution. 

 

Figure 2.4 CD spectrum of a solution containing single stranded DNA. CD peak at 295nm 

indicates a G-quadruplex conformation for the strands.  
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2.5 Thermal melting (Tm) 

 

Thermal melting is used to probe oligonucleotide duplex formation and is 

based on the hyperchromic effect. The hyperchromic effect relates the UV 

absorbance of an oligonucleotide to the stacking of bases within the strand(s). 

The aromatic nature of the nucleobases leads the strands to have a high 

absorbance of UV light at 260nm. When an oligonucleotide is folded or 

duplexed, bases within the complex become stacked and hidden, causing a 

decrease in the overall amount of light that the molecule can absorb at 260nm. 

Upon denaturation (or melting/unravelling), bases become unstacked and thus 

the strand(s) can absorb more light. An increase in UV absorbance is called 

hyperchromicity, whereas a decrease in absorbance is called hypochromicity.18 

 

In thermal melting experiments, heat is used to denature the oligonucleotide. 

The duplexed sample is slowly heated to the point of full denaturation, and the 

absorbance of the solution at 260nm is measured at each temperature point. 

The sample is then slowly cooled to rehybridise the single strands back to the 

original duplex (thermal cooling). A melting curve is then plotted showing the 

UV absorbance at 260nm as a function of temperature (Figure 2.5). The 

midpoint of the curve is the point at which 50% of duplexes have denatured and 

is termed the melting temperature (Tm) of the duplex. The Tm value gives an 

indication of the stability of the duplex, with more stable duplexes resulting in 

higher Tm values. Duplexes with more G-C content have higher Tm values, as 

more energy is required to break the 3 hydrogen bonds between the bases, 

compared to 2 hydrogen bonds with the A-T base pair. Tm values are used to 

probe the effect of strand modifications, intercalators and sample environment 

conditions (i.e. pH, salt concentration) on duplex stability.19 
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Figure 2.5 DNA thermal melting curve. Determination of the Tm value is shown in red. 
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2.6 Gel electromobility shift assay (gel EMSA)  

 

Gel EMSA is a technique used to study biomolecular interactions by showing 

how such interactions affect the electrophoretic mobility of the biomolecule of 

interest in a gel. Any complexation would add mass to the biomolecule of 

interest and reduce its mobility, resulting in a higher band in the gel (Figure 

2.6).20 Gel EMSA is run under native conditions and is used to confirm DNA 

duplex formation and DNA-protein binding. 

 

 

Figure 2.6 Gel EMSA of DNA. Highest band shows duplex formation. 
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2.7 Isothermal titration calorimetry (ITC) 

 

Isothermal titration calorimetry (ITC) is a label free technique used to study 

biomolecular interactions. It measures the heat generated or absorbed upon 

binding of a probe to a target, depending on whether the interaction is exo or 

endothermic.21 A solution of target is loaded into a syringe and added dropwise 

to a solution of the probe in a sample cell (Figure 2.7). The heat of interaction is 

measured after each addition by calculating the difference in temperatures of 

the sample cell and a reference cell containing only solvent (usually water). The 

sample cell temperature is then readjusted back to baseline before the next 

addition.  

 

 

Figure 2.7 ITC setup. Target is loaded into the syringe and added dropwise to a solution of probe 

in the sample cell. The heat of interaction is measured after each addition, and the 

cell temperature readjusted back to baseline. 

 

As probe binding sites become saturated with target, the intensity of the heat 

of interaction decreases and eventually plateaus to heats of dilution.22 The heat 

of interaction is often referred to as the differential power (DP) and is a negative 

value for exothermic interactions and a positive value for endothermic 

interactions. The raw data shows changes in the differential power (in µcal/sec) 
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as a function of time (Figure 2.8). ITC software is used to convert the data into 

heat changes (in kcal/mol) as a function of the molar ratio. A suitable model is 

selected, and a binding curve fitted to determine the thermodynamics, 

stoichiometry and affinity of the interaction.23  

 

 

Figure 2.8 ITC raw and processed data used to determine the thermodynamics, stoichiometry, 

and affinity of exothermic probe-target interactions. 
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2.8 Förster resonance energy transfer (FRET) 

 

FRET is a collision free, nonradiative transfer of energy from a donor 

chromophore in an excited state to an acceptor chromophore within range. 

When both chromophores are fluorescent, it results in reduced fluorescence 

emission of the donor and enhanced fluorescence emission of the acceptor. The 

principle is used to study interactions between fluorescent molecules by 

estimating interaction distances (Figure 2.9). Förster theory states that the 

efficiency of energy transfer (E) is proportional to the inverse sixth power of the 

distance (r) between the two chromophores (E ∝ r-6).24 Consequently, FRET is 

overly sensitive to minute changes in distance and can be used to monitor such 

changes. 

 

 

Figure 2.9 FRET between two fluorophores. 

 

For FRET to occur, both fluorophores must be close in distance but not 

touching (1-10nm), be in the right orientation (for dipole-dipole interaction), the 

donor must have a high quantum yield, and the emission spectrum of the donor 

fluorophore must overlap with the absorption spectrum of the acceptor 

fluorophore.25 The timescale of FRET events is represented in a Jablonski 

diagram (Figure 2.10).  
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Figure 2.10 Jablonski diagram showing timescales of FRET events. Solid arrows show radiative 

transitions whereas dashed arrows show nonradiative transitions. 

 

Experimentally, a fluorimeter or fluorescence microscope is used to measure 

the change in fluorescence of samples. The FRET efficiency is determined by 

monitoring the fluorescence intensity or fluorescence lifetime of the donor 

fluorophore in the presence and absence of the acceptor fluorophore. Interaction 

distances are then calculated from the FRET efficiency. Oligonucleotides must 

first be labelled with two different fluorophores before FRET experiments can be 

undertaken. These labels can either be placed on the same strand to explore 

DNA conformations, or placed on different strands to study intermolecular 

interactions, such as duplex formation.26 
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2.9 Contact angle 

 

Contact angle is a surface analysis technique used to measure the wetting of 

a solid by a liquid. It is defined as the angle formed by a droplet at the three-

phase boundary where a liquid, solid, and gas interact (Figure 2.11). Contact 

angles indicate the strength of interactions between liquids and solids and is 

used to identify the hydrophobicity/hydrophilicity of surfaces. Water is often 

employed as the liquid for contact angle analysis.27 

 

 

Figure 2.11 Contact angle at the three-phase boundary where a liquid, solid, and gas interact. 

 

Hydrophilic surfaces have strong interactions with aqueous solutions, 

resulting in low contact angles for the droplets. The reverse applies for 

hydrophobic surfaces (Figure 2.12). Contact angles are measured with a 

tensiometer, of which there are two types- force and optical. Force tensiometers 

measure the mass affecting a balance when a solid sample is brought into 

contact with a liquid whereas optical tensiometers record and automatically 

analyse the shape of a droplet on a surface over time.28 
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Figure 2.12 Contact angle comparison of hydrophilic and hydrophobic surfaces with water. 

 

Contact angles can either be measured statically where the droplet is 

stationery, or dynamically where the droplet is moving. Dynamic contact angles 

are split into advancing and receding angles and give an indication of the 

roughness of a surface. They are determined by either altering the volume of the 

droplet on the surface or by tilting the surface (Figure 2.13). Advancing and 

receding contact angles give the maximum and minimum contact angle values 

of a surface, and the difference between the two is called the contact angle 

hysteresis. Rougher surfaces produce larger contact angle hysteresis values. 

When analysing surfaces covered with self-assembled monolayers (SAMs), the 

contact angle hysteresis can give an indication of the homogeneity of SAMs with 

a small hysteresis suggesting a well packed SAM.29 

 

 

Figure 2.13 Determination of dynamic contact angles by either changing the droplet volume 

(left) or by tilting the surface (right).  
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2.10 Ellipsometry 

 

Ellipsometry is a non-invasive technique used to determine the optical 

properties of surfaces. It analyses the change in state of polarised light upon 

reflection at an oblique angle from a sample for the characterisation of surfaces, 

interfaces, and thin films. Ellipsometry measurements are performed by an 

ellipsometer which sets the polarisation state of the incident beam and detects 

the polarisation state of the reflected beam. Ellipsometers consist of a light 

source, polarisation generator, a polarisation analyser, and a detector (Figure 

2.14). Light produced from the light source is polarised by the polarisation 

generator which allows light of a specific electric field orientation to pass. The 

axis of the generator is oriented to permit waves which are either parallel or 

perpendicular to the plane of incidence of the sample. The linearly polarised 

light reaches the sample where upon reflection becomes elliptically polarised 

and reflected into the polarisation analyser and detector.30 

 

 

Figure 2.14 Ellipsometer setup showing light source, polarisation generator, sample, polarisation 

analyser, and detector. Linearly polarised light becomes elliptically polarised upon 

reflection from the sample.  
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The detector converts the reflected light into an electronic signal and the 

information is compared to the inputted incident light to generate ellipsometry 

parameters. Computer software is used to construct models to describe the 

sample with calculated ellipsometry parameters. The experimental data is then 

fitted to the computed values using regression analysis. Film thicknesses and 

optical constants are then obtained from the calculations.31  
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2.11 X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a chemical analysis technique used 

to identify elemental compositions. The technique uses X-rays of a set energy to 

eject photoelectrons from samples and analyses the kinetic energies of the 

ejected photoelectrons to determine their elemental source. X-ray photoelectron 

spectrometers typically consist of a monochromatic X-ray source (fixed or 

tuneable), a vacuum chamber where the sample is placed, an electron energy 

analyser, and an electron detector, all controlled by a computer. When X-rays 

are applied to a specimen in a vacuum chamber, the rays have a probability of 

interacting with electrons in the material, causing photoelectrons to be ejected 

from the atoms or molecules of that sample (Figure 2.15). Every element has a 

defined electronic configuration and every electron in that element is bound by 

a certain amount of energy called the binding energy (BE). Binding energies are 

specific to each electron and vary between elements. With XPS, binding energies 

are related to the kinetic energies of the ejected photoelectrons and thus can be 

determined. XPS spectra show photoelectron intensity (in counts or counts per 

second) as a function of either kinetic energy or binding energy. Interpretation 

of XPS data is achieved empirically with peaks assigned using element line 

position tables or XPS analysis software.32 

 

Figure 2.15 Ejection of photoelectron from sample caused by X-ray absorption.  
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2.12 Surface plasmon resonance (SPR) 

 

Surface plasmon resonance spectroscopy (SPR) is a mass based, label free 

technique used to study biomolecular interactions in real time. The technique 

monitors interactions between free analytes in solution and fixed probes on a 

metallic surface in a sensor chip, usually gold. The technique works by reflecting 

a light source through a prism, off the back of the sensor chip, and into a 

detector (Figure 2.16). At a certain incidence angle, known as the resonance 

angle, light is absorbed by electrons in the metallic film of the sensor chip, 

causing them to resonate. This effect is observed as a loss in intensity, or a dip, 

in the SPR reflection intensity spectrum. The resonating electrons are called 

surface plasmons and are sensitive to their surrounding environment. When a 

binding or unbinding event occurs, it affects the surface plasmons, causing a 

change in the size or location of the dip. The change in SPR response is used to 

convey information about interactions at the sensor surface.33 

 

 

Figure 2.16 SPR setup showing changes to the reflected light upon probe-target binding.  
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Chapter 3 Acrylamide modified aptamers 

for incorporation into molecularly 

imprinted polymers 
 

3.1 Introduction  

 

Molecularly imprinted polymers, or MIPs, are a class of synthetically derived 

recognition units, designed to mimic natural recognition elements such as 

antibodies in their ability to bind to target molecules with high selectivity and 

specificity.1 These polymers are formed from a template derived process whereby 

an analyte of interest is incubated with receptor monomers with polymerisable 

functionalities. Radical initiators and cross linkers initiate polymerisation, 

forming a network around the analyte.2 The analyte is then removed, leaving 

behind a binding pocket specific to the analyte, as shown in Scheme 3.1.3 Target 

removal leaves multiple cavities in the polymer which can then be used as 

recognition elements for the detection, extraction, and/or purification of the 

imprinted substrate. This concept originated from work by Polyakov in 1931 

whereby he investigated the adsorption properties of various solvent molecules 

onto silica.4 Organic based MIPs were first introduced by Mosbach in the 1950s 

where polyacrylamide gels were employed for the entrapment of enzymes and 

cells.5 Since then, the MIP field has grown substantially in incorporating 

numerous receptor monomers for a wide range of targets. 

 

Scheme 3.1 Molecular imprinting to form binding pockets which are complementary to target 

molecules.6 
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MIPs have several advantages over their biologically derived counterparts. They 

are robust, reusable, more stable to physical and chemical extremes, easier to 

synthesise, and integrate well with transducer elements for sensing prospects.7 

However, a major disadvantage of these polymers is their inability to sense 

analytes of high molecular weight (>1000Da). This is due to limitations in the 

pore size of the polymer resulting in restrictions to the diffusion of these 

molecules through the polymer network during the template removal process. If 

pore sizes are smaller than that of the target, it can lead to entrapment of large 

molecules within the bulk polymer. In addition, if the template is trapped, it 

further prevents target molecules reaching imprinted sites, leading to a loss in 

affinity. As a result, most MIPs are employed in the detection of targets of low 

molecular weights.8 

 

Recently, techniques have been developed to overcome this limitation by 

increasing the surface area to volume ratio of the MIPs. One method is to grind 

the MIP to expose more imprinted sites, but this process can lead to the 

destruction of these sites.9 Epitope imprinting entails the use of a specific 

portion of the large molecule as the template analyte, e.g. a short peptide chain 

of a protein is used to represent the whole molecule.10 While this method avoids 

entrapment of the template in the bulk polymer, it does not overcome the 

diffusion problems faced when probing interactions with the larger target. 

Surface imprinting of large targets eliminates the problem of bulk polymer 

network diffusion as imprints are only formed at the surface of the polymer.11 

However, as only a portion of the template forms an interaction with the polymer 

during the imprinting process, the overall affinity is reduced compared to that 
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of bulk imprinting, as there are fewer interactions between the polymer and the 

analyte (Figure 3.1).  

 

 

Figure 3.1 Different methods used to form molecularly imprinted polymers of large targets. 

 

Although surface imprinted MIPs show good affinities to large targets like 

proteins, a reduced selectivity is observed compared to their biological 

counterparts.8 The bigger the target, the worse the selectivity. A possible 

solution to this issue is to use non classical monomers to enhance selectivities.12 

Alternatively, biologically derived elements could be introduced into MIPs by 

incorporating peptides and/or oligonucleotides into the polymer architectures. 

Recent studies by Turner and co-workers have introduced modified 

nucleotides,13 short oligonucleotide sequences,14 as well as DNA aptamers15 into 

polymers for sensing different targets. The sequences were modified with 

polymerisable groups which, upon complexation to the analyte of interest, 

reacted with other monomers to form hybrid aptamer-MIP nanoparticles. In 

addition, it was shown that the nanoparticles were resistant to nuclease 

degradation. The Lui group created MIPs with DNA aptamer fragments as 

monomers. The adenosine aptamer was split into two halves, fluorescently 

labelled, and copolymerized into MIPs. They observed that the MIPs doubled the 

binding affinity of the aptamer to adenosine compared to a mixture of the free 
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aptamer fragments, with dissociation constants of 16µM for the MIP and 33µM 

for the free aptamer fragments.16 Furthermore, Jolly et al. designed aptamer-

MIP hybrids for sensing prostate specific antigen (PSA).17 Higher PSA 

selectivities were described for the hybrid when compared to the aptamer alone, 

with limits of detection of 1pg/ml for the hybrid and 1µg/ml for the aptamer 

alone. The hybrid also gave low responses to the homologous protein human 

Kallikrein 2 and human serum albumin, demonstrating specificity towards PSA. 

 

All examples of aptamer-MIP hybrids in the literature showed heightened 

interactions of small and large targets to MIPs when aptamer-based monomers 

were incorporated, yet none of the studies investigated the effect of anchorage 

of the aptamer monomer on the binding affinity of the hybrid. With the exception 

of Turner’s work,15 the aptamers mentioned16, 17 were modified with an 

acrylamide group at the end of the sequence in the form of an Acrydite™ tag 

(Figure 3.2). Turner’s work on cocaine aptamer MIPs briefly touched on the 

subject, commenting that multiple anchorage points of the DNA to the polymer 

network are advantageous for binding, although the results shown to verify this 

were limited.15 

 

 
 

Figure 3.2 Chemical structure of the Acrydite™ tag used to couple oligonucleotides with an 

acrylamide group.18  
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3.2 Aim  

 

The aim of this chapter is to investigate how the flexibility of an aptamer 

incorporated into a molecularly imprinted polymer affects the binding 

capabilities of the aptamer-MIP hybrid. It is not known whether multiple 

anchorage points of the aptamer to the polymer would enhance or reduce 

interactions of the monomer to the target substrate. As aptameric sequences 

fold into specific 3D structures in order to bind to analytes with high specificity, 

it is anticipated that restricting the flexibility of this structure within the 

polymer would be beneficial to the binding capabilities of the hybrid. One key 

point to note is the placement of polymerisable groups within the aptamer’s 

structure. If these groups are placed in regions where the target molecule 

associates with the aptamer, they could potentially destabilise (or stabilise) 

interactions between the aptamer and the template. 

 

The first objective was to select an appropriate moiety for crosslinking. An 

acrylate modified thymidine base designed by the Turner group was chosen to 

insert multiple acrylate groups into an aptamer sequence. This would be 

compared with an acrylamide modified thymidine base for the incorporation of 

multiple acrylamide groups (Figure 3.3). The ability of the modified thymidine 

bases to polymerise would then be tested prior to insertion into DNA. 
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Figure 3.3 Acrylate (left) and acrylamide (right) modified deoxythymidine molecules to be used 

in aptamer-MIP hybrids. 

 

The second objective was to synthesise a suitable aptamer sequence modified 

with polymerisable groups in various positions. The 15 base thrombin binding 

aptamer sequence was chosen for modification as the structure of the aptamer 

and its association with the thrombin protein is widely studied due to its 

potential use in anticlotting therapeutics.19, 20 Crystal structures of the aptamer-

thrombin complex show the aptamer in an anti-parallel G-quadruplex 

conformation, with thrombin associating with the bottom T-T loops of the 

aptamer (Figure 3.4).21-23 40% of the thrombin binding aptamer sequence 

comprise of thymidine bases, giving plenty of scope to insert multiple 

polymerisable groups into the aptamer via this base. 
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Figure 3.4 Aptamer-thrombin complex. 

Modified thrombin binding aptamer sequences with single and multiple 

acrylate/acrylamide groups in various sites were to be constructed (Figure 3.5). 

Placement of the polymerisable groups in the two bottom T-T loops of strands 

were anticipated to affect aptamer-thrombin binding, whereas placement on 

other sites were expected to have less of an effect. 

 

The third objective was to determine the ability of the modified strands to bind 

to thrombin/complementary DNA targets, with the final objective to react the 

best performing modified sequences with surface-based acrylamide polymers for 

biosensing with MIPs. 
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Figure 3.5 Structures of the target modified thrombin binding aptamer strands. Location of 

residues with polymerisable groups is highlighted in red. 
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3.3 Synthesis of thymidine acrylate and thymidine 

acrylamide 

 

Thymidine acrylate 1 was initially selected as a suitable base for aptamer-MIP 

studies as it has been previously used in the production of aptamer-MIP 

nanoparticles in the Turner group.15 However, concerns over the reactivity of 

the double bond in this molecule due to sterics led to the design of thymidine 

acrylamide 2, where the reacting alkene is placed in a terminal position. Both 

modified bases were synthesised from 5-iodo-2′-deoxyuridine using a microwave 

assisted palladium coupling procedure adapted from Ami and Fujimoto, as 

shown in Scheme 3.2.24 The reaction was monitored by thin layer 

chromatography (TLC) which took approximately 10 minutes to complete. 

Purification was performed by recrystallization from chloroform. 

 

 

Scheme 3.2 Synthesis of thymidine acrylate 1 and thymidine acrylamide 2. 
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3.4 1H NMR homo- and co- polymerisation experiments 

with thymidine acrylate and thymidine acrylamide 

 

3.4.1 1H homopolymerisation experiments 

1H NMR spectroscopy was utilised to monitor the homopolymerisation of the 

modified bases in deuterated DMSO, using ammonium persulphate (APS) and 

tetramethylethylenediamine (TEMED) as initiators in a sealed environment. 

Spectra were recorded after 0, 1, 2, 8, 24, 48, and 60 hours of reaction, as shown 

in Figure 3.6 and Figure 3.7. It was anticipated that resonances corresponding 

to the monomers would decrease as polymerisation proceeded. Moreover, new 

resonances associated with the polymer would appear and increase over time. 

 

 

Figure 3.6 1H NMR spectra of the attempted homopolymerisation of thymidine acrylate 1 using 

APS/TEMED initiators in deuterated DMSO over 60 hours. 
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Figure 3.7 1H NMR spectra of the attempted homopolymerisation of thymidine acrylamide 2 

using APS/TEMED initiators in deuterated DMSO over 60 hours. 

 

1H NMR results indicated no changes to either of the modified bases over 3 

days, strongly suggesting that neither base could undergo homopolymerisation 

under the conditions given. This result was unexpected but advantageous as it 

indicated that aptamer sequences containing these bases would be unable to 

homopolymerise intra- or inter-molecularly in solution. The formation of the 

aptamer-MIP hybrid is dependent on the copolymerisation of reactive groups on 

the aptamer with acrylamide monomers in solution and on the surface, and 

thus any homopolymerisation between or within aptamer molecules would 

hinder this process. 

 

3.4.2 1H copolymerisation experiments 

The same technique was next used to analyse the co-polymerisation of the 

modified bases in solution, as the ability of these bases to form copolymers is 

crucial to the formation of surface imprinted aptamer-MIPs. Identical conditions 

to those used for the homopolymerisation experiments were used with the 
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addition of an equal concentration of phenyl acrylamide as a co-monomer. 

Spectra were recorded after 0, 1, 2, 8, 24, 48, and 60 hours of reaction, as shown 

in Figure 3.8 and Figure 3.9. 

 

 

Figure 3.8 1H NMR spectra of the attempted copolymerisation of thymidine acrylate 1 with 

phenyl acrylamide using APS/TEMED initiators in deuterated DMSO over 60 hours. 

 

 

Figure 3.9 1H NMR spectra of copolymerisation of thymidine acrylamide 2 with phenyl 

acrylamide using APS/TEMED initiators in deuterated DMSO over 60 hours. 
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Over time, an insoluble product was observed at the bottom of the NMR tube 

in both copolymerisation experiments (Figure 3.10). The 1H NMR spectra for the 

copolymerisation of thymidine acrylate 1 with phenyl acrylamide showed a 

decrease in resonances associated with phenyl acrylamide but no change in the 

resonances matching the thymidine acrylate monomer. The resonances 

corresponding to alkene protons 2 and a in Figure 3.8 are highlighted to show 

this effect. New broad product peaks are observed suggesting that 

homopolymerisation of phenyl acrylamide is taking place instead of the expected 

copolymerisation reaction between the two monomers. However in contrast, the 

1H NMR spectra for the copolymerisation of thymidine acrylamide 2 with phenyl 

acrylamide showed that all resonances for both monomers decreased over time. 

Interestingly, the resonances associated with phenyl acrylamide appeared to 

decrease at a faster rate, indicating faster reactions of this monomer than 

thymidine acrylamide. The signals related to alkene protons 1 and a in Figure 

3.9 are highlighted to show this effect. No new product resonances are observed, 

presumably due to the insolubility of the copolymer product in the medium used 

for these experiments. 
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Figure 3.10 Insoluble polymer products formed in deuterated DMSO during copolymerisation 

reactions. 

 

In summary, 1H NMR analysis of the ability of the modified bases to polymerise 

in solution shows that thymidine acrylate 1 is unable to form homo- or co- 

polymers under the conditions tested, whereas thymidine acrylamide 2 can form 

copolymers.  
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3.5 Contact angle experiments with thymidine acrylate 

and thymidine acrylamide 

 

Contact angle analysis was used to examine the success of surface 

copolymerisation between the modified bases and an acrylamide monomer. 

Acrylamide SAMs on gold were formed by overnight incubation of gold chips in 

methanolic solutions of 1mM N,N′-bis(acryloyl)cystamine (BAC). The acrylamide 

SAMs were then reacted with 1µM unmodified or acrylate/acrylamide modified 

deoxythymidine in water at room temperature overnight, using APS and TEMED 

as initiators (Scheme 3.3). 

 

 

Scheme 3.3 Formation of acrylamide SAMs on gold and subsequent reaction with 

unmodified/modified deoxythymidine. 

 

The dynamic contact angles of the reacted surfaces were then measured. It 

was predicted that the contact angles of the reacted surfaces should be lower 

than that of the acrylamide SAMs, as a result of the increased hydrophilicity of 

the surface now appended with the hydrophilic modified bases. Figure 3.11 

shows the contact angles of all the series as an average of six experiments. 
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Figure 3.11 Advancing and receding contact angles of acrylamide SAMs on gold before and 

after reaction with APS/TEMED initiators and modified or unmodified deoxythymidine. 

 

The contact angle data shows comparable results for all conditions with the 

exception of thymidine acrylamide reacted surfaces which were significantly 

lower, with advancing and receding angles of 31° ± 2° and 22° ± 1° compared to 

advancing and receding angles of 66° ± 9° and 44° ± 7° with acrylamide SAMs. 

This suggests that the thymidine acrylamide base had successfully coupled to 

the acrylamide SAMs, resulting in a more hydrophilic surface and lower contact 

angle. In agreement with 1H NMR spectroscopic analysis, thymidine acrylate 

does not appear to have reacted, as the contact angle data for this surface is 

similar to that of the acrylamide SAMs with advancing and receding angles of 

60° ± 4°and 35° ± 6° respectively. However, thymidine acrylates have been 

demonstrated to incorporate into MIPs by Turner and co-workers using similar 
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initiators and monomers.15 This would suggest that conditions used to conduct 

the polymerisation are highly sensitive to change, and thus require further 

development. It is noted that the alkenyl residue in the thymidine acrylate base 

is internal rather than terminal, which would hinder the monomer’s ability to 

polymerise through steric effects. 

 

To summarise, contact angle analysis demonstrated the ability of thymidine 

acrylamide to form copolymers with acrylamide SAMs on surfaces, whereas 

thymidine acrylate was unable to form copolymers under the conditions used. 

Due to poor results obtained with the thymidine acrylate system both in solution 

and on surfaces, it was decided to solely focus on the incorporation of the 

thymidine acrylamide base into DNA aptamers for integration into molecularly 

imprinted polymers. 
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3.6 Testing the stability of thymidine acrylamide towards 

the oligonucleotide deprotection process 

 

Automated oligonucleotide synthesis entails some relatively harsh chemical 

conditions, and any modification must be able to survive these conditions for 

incorporation to be successful. The harshest stage is nucleobase deprotection, 

where the DNA strands are heated to 60°C in aqueous ammonia for a minimum 

of six hours. There were concerns over whether the acrylamide group on 

thymidine acrylamide could survive this process, and so it was decided that this 

condition would be tested on the base prior to its insertion into DNA. A small 

amount of thymidine acrylamide was dissolved in aqueous ammonia, and the 

resulting solution was heated to 60°C for six hours. The solvent was removed, 

and the crude was analysed by 1H NMR spectroscopy (Figure 3.12). 

 

 

Figure 3.12 1H NMR spectra of thymidine acrylamide in deuterated DMSO before and after 

heating in aqueous ammonia. 
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Figure 3.12 shows a notable change to the acrylamide moiety after heating. 

Signals corresponding to the terminal alkene protons have disappeared, and 

new upfield resonances have appeared, as shown in the inset. It was suspected 

that the amide groups on the molecule may have hydrolysed, and the crude was 

analysed further by 13C (Figure 3.13) and 2D NMR (Figure 3.14 and Figure 3.15) 

to test this.  

 

 

Figure 3.13 13C NMR spectra of thymidine acrylamide in deuterated DMSO before and after 

heating in aqueous ammonia. 

 

The bottom 13C NMR spectrum in Figure 3.13 showed the signal corresponding 

to the carbonyl carbon directly attached to the terminal alkene, indicating amide 

hydrolysis had not occurred, although this signal had shifted downfield from 

165.2ppm to 172.0ppm. However, the resonances corresponding to the terminal 

alkene were absent, and there was a new peak at 38.0ppm. 
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Figure 3.14 HSQC NMR spectrum of thymidine acrylamide in deuterated DMSO after heating 

with aqueous ammonia. 

 

The HSQC NMR spectrum in Figure 3.14 showed a direct connection between 

the two triplet signals at 2.77ppm and 2.22ppm, and the new carbon signal at 

38.0ppm, indicating the formation of two methylene groups in the molecule. 

 

Figure 3.15 HMBC NMR spectrum of thymidine acrylamide in deuterated DMSO after heating 

with aqueous ammonia. 
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HMBC NMR data (Figure 3.15) showed that the new methylene groups were 

close to the carbonyl carbon at 172.0ppm, implying reduction of the terminal 

alkene. The crude was further analysed by mass spectrometry and produced a 

mass 17 units higher than the starting material, strongly suggesting the 

addition of ammonia to the terminal double bond to form a primary amine 

(Scheme 3.4). 

 

 

Scheme 3.4 Reaction of thymidine acrylamide with hot aqueous ammonia. 

 

These studies showed that thymidine acrylamide cannot withstand the 

standard oligonucleotide deprotection process, as the acrylamide group can 

react with ammonia to form a primary amine. Therefore, the molecule was tested 

with an alternative deprotection process which substitutes ammonia for 

methanolic potassium carbonate solution. Termed the ultramild deprotection 

process, alternative protecting groups are used on the nucleobases for 

deprotection under milder basic conditions. The process requires no heating of 

the strands and solutions are typically left at room temperature overnight for 

successful deprotection. Thymidine acrylamide was tested under ultramild 

deprotection conditions, and the crude analysed by 1H NMR spectroscopy, as 

shown in Figure 3.16. 
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Figure 3.16 1H NMR spectra of thymidine acrylamide in deuterated DMSO before and after 

treatment with potassium carbonate in methanol. 

 

This time, the results showed no change to the structure of the molecule, with 

the terminal alkene still intact, and thus thymidine acrylamide can be 

incorporated into DNA under ultramild deprotection conditions. 

 

To conclude, the acrylamide moiety cannot survive standard oligonucleotide 

deprotection conditions as the terminal alkene is susceptible to nucleophilic 

attack by ammonia. It was anticipated that alternative amines commonly used 

for nucleobase deprotection, e.g. methylamine, would experience the same 

result, although this theory was not tested. Fortunately, the terminal alkene can 

withstand ultramild deprotection conditions using methanolic potassium 

carbonate, and thus these conditions were to be applied when incorporating 

thymidine acrylamide into DNA.  
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3.7 Synthesis of acrylamide modified thrombin binding 

aptamer strands 

 

3.7.1 Synthesis of thymidine acrylamide phosphoramidite 

Thymidine acrylamide had to first undergo tritylation and phosphitylation to 

allow incorporation of the base into DNA sequences using automated synthesis. 

Unfortunately, tritylation of the 5’ position of the modified base with a 

dimethoxytrityl group proved difficult. An alternative synthetic route was 

therefore devised in which tritylation was performed on 5-iodo-2′-deoxyuridine 

prior to the palladium catalysed addition of bisacrylamide. This route proved 

successful and the 3’ alcohol of the modified base was phosphitylated to obtain 

the final phosphoramidite 5, as shown in Scheme 3.5. 

 

 

Scheme 3.5 Synthesis of thymidine acrylamide derivatives. 
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3.7.2 Synthesis of acrylamide modified aptamer strands 

Thymidine acrylamide was successfully incorporated into DNA, generating 

high average stepwise yields of >90% for each coupling. Different acrylamide 

modified thrombin binding aptamer strands were produced under ultramild 

conditions, the structures of which are shown in Figure 3.17. The HPLC traces 

and mass spectra of these strands are provided in Appendix sections 6.6 and 

6.7. As outlined in section 3.7.3, there were difficulties in purifying strands 

containing more than three acrylamide groups and so these were not studied 

further. 

 

 

Figure 3.17 G-quadruplex structures of successfully purified acrylamide modified thrombin 

binding aptamer strands. Highlighted T denotes incorporation of thymidine acrylamide. 
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3.7.3 Purification of acrylamide modified aptamer strands 

The purification of the modified strands was hampered by the incomplete 

deprotection of the guanine bases. Protecting groups on guanine are inherently 

difficult to remove, and the step is considered to be the rate limiting step of the 

whole oligonucleotide synthesis process.25 As 60% of the thrombin binding 

aptamer sequence consists of guanine bases, deprotection of these strands 

using ultramild conditions proved slower than anticipated. The introduction of 

multiple acrylamide groups into the strands appeared to slow this process even 

further, to a point where it became difficult to fully deprotect thrombin binding 

aptamer strands with more than three acrylamide groups. Figure 3.18 shows 

HPLC chromatograms of oligo Acryl-T16 after ultramild deprotection. 
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Figure 3.18 HPLC chromatograms of oligo Acryl-T16 after 6 and 24 hours of deprotection. 

Fully deprotected strands are highlighted in yellow and partially protected strands 

are highlighted in red. 

 

The crude solution produced two major peaks on HPLC. The peak at 17.5 

minutes corresponds to the desired deprotected product, whereas the series of 

peaks around 30 minutes relates to various protected strands. Increasing the 

deprotection time from 6 to 24 hours led to an increase in the number of desired 

strands, but still incomplete deprotection. Isolation of the two peaks and 

analysis by mass spectrometry confirmed the presence of guanine protected 

strands. The mass spectrum of the peak at 30 minutes in Figure 3.19 shows 

mass differences of 177 units which match the mass of the para-isopropyl 

phenoxyacetyl group (iPr Pac)- a group used to protect the amine moeity on the 

guanine base under ultramild conditions.  
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Figure 3.19 Mass spectra of isolated peaks from the HPLC purification of the oligo Acryl-T-16. 
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The isolated protected strands were therefore incubated in aqueous ammonia 

overnight for further deprotection and the resulting crude was analysed by 

HPLC, as shown in Figure 3.20. This gave an additional peak at 14.9 minutes 

which was identified as the amine byproduct by mass spectrometry. 

 

Figure 3.20 HPLC chromatogram of the oligo Acryl-T-16 after treatment with ammonia, and 

mass spectrum of the peak at 14.9 minutes. 
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Potassium is known to stabilise the formation of G-quadruplex structures in 

the thrombin binding aptamer sequence.26 The folding of strands would hinder 

the deprotection of bases as the protecting groups are buried and hidden within 

the structure and thus inaccessible. Although the application of heat would 

denature the strands, allowing the protected sites to become accessible, this 

was not applied due to the low boiling point of methanol and the possibility of 

degrading the strands. It is currently not clear why the presence of multiple 

acrylamide groups in this particular sequence further inhibits the ultramild 

deprotection process, although it is presumed that this is due to steric effects 

that hinder reagent access. 
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3.8 Circular dichroism of unmodified and acrylamide 

modified thrombin binding aptamer strands 

 

CD spectroscopy was used to probe the effect of acrylamide groups on the 

structure of the modified aptamer strands. In the presence of potassium, the 

thrombin binding aptamer has a characteristic CD maximum of around 295nm 

and a CD minimum of around 265nm, which is indicative of a G-quadruplex 

conformation. This conformation is essential for the aptamer to bind to its 

protein target.27 It was anticipated that these signals would be observed for the 

modified sequences. Solutions of each strand in 1000-fold excess potassium 

chloride were prepared, annealed, and analysed by CD (Figure 3.21). The data 

showed no significant difference in peak positions of the CD signals of the 

modified strands compared to the unmodified strand. The strong peaks at 

~295nm highlight this effect and indicate that all the modified strands can adopt 

a G-quadruplex conformation. However, the CD minima at ~265nm for strands 

containing acrylamide groups in the bottom T-T loops is not as pronounced as 

that for the unmodified strand, or for strands where acrylamide moieties are 

present in other sites. This reduction in signal indicates that positioning 

acrylamide groups in this region slightly weakens the G-quadruplex structure 

of the aptamer. 
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Figure 3.21 CD spectra of unmodified and acrylamide modified thrombin binding aptamer 

strands. 
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3.9 Gel electromobility shift assay of unmodified and 

acrylamide modified thrombin binding aptamer 

strands with thrombin 

 

To create successful aptamer-MIP hybrids, the acrylamide modified aptamer 

strands must first form a stable complex with the protein target. Gel 

electromobility shift assays were therefore performed to verify the presence of 

such complexes. Successful complexation of the aptamer and thrombin would 

result in a band on the polyacrylamide gel which is higher than that of the 

strand alone, as the complex would move more slowly down the gel when voltage 

is applied. Five solutions of 500nM unmodified or acrylamide modified aptamers 

containing Tris.HCl buffer and potassium chloride were made, each with 

increasing concentrations of thrombin to determine the binding ratio. Literature 

states a binding ratio of one aptamer strand for every thrombin molecule.28 The 

solutions were incubated at room temperature for 1 hour prior to loading and 

the gels were run at 100V for 1 hour. They were then stained with Diamond™ 

nucleic acid dye and Coomassie blue dye to determine the positions of the 

aptamer, thrombin, and aptamer-thrombin complex (Figure 3.22). 

 

The images show complete binding to thrombin for all but one of the seven 

modified stands at a ratio of 1:1 DNA: thrombin, matching the results observed 

with the unmodified aptamer. Only one strand exhibited no interaction of any 

kind to the thrombin protein: Acryl-T3/T12 (bottom row, third gel). Acrylamide 

groups are positioned at T3 and T12 in this sequence and although CD data 

shows that the strand forms the G-quadruplex conformation necessary for 

thrombin binding, it appears that having acrylamide groups in these positions 
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is detrimental to thrombin binding. Oddly though, thrombin binding is observed 

with strands containing acrylamide groups in those sites in isolation, so the 

absence of binding in the T3/T12 strand appears to be synergistic.  

 

 

Figure 3.22 Gel EMSA of unmodified and acrylamide modified aptamer (0.5µM) with increasing 

concentrations of thrombin (0→1µM). Positions of aptamer bands are highlighted in 

red and aptamer-thrombin complex bands are highlighted in green. 

Aptamer:thrombin ratios used in each lane are as follows: lane 1- 1:0, lane 2- 1:0.02, 

lane 3- 1:0.2, lane 4- 1:1, lane 5- 1:2. 
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3.10 Thermal melting experiments of unmodified and 

acrylamide modified thrombin binding aptamer 

strands with complementary sequence 

 

Alongside the plan to use thrombin as a target for the aptamer-MIP hybrids, 

the idea of employing the complementary sequence as an alternative analyte 

was also explored. Thermal melting experiments were performed to observe 

whether the inclusion of acrylamide groups in the aptamer had any effect on 

the stability of the duplex formed. A more stable duplex would result in a higher 

Tm as more energy is required to disrupt interactions between the two strands. 

Denaturation and annealing of the duplexes were monitored by fluorescence of 

the intercalator dye SYBR Green™. SYBR Green™ binds specifically to the 

minor groove of double stranded DNA and fluoresces >1000 fold when bound.29 

The fluorescence of the dye is very weak in the presence of single stranded DNA, 

or on its own. Using these properties of the dye, a thermal melting profile for 

each duplex can be generated. Table 3.1 shows the Tm values of the unmodified 

and acrylamide modified stands duplexed with the 15 base complementary 

sequence for the thrombin binding aptamer. Samples were heated from 15°C → 

90°C and cooled from 90°C → 20°C at a rate of 1°C/min, and Tm values were 

obtained from maxima of the negative first derivative of the melting curve (see 

Appendix section 6.10). The data shown is an average of three separate 

experiments.  
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Table 3.1 Tm values for duplexes formed with unmodified/acrylamide-modified aptamer 

strands. 

 

 

The average Tm values of the modified strands were very similar if not slightly 

higher than the unmodified aptamer. This suggests that the acrylamide groups 

enhance the stability of the duplex to some extent, possibly since the acrylamide 

moiety has sites for additional hydrogen bonding interactions. The 16-mer 

modified strands (Acryl-T16 and Acryl-T7/T9/T16) produced Tm values which 

were up to 4°C higher than the 15-mer unmodified strand despite the use of a 

15mer complementary strand for duplex formation, indicating greater stability 

with the slight overhang. It appears that the incorporation of acrylamide groups 

in the aptamer sequence is beneficial in its interactions with complementary 

sequences and thus could prove useful in designing hybrid DNA-MIPs for 

antisensing technologies.  



Acrylamide modified aptamers for incorporation into molecularly imprinted polymers   100 

  

3.11 DNA-acrylamide gel copolymerisation experiments 

 

A polyacrylamide gel experiment was designed to test the ability of the 

acrylamide group(s) in the modified DNA strands to polymerise with other 

acrylamide monomers. A mixture of acrylamide, bisacrylamide, ammonium 

persulphate, TEMED, and DNA (unmodified or acrylamide modified) was loaded 

into wells of a polyacrylamide gel and allowed to set and chemically attach to 

the rest of the gel. An electrical current was then applied to the gel. It was 

anticipated that if the acrylamide group on the aptamer had reacted with the 

gel, the strand would be covalently bound and unable to move along with the 

current. Conversely, unmodified DNA strands would move with the current as 

they do not possess the acrylamide functionality to anchor the strand to the gel. 

Once run, the gels were stained and visualised to determine the position of the 

strands. As expected, Figure 3.23 shows that all acrylamide containing DNA 

strands remain at the wells of the gel, whereas unmodified versions have moved 

down the gel along with the current. This result confirms the ability of the 

incorporated acrylamide groups to react with other acrylamide monomers to 

anchor the DNA within the polymer network. 
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Figure 3.23 Polyacrylamide gels of unmodified and acrylamide modified thrombin binding 

aptamer strands.  
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3.12 Surface coupling experiments with unmodified and 

acrylamide modified thrombin binding aptamer 

strands 

 

The feasibility of acrylamide modified DNA to couple to acrylamide self-

assembled monolayers on gold surfaces was studied by three techniques: 

contact angle, ellipsometry, and XPS. It was anticipated that successful 

coupling of the modified strands in the presence of APS and TEMED initiators 

would result in a change in the properties of the gold surface, and that no 

change would be observed with the unmodified sequence as it lacks the 

functionality to react with the surface bound acrylamide molecules. Acrylamide 

SAMs on gold chips were prepared from N,N′-bis(acryloyl)cystamine (BAC) and 

reacted with aqueous solutions of APS and TEMED with either unmodified or 

acrylamide modified DNA at room temperature overnight before analysis. Oligo 

Acryl-T16 was the only modified strand tested in these experiments. 

 

3.12.1 Contact angle results 

The contact angles of gold surfaces treated with only DNA, or both 

APS/TEMED initiators and DNA were tested and the results compared to that 

of the acrylamide SAMs. It was expected that a difference would only be observed 

with surfaces treated with both initiators and acrylamide modified DNA, as the 

attachment of DNA would increase the hydrophilicity of the surface. Initial 

contact angle results looked promising as it showed a significant reduction in 

the contact angle of the gold chips incubated with both initiators and acrylamide 

modified DNA, with advancing/receding angles of 38° ± 8°/24° ± 4° compared 
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to advancing/receding angles of 66° ± 9°/44° ± 7° with acrylamide SAMs, 

indicating successful coupling of the strand to the surface (Figure 3.24). 

 

 

Figure 3.24 Contact angle data for acrylamide SAMs on gold surfaces before and after 

treatment with either Acryl-T16 or Acryl-T16 with APS/TEMED. 

 

However, contact angle data for the unmodified strand with initiators also 

showed a significant decrease, with advancing/receding angles of 33° ± 8°/20° 

± 6° compared to advancing/receding angles of 66° ± 9°/44° ± 7° with acrylamide 

SAMs, suggesting that acrylamide groups were not needed for the strand to 

react with the surface (Figure 3.25). 
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Figure 3.25 Contact angle data for acrylamide SAMs on gold surfaces before and after 

treatment with either unmodified DNA or unmodified DNA with APS/TEMED. 

 

3.12.2 Ellipsometry results 

The thicknesses of self-assembled monolayers on gold surfaces treated with 

either DNA, or both initiators and DNA were next analysed by ellipsometry. The 

theoretical lengths of the acrylamide SAMs and the folded aptamer strands are 

0.7nm and 3nm respectively, and thus a four-fivefold increase in thickness was 

expected with DNA reacted surfaces. Unfortunately, the ellipsometry results 

were not consistent with the contact angle results in that no significant 

increases for any of the reacted surfaces were observed (Figure 3.26). The 

increases in average thickness in the presence of initiators were not outside of 

standard deviations. 
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Figure 3.26 Ellipsometry data for acrylamide SAMs on gold surfaces before and after treatment 

with unmodified/acrylamide modified DNA or unmodified/acrylamide modified DNA 

with APS/TEMED. 

 

3.12.3 XPS results 

The elemental composition of acrylamide SAMs on gold surfaces reacted with 

APS/TEMED initiators and either unmodified or acrylamide modified aptamer 

strands (Acryl-T16) was analysed by XPS and the results compared to that of 

unreacted SAMs. This technique would confirm the attachment of DNA to the 

surface by scanning for signals corresponding to phosphorus. The backbone of 

DNA consists of phosphate groups whereas the acrylamide SAMs do not possess 

any phosphorus containing moieties. Figure 3.27 shows the elemental scans in 

the phosphorus 2p range for the three different samples. 
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Figure 3.27 Phosphorus 2p scans of acrylamide SAMs alone and treated with APS/TEMED 

initiators and unmodified or acrylamide modified (Acryl-T16) aptamer strands. 

 

Very weak phosphorus signals at 133.4eV for P2p3/2 and 134.3eV for 

P2p1/2 were observed with DNA reacted samples whereas no phosphorus related 

signals were seen with the SAM only samples. In line with the contact angle 

data, the XPS scans indicated that both unmodified and acrylamide modified 

DNA had reacted with acrylamide SAMs. 

 

XPS data was also used to estimate the thickness of the SAM before and after 

reaction with the DNA/initiator solutions by detecting how much the adsorbed 

film attenuates the gold substrate signal (Figure 3.28). Assuming that the 

surface is completely covered with an even film, the following equation can be 

applied to determine the gold substrate attenuation length and thus the 

thickness of the SAM: 

 

𝑑 = −0.8 × 𝐼𝑀𝐹𝑃 × 𝑙𝑛 (
𝐼𝑑

𝐼0
) 

Where d is the attenuation length in Å 

 IMFP is the electron inelastic mean free path (40Å for gold30) 

 I0 is the gold 4f signal intensity for the bare substrate 

 Id is the gold 4f signal intensity for the SAM covered substrate 
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Applying the above equation to the XPS data resulted in a film thickness of 

2.6Å (0.26nm) for the acrylamide SAMs alone, 4.0Å (0.4nm) for SAMs treated 

with APS/TEMED and unmodified DNA, and 5.1Å (0.5nm) for the SAMs treated 

with APS/TEMED and acrylamide modified DNA. The calculated thicknesses 

were lower than the theoretical thicknesses of the molecules and the 

thicknesses obtained by ellipsometry. However, the trend of slight increases in 

film thicknesses after treatment with DNA/initiator solutions is in agreement 

with the average thicknesses observed in ellipsometry data (Figure 3.26), 

although the changes in the ellipsometry data were not statistically significant. 

 

 

Figure 3.28 XPS data showing gold signal attenuation after acrylamide SAM formation and after 

treatment with unmodified DNA/initiator (left) or acrylamide modified DNA/initiator 

(right) solutions.  

 

3.12.4 Summary 

When exploring the coupling reaction of acrylamide modified DNA to 

acrylamide SAMs on gold surfaces, it was anticipated that the unmodified 

sequence would act as a negative control and not react with the surfaces in the 

presence of APS/TEMED initiators as it does not contain the acrylamide groups 

necessary for reaction with the SAMs. However, both contact angle and XPS 

techniques have shown noteworthy changes in the properties of the gold 

surfaces with an increase in hydrophilicity and signs of surface bound 
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phosphorus after treatment with initiators and DNA. Ellipsometry and XPS data 

showed only a slight increase in the average thickness of the SAMs after 

DNA/initiator treatment, which would indicate partial addition of the strands to 

the surfaces. It is possible that the slight increases are down to coupling of 

fragments rather than whole strands of DNA. In these experiments, a high 

concentration of APS was used with respect to the concentration of DNA. In fact, 

~17,000x more equivalents of APS was used w.r.t DNA and this vast excess 

appears to have degraded the DNA strands in solution prior to coupling on the 

surface. Although a similar ratio of DNA:APS is utilised in work published by 

the Turner group,15 many other monomers at higher concentrations are present 

in the reaction mixture which would minimise the potential for DNA damage by 

ensuing radicals. This appears to also be the case with the gel work described 

in this chapter (section 3.11) on using APS/TEMED to fixate acrylamide DNA 

strands into acrylamide polymer gels. There, the presence of highly 

concentrated and more reactive acrylamide and bisacrylamide monomers in the 

mixture appears to have reduced the possibility of degradation of DNA by 

APS/TEMED radicals; the Diamond™ dye would not have stained anything had 

the DNA fragmented in those experiments.  
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3.13 Optimisation of APS concentration used in 

acrylamide DNA coupling experiments 

 

3.13.1 HPLC experiments 

As high concentrations of APS resulted in apparent degradation of DNA in the 

surface coupling experiments, it was decided to optimise initiator 

concentrations to levels that would allow the radical coupling reaction to 

proceed without causing considerable damage to the DNA strands. HPLC was 

utilised to analyse solutions containing N,N′-bis(acryloyl)cystamine (BAC) (the 

compound used for acrylamide SAM formation), unmodified or acrylamide 

modified aptamer stands, and TEMED, with increasing concentrations of APS. 

BAC:DNA:TEMED ratios were identical to surface coupling experiments and 

kept constant. However, concentrations were increased by a factor of 10 to aid 

detection of the separate components. The following concentrations were used 

in solutions analysed by HPLC: 1mM BAC, 10µM DNA, 0.1µl/ml TEMED, and 

0→200mM APS. As with the surface coupling experiments, samples were left to 

react overnight before analysis. Acrylamide strands Acryl-T7/T9 and Acryl-

T7/T9/T16 were also tested alongside Acryl-T16 to see whether stands with 

multiple acrylamide groups would require a different concentration of APS. 

Figure 3.29 shows a series of overlaid chromatograms with the different DNA 

strands. 
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Figure 3.29 Overlaid HPLC spectra of BAC/DNA/TEMED solutions with increasing 

concentrations of APS. A: unmodified aptamer, B: Acryl-T16, C: Acryl-T7/T9, 

D: Acryl-T7/T9/T16. 

 

For the unmodified aptamer, peaks associated with BAC at 23 minutes and 

DNA at 14-19 minutes are present at low concentrations of APS whereas these 

peaks are not observed at concentrations above 20mM APS, due to 

reaction/degradation of the starting materials. Degradation products are 

observed at high concentrations of APS (>50mM) with a retention time of 2.5 



Acrylamide modified aptamers for incorporation into molecularly imprinted polymers   112 

  

minutes. The amounts of APS used in the surface coupling experiments are 

similar to the 200mM APS trace which would explain why SAM thicknesses were 

not as high as expected as it would appear that the degradation products of the 

strands have coupled to the surface instead. The spectra containing acrylamide 

strands (Figure 3.29 B, C & D) have additional signals around the main DNA 

peak. This effect is caused by TEMED as it is not observed in acrylamide DNA 

spectra with TEMED absent (see Appendix section 6.11). TEMED appears to 

react with the acrylamide groups on these strands as the additional signals are 

not seen with the unmodified strand and becomes more prominent as the 

number of acrylamide groups on each strand increases. It may be that as an 

amine (albeit a hindered one), TEMED adds to the double bond of the acrylamide 

group, forming numerous adducts with varying retention times. An additional 

peak at ~30 minutes is also observed with these samples when 10-100mM APS 

is used. This signal is not seen in BAC absent or DNA absent scans (see 

Appendix section 6.11) and can only be attributed to the formation of a BAC-

DNA conjugate. Attempts to collect fractions at this retention time and 

characterise the samples by mass spectrometry proved unsuccessful as 

fractions were too weak in concentration for analysis. It was decided to revisit 

the surface coupling experiments and reduce the APS concentration almost 20-

fold, working with a DNA:APS ratio of 1:1000 as the HPLC traces at this level 

appeared to form the BAC-DNA conjugate without causing substantial 

degradation to the DNA strand. 

 

3.13.2 Contact angle experiments 

Contact angle experiments were conducted to ascertain whether the 

acrylamide DNA surface coupling reaction could proceed at lower 
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concentrations of APS. Gold chips with acrylamide SAMs were incubated in 

solutions containing TEMED, APS, and either unmodified or acrylamide 

modified DNA. Due to the volume of solution required for chip immersion and 

the availability of DNA stocks, DNA concentrations of 1µM were used instead of 

the 10µM concentrations applied in HPLC experiments. To keep the DNA:APS 

ratio the same, 1mM of APS was used resulting in solutions which were 10x 

more diluted than those analysed in HPLC experiments. Unfortunately, the 

results show no significant change in the contact angles of the chips with 

acrylamide SAMs treated with any of the DNA/initiator solutions compared to 

that of just the SAM alone, indicating that the DNA coupling reaction was not 

successful (Figure 3.30). 

 

 

Figure 3.30 Contact angle data for acrylamide SAMs on gold surfaces and acrylamide SAMs 

treated with APS/TEMED and either unmodified or acrylamide modified DNA. 

 



Acrylamide modified aptamers for incorporation into molecularly imprinted polymers   114 

  

3.13.3 Ellipsometry experiments 

The same samples prepared in contact angle experiments were then analysed 

by ellipsometry for changes in SAM thicknesses (Figure 3.31). Ellipsometry 

results displayed no increases in thicknesses of the acrylamide SAMS after 

treatment with DNA/low initiator solutions. This result is in agreement with the 

contact angle data and shows that the coupling reaction was unsuccessful 

under these conditions. 

 

Figure 3.31 Ellipsometry data for acrylamide SAMs on gold surfaces and acrylamide SAMs 

treated with APS/TEMED and either unmodified or acrylamide modified DNA. 

 

3.13.4 XPS experiments 

XPS was another technique used to confirm the unsuccessful coupling 

between DNA and acrylamide SAMs on surfaces. New samples prepared under 

the same low APS conditions as contact angle/ellipsometry experiments were 

analysed by XPS for the presence of phosphorus (Figure 3.32). None of the 

surfaces tested showed any traces of phosphorus.  
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Figure 3.32 Phosphorus 2p scans of acrylamide SAMs alone and treated with APS/TEMED 

initiators and unmodified or acrylamide modified aptamer strands 

 

3.13.5 Summary 

When exploring radical chemistry for coupling acrylamide modified DNA to 

acrylamide SAMs on gold surfaces, the use of high concentrations of APS with 

respect to DNA resulted in degradation of DNA and subsequent coupling of 

fragments to the surface. The APS concentration was optimised by investigating 

the effect of concentration on the coupling reaction in solution using the 

precursor BAC to represent acrylamide SAMs in solution. By studying the 

solutions with HPLC, a DNA:APS ratio of 1:1000 was found to cause the 

formation of a DNA:BAC adduct without degrading the DNA strands. This 

adduct was only observed with solutions containing acrylamide modified DNA. 

However, the TEMED catalyst was found to react with these strands in the 

absence of APS, with extra peaks observed in HPLC traces of strands with 
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additional acrylamide groups. When adopting the lower DNA:APS ratio to 

acrylamide SAMs on surfaces, the coupling reactions were found to be 

unsuccessful, as evidenced by contact angle, ellipsometry, and XPS. Two factors 

may have contributed to the different results observed between solution and 

surface coupling experiments. The first factor was the concentrations applied in 

both experiments. Although reacting ratios were identical, the solutions used in 

surface experiments were 10x more diluted than those used in HPLC 

experiments due to the volumes required and the availability of DNA stocks. 

This dilution may have resulted in inactivity in the surface experiments as 

solutions were too dilute for the reactions to proceed. Another factor is the 

concentration of the acrylamide SAMs. With surface experiments, the BAC 

molecules are first absorbed onto the surface prior to reaction, and so the true 

concentration of BAC used in surface experiments would be lower than that of 

HPLC experiments if all molecules had not absorbed onto the gold surface prior 

to the coupling reaction. A way to overcome these problems would be to increase 

the concentrations of DNA and APS used in surface experiments to those used 

in HPLC experiments, although DNA stocks would first have to be increased to 

proceed with this method. Another avenue to explore would be to increase the 

DNA:APS reacting ratio to 1:2000 as this condition also appears not to cause 

degradation of DNA. Reacting ratios of 1:3000 and 1:4000 were not investigated 

and it is a possibility that these ratios could be ideal for allowing the coupling 

reaction to proceed without significant degradation of DNA. However, due to 

time constraints these various options were not explored. 
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3.14 Conclusions and future work 

 

To conclude, novel acrylamide modified thymidine residues were successfully 

incorporated into thrombin binding aptamer sequences at various positions. 

The modified strands were observed to bind to their desired targets (depending 

on the positioning of the acrylamide groups) and to react with other acrylamide 

monomers to be integrated into acrylamide polymers. Future work should 

continue probing the coupling of acrylamide modified DNA to acrylamide SAMs 

on gold surfaces. DNA:APS reacting ratios should be further explored and 

optimised for surface coupling reactions. There appears to be a fine balance 

between the amount of APS needed for the reaction to proceed and the amount 

required to cause substantial DNA damage. This balance can be shifted away 

from DNA damage by incorporating more reactive monomers and cross linkers 

into the reaction mixture. These additional molecules are required for MIP 

formation and thus proceeding to explore DNA surface coupling via the creation 

of the surface bound MIPs might prove more favourable than focusing efforts on 

solely coupling DNA to the surface bound acrylamide SAMs. Once optimised, 

SPR should then be utilised to study the effect of anchorage on the binding 

affinities of the aptamer incorporated surface bound MIPs to both thrombin and 

complementary DNA template molecules (Scheme 3.6). It is anticipated that 

different responses will be observed with the modified strands, with strands with 

multiple anchorage sites producing higher responses. 
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Scheme 3.6 Proposed future plan for forming and testing surface-based aptamer-MIP hybrids. 
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Chapter 4 Lipid-aptamer conjugates for 

biosensing with liposomes 
 

4.1 Introduction  

 

Lipid-oligonucleotide conjugates (LOCs) are synthetically derived amphiphilic 

molecules which comprise of short strands of DNA or RNA connected to 

lipophilic moieties that are typically steroidal or hydrocarbon chain based. The 

lipid can be attached to the nucleobase, sugar, or phosphate backbone of the 

oligonucleotide, in single or multiple positions, but more often is tagged at the 

end of the strand.1 LOCs are synthesised by either incorporating the lipid into 

solid phase oligonucleotide synthesis via phosphoramidite/H-phosphonate 

chemistries,2 or by employing coupling strategies pre or post oligonucleotide 

synthesis to form amide,3 ester,4 thioether,5 disulphide,6 or triazole7 linkages 

(Figure 4.1). 

 

 

Figure 4.1 Different coupling chemistries used to connect lipids to oligonucleotides. 
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LOCs have been designed to utilise the unique properties of both lipids and 

oligonucleotides. The lipid portion allows the LOC to interact with lipid 

membranes for anchorage and/or cell permeability, whereby the oligonucleotide 

acts as a recognition element for detecting complementary sequences, or other 

molecules if aptameric sequences are involved. The exclusive properties of LOCs 

make them appealing as building blocks for supramolecular applications. In 

sufficient concentrations, the LOC can aggregate and self-assemble to form 

micellar structures or liposomes.8, 9 However, they are mainly used in low 

concentrations to functionalise lipid membranes with oligonucleotides for 

antisense applications.  

 

There are numerous reports on liposome fusion and controlled liposome 

aggregation caused by duplex formation of DNA strands on different 

liposomes.10-13 The most cited reports stem from the groups of Boxer and Höök 

who both independently used LOCs to mimic SNARE proteins by replicating 

their ability to fuse lipid membranes of different liposomes together.14-16 For 

successful membrane fusion, the LOC must be able to bind to the 

complementary strand whilst anchored in the lipid membrane. This is highly 

dependent on the grafting density of the LOC in the membrane, with low 

coverages resulting in faster duplex formation.17 LOCs anchored into the 

membranes of liposomes have been shown to bind to complementary LOCs in 

surface bound lipid bilayers to create 2D arrays of tethered mobile liposomes on 

supported lipid bilayers (Figure 4.2).18 
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In cell research, LOCs are used as an alternative method for introducing 

DNA/RNA into cells for gene silencing. The oligonucleotide alone cannot pass 

through the lipophilic cell membrane due to its polyanionic and polar nature. 

Earlier research utilised polycationic polymers for delivery of oligonucleotides 

into cells but these polymers were later found to be cytotoxic to varying 

degrees.19 LOCs have been shown to be a non-toxic substitute for the cellular 

uptake of oligonucleotides.7 The lipid moiety facilitates the internalisation of the 

LOC into the cell by insertion into the lipid membrane which is then taken into 

the cell by endocytosis for interaction with complementary mRNA to prevent 

protein translation. Wolfram and co-workers observed that cellular uptake of 

LOCs was enhanced when cholesteryl or long chain hydrocarbons were attached 

compared to short chain hydrocarbons and hypothesised the reason to be 

mediated internalisation by membrane bound lipoprotein receptors, as 

cholesterol is known to interact with serum lipoproteins.20 

 

 

Figure 4.2 2D array of tethered mobile liposomes using duplexed DNA on a supported lipid 

bilayer.18 



Lipid-aptamer conjugates for biosensing with liposomes 125 

  

 

When designing LOCs for use in supramolecular assemblies, the LOC must be 

capable of spontaneous insertion with a stable anchorage. There is a fine 

balance between weakly lipophilic LOCs that may desorb from the lipid 

membrane and strongly lipophilic LOCs that may form stable self-assemblies. 

Cholesterol is often selected as the lipid constituent in LOCs over the lipid 

component of the membrane, as it is easier to synthesise (cholesterol 

phosphoramidites are commercially available) and membrane insertion is faster 

(happens in seconds as opposed to hours).21 However, cholesterol-based 

anchoring of DNA is relatively weak. Höök and co-workers designed a novel LOC 

to strengthen this anchorage by featuring bivalent cholesterol coupling of 

duplexed DNA, with cholesterol units at the 3’ end of one strand and the 5’ end 

of the other.22 They observed irreversible coupling of the bivalent cholesterol 

LOC to a supported phospholipid bilayer on a silicon dioxide surface. Whilst 

there are a few reports on cholesterol units positioned in-between nucleotides23 

and coupled to both ends of the same strand,24 which dramatically alter the 

positioning of the cholesteryl-based oligonucleotide in lipid membranes, there 

are currently no reports on a bivalent cholesterol system being appended to one 

end of a single oligonucleotide strand.  
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4.2 Aim 

 

The aim of this chapter is to synthesise a cholesteryl-based DNA conjugate 

with two steroidal units tagged sequentially at the end of the strand for 

additional anchorage. When inserted into liposome membranes, this conjugate 

is expected to anchor across the whole lipid bilayer, providing extra stabilization 

to the supramolecular structure. Whilst there are a few reports on the insertion 

of conjugated steroidal units into lipid bilayers,25-28 none so far have connected 

these molecules to oligonucleotides. The design of the lipid anchor couples two 

molecules of lithocholic acid to opposite ends of an aromatic ring (Figure 4.3). 

DNA is then added to one end of the anchor and a dye attached to the other end 

for fluorescence detection of the conjugate. 

 

 

Figure 4.3 Structure of lipid anchor. 

 

Cyanine dyes Cy3 and Cy5 (Figure 4.4) were selected as their positive charge 

and hydrophobicity should encourage insertion of the conjugate in the correct 

orientation, since the liposome used will consist of a mixture of neutral and 

negative lipids. 
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Figure 4.4 Structures of cyanine dyes Cy3 and Cy5. 

 

One proposed function for the transmembrane molecules is to use the fluidic 

nature of the lipid bilayer to perform sandwich-based assays with the 

conjugates. Once anchored, the lateral movement of two different conjugates, 

with Cy3 on one and Cy5 on the other, can be monitored by FRET. If different 

DNA sequences that are known to bind to different sites of the same target are 

involved, then target recognition can drive the association of the two conjugates, 

resulting in a change in fluorescence inside the liposome (increased Cy5 

emission and decreased Cy3 emission). In the absence of the target, the 

transmembrane probes will be kept apart and there will be no driving force for 

probe association as the DNA strands are repelled by their inherent negative 

charge (Figure 4.5). This concept is similar to the work of Dave and Liu who 

demonstrated the lateral movement of fluorescently tagged split aptamer LOCs 

in liposome membranes and subsequent assembly to bind to an adenosine 

target.29 
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Figure 4.5 Proposed sandwich assay with transmembrane molecules. 

 

Four coupling strategies have been devised to construct the DNA-

bischolesterol-dye conjugates: 

 

1. Synthesise a bischolesterol anchor with azide groups on both ends. Use 

copper catalysed azide-alkyne cycloaddition to couple an alkyne modified 

cyanine dye to one end of the anchor and connect an alkyne modified DNA 

strand to the other end. 

 

2. Synthesise a bischolesterol anchor with azide groups on both ends. Use 

copper catalysed azide-alkyne cycloaddition to couple an alkyne modified 

cyanine dye to one end of the anchor and copper free azide-alkyne 

cycloaddition to attach dibenzocyclooctyne (DBCO) modified DNA to the 

other end. 
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3. Synthesise a bischolesterol anchor with an azide group on one end and an 

alcohol on the other end. Use copper catalysed azide-alkyne cycloaddition 

to couple an alkyne modified cyanine dye to one end of the anchor. Convert 

the alcohol to a phosphoramidite group and attach the bischolesterol-dye 

conjugate to the 5’ end of DNA using automated solid phase DNA synthesis. 

 

4. Synthesise a bischolesterol anchor with a dimethoxytrityl (DMT) group on 

one end and a phosphoramidite group on the other end. Use automated 

solid phase DNA synthesis to couple the bischolesterol to (commercially 

available) cyanine dyes on solid supports. DNA is then attached via its 3’ 

end to the other side of the bischolesterol anchor. 

 

All four methods utilise either or both azide-alkyne cycloaddition and 

phosphoramidite chemistry to couple the bischolesterol anchor to DNA and the 

cyanine dye, resulting in triazole and phosphate linkages. Strategies 1-3 are 

most suitable for the desired application as they avoid the use of a negative 

phosphate linkage between the bischolesterol anchor and cyanine dye.  

Figure 4.6 shows the structures of half of the transmembrane products formed 

from the different strategies. 
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Figure 4.6 Structures of Cy5 derived transmembrane molecules from each coupling strategy. 

Bischolesterol anchor is highlighted in green and Cy5 dye is highlighted in blue. 

Triazole and phosphate linkages are highlighted in red. 

 

The first objective is to synthesise the bischolesterol derivatives necessary for 

all strategies. The second objective is to create the alkyne modified Cy3 and Cy5 

dyes for use in strategies 1-3. The third objective is to couple the bischolesterol 

anchor to the two cyanine dyes as described in strategies 1-3. The fourth 

objective is to select and create alkyne and DBCO modified DNA strands for 

coupling strategies 1-2. The fifth objective is to complete the synthesis of the 

transmembrane molecules using the different synthetic strategies, and the final 

objective is to devise a suitable method for their purification.  
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4.3 Synthesis of bischolesterol derivatives 

 

4.3.1 Synthesis of symmetrical bischolesterol derivatives 

The central structure of the bischolesterol anchor was created by coupling two 

molecules of lithocholic acid to both sides of para phenylene diisocyanate using 

a procedure adapted from Kobuke,25 to form carbamate linkages between the 

two steroid units and the aromatic ring. Prior to this coupling, lithocholic acid 

was esterified to prevent reaction of the acid with the isocyanate groups on the 

phenyl ring (Scheme 4.1). 

 

 

Scheme 4.1 Synthesis of the central structure of the bischolesterol anchor. 

 

Bischolesterol diester 7 was found to precipitate during the course of the 

reaction and was inherently insoluble in all solvents tested (e.g. DCM, methanol, 

hexane, diethyl ether, water, DMSO, THF), making purification difficult. The 

product was soluble in hot chloroform at low concentrations but attempts to 

purify the compound by recrystallization from this solvent proved unsuccessful. 

Eventually the product was purified by flash chromatography. To avoid blockage 
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of the silica column caused by precipitation of the product, the crude was 

purified in small batches and loaded onto the column in hot chloroform. 

However, product loss during column purification resulted in low yields for this 

reaction. The pure product was a crystalline white solid allowing for a crystal 

structure of the compound to be determined (Figure 4.7). The length of the 

molecule was calculated to be 3.5nm and deemed appropriate for suitable 

anchorage across a whole lipid bilayer. 

 

 

Figure 4.7 Crystal structure of bischolesterol diester 7 with ellipsoids drawn at the 50% 

probability level. The structure contains a molecule of toluene which has been 

omitted for clarity (see Experimental section 5.14.6 for further details). 

 

Strategies 1-2 require azide groups at both ends of the bischolesterol molecule 

for triazole coupling. The next synthetic steps involved a series of end functional 

group conversions (Scheme 4.2). Both ester groups were reduced to alcohols 

with lithium borohydride. This reducing agent was selected as it was strong 

enough to reduce the ester group without affecting the carbamate linkages. 

Sodium borohydride was deemed too weak a reducing agent, and lithium 

aluminium hydride too aggressive. The reaction proceeded to completion after 

heating to 60°C for a few hours to generate bischolesterol dialcohol 8. The crude 

product was more soluble in a variety of solvents than its predecessor and was 

successfully purified by flash chromatography in good yield. 
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Scheme 4.2 End functional group conversion of bischolesterol anchor. 

 

Bischolesterol dialcohol 8 was converted to bischolesterol dibromide 9 by 

reaction with triphenylphosphine and N-bromosuccinimide. The crude was a 

brown/black sticky solid which proved difficult to work with when transferring 

to different vessels during work up and column purification, resulting in a loss 

of product. However, the product was successfully purified with acceptable 

yields. The last step entailed reaction of bischolesterol dibromide 9 with sodium 

azide to generate bischolesterol diazide 10. Sodium iodide was added for 

halogen exchange between bromide and iodide ions (Finkelstein reaction),30 

leading to faster substitution to the final azide. Compounds 9 and 10 have 

identical retention factors (Rf) and thus the reaction could not be monitored by 

TLC. The reaction was left heated at 60°C for 2 days to encourage completion. 

Product identification was determined by a mini workup and IR analysis of the 

crude, with the presence of a signal at 2090cm-1 which is characteristic for 

organic azide groups. Reaction completion was verified by a mini workup and 
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NMR analysis of the reaction. The final product was isolated by precipitation 

from water and dried to give a white crystalline solid in suitable yields. 

 

All symmetrical bischolesterol derivatives were characterised by NMR, mass 

spectrometry, and IR. The 1H NMR spectra of the compounds were almost 

identical except for signals corresponding to the methylene group directly 

attached to the functional group of interest (Figure 4.8). This allowed for the 

functional group conversions to be monitored by the shift in the environment of 

these particular protons. In addition to bischolesterol diester 7, crystal 

structures were also obtained for bischolesterol dibromide 9 and bischolesterol 

diazide 10 (see Experimental section 5.14.6 for further details and Appendix 

section 6.5 for images). 

 

 

Figure 4.8 Overlay of 1H NMR spectra of bischolesterol derivatives in CDCl3. Highlighted signals 

correspond to the methylene protons adjacent to the relevant functional group.  
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4.3.2 Synthesis of asymmetrical bischolesterol derivatives 

Strategy 3 required desymmetrisation of the bischolesterol anchor prior to 

coupling with the cyanine dye. Functional group conversions were applied to 

one end of the molecule, and then to the other end (Scheme 4.3). Starting with 

bischolesterol diester 7, one ester group was reduced to an alcohol with lithium 

borohydride to give bischolesterol monoester/alcohol 11. As both ester groups 

have identical reactivities, selectively reducing one over the other proved 

difficult. To avoid over-reduction to the dialcohol 8, the reducing agent was 

added in small batches over time, and reaction times were shortened. This 

resulted in a mixture of starting material, desired product, and over-reacted 

product. The crude was purified by column to isolate compound 11 in 

acceptable yields. 

 

 

Scheme 4.3 Synthesis of asymmetrical bischolesterol derivatives. 
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Bischolesterol monoester/alcohol 11 was then converted to bischolesterol 

monoester/bromide 12 with triphenylphosphine and N-bromosuccinimide. 

Compound 11 was only partially soluble in the DCM solvent used for the 

reaction and was thus added as a suspension, whereas dialcohol 8 had been 

fully soluble for the di-bromination reaction. Shorter reaction times were also 

applied to this reaction compared to the synthesis of the dibromide. 

Bischolesterol monoester/bromide 12 was reacted onwards with sodium azide 

to form bischolesterol monoester/azide 13 using similar conditions applied to 

the di-azidation reaction. As observed with the bischolesterol diazide 10 

reaction, both starting material and product had the same Rf and thus reaction 

progression could not be determined by TLC. Once the azide group was formed 

on one end of the molecule, the last step was to reduce the ester group on the 

other end of the molecule to form bischolesterol monoazide/alcohol 14. Lithium 

borohydride was employed as the reducing agent for this reaction. Minor 

reduction of the azide group was observed but the desired compound was found 

to be the major product and isolated by column chromatography in good yield.  

 

4.3.3 Synthesis of DMT protected bischolesterol phosphoramidite 

Strategy 4 is different to the other strategies in that it does not utilise azide-

alkyne cycloaddition reactions to couple either the DNA or the cyanine dye to 

the bischolesterol anchor. Instead, phosphoramidite techniques are applied to 

react both ends of the bischolesterol molecule. To prepare the bischolesterol 

anchor for use in automated solid phase DNA synthesis, one end must contain 

a DMT group for alcohol protection, and the other end a phosphoramidite group 

for phosphate conversion (Scheme 4.4). Bischolesterol dialcohol 8 was reacted 

with one equivalent of dimethoxytrityl chloride to couple DMT to one side of the 
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molecule. However, there was considerable over reaction to the di-DMT 

protected product, as both alcohol groups have matching reactivities. This 

resulted in a low yield of product. The remaining alcohol group was then reacted 

with the phosphitylating reagent 2-cyanoethyldiisopropylchlorophosporamidite 

to produce the final product, DMT protected bischolesterol phosphoramidite 16, 

in good yield. 

 

 

Scheme 4.4 Synthesis of DMT protected bischolesterol phosphoramidite 16 for incorporation 

into automated solid phase DNA synthesis. 
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4.4 Synthesis of cyanine dyes 

 

Although alkyne modified versions of the cyanine dyes Cy3 and Cy5 are 

commercially available, it was considered more cost effective to synthesise the 

dyes in-house. 

 

4.4.1 Synthesis of cyanine dye precursors 

Efforts towards the synthesis of cyanine dyes were conducted in an adapted 

literature procedure,31 which first required the synthesis of two indolenine 

based precursors and a linker molecule (Scheme 4.5). Initially 2,3,3-

trimethylindolenine was reacted with methyl iodide to produce 1,2,3,3-

tetramethyl-3H-indolinium iodide 17 in high yield. Purification was performed 

by allowing the warm reaction mixture to cool slowly to room temperature, 

resulting in the formation of light purple crystals which were washed with cold 

diethyl ether to remove any excess starting materials. 2,3,3-trimethylindolenine 

was then reacted with 5-chloro-1-pentyne to yield the desired alkyne terminated 

indolenine derivative, 1-(4-pentynyl)-2,3,3-trimethyl-3H-indolinium iodide 18. 

A crude 1H NMR spectrum revealed the presence of a new triplet at 4.6ppm 

which was indicative of the formation of the new N-alkyl species. Initial attempts 

to purify the compound by column chromatography proved ineffective as the 

product was observed to degrade during purification. To simplify this method, 

the crude material was precipitated into a variety of solvents, with precipitation 

from diethyl ether yielding the pure product with acceptable yields. 
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Scheme 4.5 Synthesis of cyanine dye precursors. 

 

Malondialdehyde bis(phenylimine) monohydrochloride 19 was synthesised by 

heating 1,1,3,3-tetramethoxypropane and aniline in 1M hydrochloric acid. The 

resulting solution was cooled and filtered to yield the product as a bright orange 

precipitate in good yield after washing with further portions of 1M HCl. 1,2,3,3-

tetramethyl-3H-indolinium iodide 17 was reacted further with N,N’-diphenyl 

formamidine at reflux to yield the desired asymmetric cyanine dye precursor, 

1,3,3-trimethyl-2-(2-(phenylamino)vinyl)-3H-indolium iodide 20. Although 

column chromatography proved effective, a simple precipitation in diethyl ether 

resulted in the desired product as an orange solid in a respectable yield. 

Analysis by 1H NMR spectroscopy (Appendix section 6.3.4) revealed doublets at 

8.67ppm and 6.20ppm, corresponding to the double bond, whilst the singlet at 

3.73ppm can be assigned to the N-methyl residue, demonstrating coupling of 

the two moieties.  
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4.4.2 Synthesis of Cy3 monoalkyne 

  To create Cy3 monoalkyne 21, coupling of 1,3,3-trimethyl-2-(2-

(phenylamino)vinyl)-3H-indolium iodide 20 with 1-(4-pentynyl)-2,3,3-trimethyl-

3H-indolinium iodide 18 was initially performed in pyridine and acetic 

anhydride at 50°C for 24 hours. The reaction was observed not to go to 

completion by TLC, despite increasing the reaction time and subsequently the 

temperature to 100°C. The resulting mixture was cooled and precipitated into 

cold diethyl ether in an attempt to purify the reaction, however TLC analysis 

showed three tightly packed bands which were resultantly inseparable by 

column chromatography. 

 

An alternative synthetic route32 was investigated in which a microwave was 

utilised to conduct the coupling reaction (Scheme 4.6). 

 

 

Scheme 4.6 Synthesis of Cy3 monoalkyne 21. 

 

1,3,3-trimethyl-2-(2-(phenylamino)vinyl)-3H-indolium iodide 20 and 1-(4-

pentynyl)-2,3,3-trimethyl-3H-indolinium iodide 18 were dissolved in acetic 

anhydride, sodium acetate was added, and the reaction was microwaved at 

130°C under standard power and pressure. An irradiation time of 1 hour was 
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found to be sufficient for reaction completion. Longer irradiation resulted in over 

reaction and addition of iodide to the alkyne bond in the Cy3 monoalkyne 

product as evidenced by mass spectrometry with an increase in mass by 127 

units, and 1H NMR analysis with the disappearance of the alkyne proton 

resonance at 2.14ppm. The reaction was cooled, and the crude product 

precipitated from cold diethyl ether and isolated as a purple solid. Initially, 

purification was performed by column chromatography, which isolated the 

desired dye from most coloured impurities. However, there were a few side 

products with retention closely similar to that of the desired product. This led 

to further purification of the dye with preparative HPLC using a C18 column 

and a water/methanol gradient eluent. With this method, the dye was loaded in 

low concentrations to prevent saturation of the column, which proved time 

consuming. Along with the final product, the impurities were isolated and 

identified by mass spectrometry to be symmetrical versions of Cy3 and Cy5 dyes 

(Figure 4.9).  
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Figure 4.9 Overlaid preparative HPLC chromatogram of the Cy3 monoalkyne 21 reaction after 

column purification showing detector signals at 550nm (red) and 645nm (blue).  

  

The final yield for Cy3 monoalkyne 21 was fairly low due to formation of 

symmetrical versions of the dye (despite the use of an asymmetrical precursor), 

the low solubility of the crude in the eluent system used for HPLC, and close 

elution of Cy3 monoalkyne and the side product bismethyl Cy5, resulting in lost 

product. 

 

4.4.3 Synthesis of Cy5 monoalkyne 

To synthesise Cy5 monoalkyne 22, a suspension of 1-(4-pentynyl)-2,3,3-

trimethyl-3H-indolinium iodide 18 and malondialdehyde bis(phenylimine) 

monohydrochloride 19 in acetic anhydride was refluxed to generate an 

asymmetric precursor in situ, which was then reacted onwards with 1,2,3,3-

tetramethyl-3H-indolinium iodide 17 in pyridine to form the final product 

(Scheme 4.7). 
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Scheme 4.7 Synthesis of Cy5 monoalkyne 22. 

 

Initially, the asymmetric precursor was observed to react with residual 

compound 18 prior to the addition of 17 to form a bisalkyne version of Cy5. 

Symmetrical byproducts were detected even when all components were added 

as a one pot reaction. To minimise this side reaction, 18 was added gradually 

to the reaction, and acetic anhydride removed prior to the addition of 17 in 

pyridine. Precipitation of the reaction into cold diethyl ether as described in the 

literature31 led to significant loss of product, and thus this step was avoided. 

The crude was first purified by column chromatography but then was further 

purified by preparative HPLC to separate the final compound from symmetrical 

byproducts (Figure 4.10). As with Cy3 monoalkyne 21, the dye was purified in 

small batches which proved time consuming. Once again, the yield for Cy5 

monoalkyne 22 was severely impacted by production of symmetrical forms of 

the dye, resulting in reduced amounts of product and difficult separation of 22. 
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Figure 4.10 Preparative HPLC chromatogram of the Cy5 monoalkyne 22 reaction after column 

purification showing detector signal at 645nm. 
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4.5 Synthesis of bischolesterol-dye conjugates 

 

4.5.1 Synthesis of bischolesterol dye azides 

Strategies 1 and 2 require the copper catalysed azide-alkyne cycloaddition of 

cyanine monoalkyne dyes 21 and 22 to one end of bischolesterol diazide 10, 

desymmetrising the molecule in the process (Scheme 4.8). 

 

 

Scheme 4.8 Synthesis of bischolesterol dye azides. 

 

Bischolesterol Cy3 azide 23 was synthesised from a solution of Cy3 

monoalkyne 21 and bischolesterol diazide 10 in dry THF. The reaction was 

thoroughly degassed prior to the addition of copper iodide to prevent oxidation 

of the catalyst and DIPEA was added as a base to further accelerate the 

cycloaddition reaction. The complete consumption of bischolesterol diazide 10 
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was confirmed by TLC after 12 hours. Analysis of the reaction by mass 

spectrometry identified a di-reacted product alongside the desired mono-reacted 

product. The crude was purified in small batches by preparative HPLC using a 

C18 column and a gradient eluent of 90 → 100% methanol. The separation 

between mono- and di- Cy3 products was vast with a 6-minute difference in 

retention, making for easy purification by HPLC (Figure 4.11). Despite over 

reaction of the desired product, bischolesterol Cy3 azide 23 was isolated in a 

better than expected yield. 

 

Figure 4.11 Preparative HPLC chromatogram of bischolesterol Cy3 azide 23 reaction showing 

detector signal at 550nm. 

 

Bischolesterol Cy5 azide 24 was produced from Cy5 monoalkyne 22 and 

bischolesterol diazide 10 in identical conditions to the synthesis of compound 

23. Analysis by TLC showed the reaction to be slower than that of the 

bischolesterol Cy3 conjugation reaction, with incomplete consumption of both 
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starting materials after 12 hours. The reaction was initially purified by column 

chromatography to remove unreacted starting materials, but the product was 

observed to degrade on the silica column. Product containing fractions were 

further purified by preparative HPLC using the same conditions as the Cy3 

version (Figure 4.12). Compound 24 was successfully isolated but in poor yield 

mainly due to the inefficiency of the reaction and degradation of the product 

during column purification.  

 

 

Figure 4.12 Preparative HPLC chromatogram of bischolesterol Cy5 azide 24 reaction showing 

detector signal at 645nm. 

 

4.5.2 Synthesis of bischolesterol dye alcohols  

The bischolesterol dye alcohol compounds required for strategy 3 were 

synthesised under identical conditions to their azide counterparts, using 

bischolesterol monoazide/alcohol 14 and their respective cyanine dye 

monoalkyne (21 or 22, Scheme 4.9). These reactions were more effective than 

that of the bischolesterol dye azides as there was only one azide site on the 
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bischolesterol molecule for the dye to react with. As found with the diazide 

reaction, Cy3 coupling was quicker than that of Cy5 with full consumption of 

bischolesterol monoazide/alcohol 14 observed after 12 hours of reaction. In 

contrast to their azide counterparts, both bischolesterol Cy3 alcohol 25 and 

bischolesterol Cy5 alcohol 26 reactions were successfully purified by column 

chromatography using an eluent of 5% methanol in DCM. The bischolesterol-

dye conjugates had similar retention times to the unreacted dyes, and yields 

could be further improved by the purification of minor mixed fractions by HPLC. 

However, this avenue was not explored due to time constraints.  

 

 

Scheme 4.9 Synthesis of bischolesterol dye alcohols. 
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4.5.3 Synthesis of bischolesterol dye phosphoramidites 

The penultimate synthetic step for strategy 3 was the conversion of the 

bischolesterol dye alcohols to bischolesterol dye phosphoramidites using the 

phosphitylating reagent 2-cyanoethyldiisopropylchlorophosporamidite (Scheme 

4.10). As the phosphitylating reagent is highly sensitive to water, significant 

efforts were made to ensure the exclusion of water from the reaction. 

Bischolesterol dye alcohols 25 and 26 were azeotroped with anhydrous DCM, 

the reaction was performed in anhydrous DCM, and the solution degassed prior 

to the addition of the phosphitylating reagent. Despite attempts to keep 

reactions dry, both phosphitylation reactions failed as evidenced by TLC and 31P 

NMR, which indicated successful coupling but an incorrect oxidation state for 

phosphorus. A lack of signal at ~148ppm and signals at 14.2ppm showed 

oxidation of phosphorus from P(III) to P(V). Copper is known to catalyse the 

oxidation of phosphorus,33 and thus any residual copper from the previous 

cycloaddition step could be damaging to the phosphitylation reaction. Although 

it was thought that purification by column chromatography of the bischolesterol 

dye alcohols should have removed copper from these starting materials, these 

compounds were nonetheless washed with an ethylenediaminetetraacetic acid 

(EDTA) solution to extract any residual copper prior to the phosphitylation 

reaction. However, phosphitylation reactions were still unsuccessful even after 

this EDTA washing, meaning strategy 3 had to be abandoned. The failure to 

synthesise bischolesterol dye phosphoramidites 27 and 28 from bischolesterol 

dye alcohols 25 and 26 is currently unexplained. 
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Scheme 4.10 Failed synthesis of the bischolesterol dye phosphoramidites.  
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4.6 DNA selection and synthesis 

 

4.6.1 DNA sequence selection 

To coincide with research in the previous chapter, the 15 base thrombin 

binding aptamer (TBA15) was selected as a DNA sequence to append to the 

bischolesterol anchor. For use in LOC sandwich assays, the 29 base thrombin 

binding aptamer sequence (TBA29) was also selected as it is known to interact 

with a different site of the thrombin protein. Both complementary DNA and 

thrombin could be utilised as targets for this system. A non self-folding 15mer 

often adopted by the Tucker group for antisensing experiments (nina sequence), 

was also chosen for conjugation to bischolesterol. 

 

4.6.2 Splitting the thrombin binding aptamer sequence for sandwich-

based sensing 

  The 15 base thrombin binding aptamer sequence was split into an 8mer and 

7mer for use as an alternative system in the proposed LOC sandwich assays, as 

there are a handful of reports demonstrating thrombin binding with these split 

aptamer sequences.34-36 The 8mer and 7mer strands were synthesised by 

automated DNA synthesis, along with extended versions, purified by reversed 

phase HPLC and characterised by mass spectrometry (Figure 4.13).  

 

 

Figure 4.13 Split thrombin binding aptamer sequences. 
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The binding of the split strands to the thrombin protein was first analysed by 

gel EMSA (Figure 4.14), using the full aptamer sequences TBA15 and TBA29 

as positive controls. The Diamond™ dye used for staining DNA in gels could not 

stain the short strands TBA15-A and TBA15-B but was able to stain their 

extended counterparts. UV shadowing was thus employed to detect the shorter 

strands. Nonetheless, thrombin binding was not observed with any of the split 

aptamer combinations in contrast to the literature.  

 

 

Figure 4.14 DNA stain of gel EMSA of thrombin with full and split thrombin binding aptamer 

strands. DNA-thrombin bands are shown in the green box and DNA only bands are 

shown in the red box. Lane 1: TBA29 + thrombin, lane 2: TBA15 + thrombin, lane 

3: TBA15 only, lane 4: TBA15-Aex + thrombin, lane 5: TBA15-Bex + thrombin, lane 

6: TBA15-Aex + TBA15-Bex + thrombin, lane 7: TBA15-Aex + TBA15-B + thrombin, 

lane 8: TBA15-A + TBA15-Bex + thrombin, lane 9: TBA15-A + TBA15-B + thrombin. 

 

Isothermal titration calorimetry (ITC) was then employed to analyse the 

binding of the split strands to the thrombin protein using the full aptamer 

strand TBA15 as a positive control. Thrombin (10µM) was loaded into the 

syringe and injected sequentially into a cell containing solutions of either the 
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full or two halves of the thrombin binding aptamer sequence (1µM), and the 

heats of interaction measured (Figure 4.15). Binding curves were obtained with 

the full aptamer whereas no binding was observed with the split aptamer 

sequences, in agreement with gel EMSA results. 

 

 

Figure 4.15 ITC binding data for thrombin with full and split thrombin binding aptamer 

strands (see experimental section 5.11 for further details). 

 

As neither technique could verify binding of the split strands to the thrombin 

target, the plan to couple these strands to the bischolesterol anchor was 

abandoned. 

 

4.6.3 DNA synthesis for strategies 1-2 

Automated DNA synthesis was utilised to create alkyne and DBCO modified 

DNA for use in strategies 1-2, the sequences of which are shown in Table 4.1. 

Alkyne and DBCO phosphoramidites were purchased from commercial 

suppliers and coupled to the 5’ end of the selected sequences (Figure 4.16). 
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Table 4.1 Alkyne and DBCO modified sequences synthesised. 

Name Sequence 

TBA15-alkyne 5’-alkyne- GGT TGG TGT GGT TGG-3’ 

TBA15-DBCO 5’-DBCO- GGT TGG TGT GGT TGG-3’ 

TBA29-alkyne 5’-alkyne- AGT CCG TGG TAG GGC AGG TTG GGG TGA  
‘55’DBCO- AGT CCG TGG TAG GGC AGG TTG GGG TGA 

CT 

 CT-3’ 

TBA29-DBCO 5’-DBCO- AGT CCG TGG TAG GGC AGG TTG GGG TGA  

 CT-3’ 

nina-alkyne 5’-alkyne- TGG ACT CTC TCA ATG-3’ 

nina-DBCO 5’-DBCO- TGG ACT CTC TCA ATG-3’ 

 

DBCO containing sequences were synthesised and treated under ultramild 

conditions. The modified strands were then purified by reversed phase semi 

preparative HPLC. A steeper eluent gradient was employed for the purification 

of DBCO modified strands due to the enhanced hydrophobicity caused by the 

DBCO group, resulting in prolonged retention with normal methods. Purity was 

determined by analytical HPLC and the strands were characterised by mass 

spectrometry prior to bischolesterol dye conjugation (Appendix sections 6.6 and 

6.7). 

 

 

Figure 4.16 Commercially available 5’ alkyne (top) and DBCO (bottom) phosphoramidites. 
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4.7 Synthesis and purification of transmembrane 

molecules 

 

4.7.1 Strategy 1- coupling alkyne modified DNA to bischolesterol dye 

azide 

The low amounts of DNA alkyne stocks required coupling reactions to be 

undertaken at low volumes and concentrations. Stock solutions of all 

components were made beforehand and aliquots taken from these stocks for the 

reactions. Literature suggests the use of excess copper for successful 

cycloaddition with DNA.37 Due to the small scale and polar nature of DNA, 

reactions could not be monitored by normal TLC methods. Instead, reaction 

progression was tracked by mass spectrometry, HPLC, and/or analysis by 

polyacrylamide gels. Mass spectrometry proved to be a powerful technique in 

determining the success of the coupling reaction. 

 

Initial attempts to couple the bischolesterol dye azides to alkyne modified DNA 

followed a literature procedure38 which utilised copper sulphate, 

tris(carboxyethyl)phosphine (TCEP), and tris(benzyltriazolylmethyl)amine 

(TBTA), in a mixture of water, t-butanol, THF, and DMSO. TCEP reduces copper 

sulphate to generate the active copper(I) species required to catalyse the 

cycloaddition reaction, and TBTA is used as a stabilising ligand to prevent the 

oxidation and disproportionation of the copper(I) species.39 Degassing of 

solutions was necessary to prevent oxidation of copper(I). The bischolesterol dye 

azides had limited solubility in this reaction at room temperature. When the 

mixtures were heated to 60°C, a white precipitate appeared which was 

attributed to degraded DNA. Copper is known to interact with and cause 
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degradation of DNA if not properly chelated.40 Mass spectrometry analysis of the 

reactions at both RT and 60°C indicated that this indeed was the case. TBTA:Cu 

ratios were then increased from 1:1 to 10:1, resulting in reduced but still 

significant DNA degradation, and addition of sodium chloride to the reaction 

reduced DNA degradation further. However, despite increasing TBTA:Cu ratios, 

replacing TBTA to the more water-soluble stabilising agent 

tris(hydroxypropyltriazolylmethyl)amine (THPTA), swapping TCEP for sodium 

ascorbate/ascorbic acid, increasing the volume of THF, and 

reducing/eliminating the volumes of water/DMSO/t-butanol (to encourage 

dissolution of the bischolesterol dye azides), the cycloaddition reactions with 

this procedure were ultimately unsuccessful. 

 

There was a suspicion that copper sulphate was not a suitable copper source 

for the desired application. Alternative cycloaddition reactions were therefore 

performed with alkyne modified DNA and water soluble azide s-(4-

azidobutyl)thioacetate with copper sulphate, THPTA, sodium ascorbate, and 

sodium chloride in water (Scheme 4.11). 

 

 

Scheme 4.11 Copper catalysed cycloaddition of alkyne modified DNA and s-(4-

azidobutyl)thioacetate. 
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A significant amount of product was observed after 12 hours, as evidenced by 

mass spectrometry. However, when repeated in 50% THF in water, no mass for 

the product was observed using this technique (Figure 4.17). This suggests that 

THF hinders the cycloaddition reaction with this catalyst. As the bischolesterol 

dye azides are insoluble in water it was decided that a copper catalyst which 

performs better in organic media would be explored. 

 

 

Figure 4.17 Mass spectra of alkyne modified DNA and s-(4-azidobutyl)thioacetate reaction in 

water showing the correct product mass (top), and in 1:1 water:THF showing 

incorrect masses (bottom). 



Lipid-aptamer conjugates for biosensing with liposomes 158 

  

The next attempts to connect alkyne modified DNA to bischolesterol dye azides 

were conducted using an alternative literature procedure which utilised 

copper(I) iodotriethylphosphite as a catalyst to couple DNA to organic polymers 

in DMF.39 There was no need for reducing or stabilising agents with this catalyst 

as copper is already in the oxidation state required for catalysis and comes 

chelated to the triethylphosphite ligand. 1mM stock solutions of bischolesterol 

dye azides and CuI.P(OEt3) were prepared in degassed DMF, aliquots were 

taken, and 1ml reactions made with 10µM DNA alkyne, and DNA:bischolesterol 

dye azide:Cu ratios of 1:10:10 (Scheme 4.12). The solutions were then sealed 

and left for a minimum of 12 hours. 

 

 

Scheme 4.12 Copper catalysed cycloaddition of alkyne modified DNA and bischolesterol dye 

azides. 
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Analysis by mass spectrometry of the reactions showed product formation to 

varying degrees which was promising. However, further reactions fared worse 

with subsequent use of the catalyst as coupling reactions with newly purchased 

catalyst were successful whereas reactions with less fresh catalyst were not. It 

suggested that the commercially supplied CuI.P(OEt3) catalyst was 

deteriorating, despite being stored and handled in an inert atmosphere (glove 

box). CuI.P(OEt3) was therefore synthesised instead following a published 

procedure.41 Reactions were now more successful, with no loss in activity of this 

reagent over time when stored under argon at 0°C. The conjugates TBA15-

bischolesterol-Cy3, TBA29-bischolesterol-Cy3, nina-bischolesterol-Cy3, 

TBA15-bischolesterol-Cy5, and nina-bischolesterol-Cy5 were successfully 

synthesised via this method (Scheme 4.12).  

 

4.7.2 Strategy 2- coupling DBCO modified DNA to bischolesterol dye 

azide 

The strained nature of the DBCO group allows the cycloaddition reaction to 

proceed quickly under ambient conditions in the absence of a copper catalyst. 

However, a major disadvantage of this method is that the reaction is unselective 

over the production of different regioisomers, whereas copper catalysed versions 

tend to only generate the 1,4-regioisomer.42 Additionally, the DBCO-triazole 

group makes quite a bulky linkage between DNA and the bischolesterol anchor 

(Scheme 4.13), which might affect the orientation of the transmembrane 

molecule in the lipid bilayer. 
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Scheme 4.13 Copper free cycloaddition of DBCO modified DNA and bischolesterol dye azides. 

 

The conjugation of bischolesterol dye azides and DBCO modified DNA was 

initially performed in the fridge in solutions of 1:1 water:DMF with an excess of 

bischolesterol dye azide and left for a minimum of 12 hours. Analysis of 

solutions by mass spectrometry showed minor product formation. The next 

attempts to improve yields were to increase the temperature of the reactions to 

room temperature and 50°C. These increases were found to have no effect on 

the reaction yield with a minor amount of product still observed. Increasing the 
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DMF content also appeared to have no effect, and a high content of water (>50%) 

resulted in precipitation of the bischolesterol dye azide. Final attempts used an 

(2x and 10x) excess of DNA instead which resulted in product formation, but 

the extent could not be determined by mass spectrometry. The conjugates 

TBA15-bischolesterol-Cy3, nina-bischolesterol-Cy3, TBA15-bischolesterol-Cy5, 

TBA29-bischolesterol-Cy5, and nina-bischolesterol-Cy5 were synthesised via 

this method, albeit in small amounts. 

 

4.7.3 Strategy 3- coupling bischolesterol dye phosphoramidite to DNA 

Transmembrane molecules could not be produced following this strategy due 

to the failed synthesis of the bischolesterol dye phosphoramidites as discussed 

in section 4.5.3. 

 

4.7.4 Strategy 4- using the DNA synthesiser to couple components 

DMT protected Cy3 and Cy5 molecules on solid supports were purchased from 

Link Technologies and placed on the DNA synthesiser for automated 

transmembrane molecule synthesis in the order of dye → bischolesterol → DNA 

via the 3’ end. Commercially available Cy3 and Cy5 phosphoramidites could 

have been acquired for the synthesis of the conjugates in the reverse order (i.e. 

DNA → bischolesterol → dye) but were deemed too expensive for use.  
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Scheme 4.14 Automated synthesis of DNA bischolesterol Cy3 conjugate. 

 

Usually, phosphoramidites are dissolved in anhydrous acetonitrile for 

automated DNA synthesis but DMT protected bischolesterol phosphoramidite 

16 was found to only be partially soluble in this eluent. Instead, 16 was 

dissolved in a solution of 1:1 anhydrous acetonitrile:DCM to a concentration of 

0.1M and loaded onto the synthesiser alongside commercially supplied 

phosphoramidites and reagents required for automated synthesis. The 

conjugates were synthesised and deprotected under ultramild conditions. 

Trichloroacetic acid (TCA) was first introduced to the resin to deprotect the 

cyanine dyes. Compound 16 was then added along with tetrazole to activate 

coupling of the exposed alcohol on the cyanine dye with the phosphoramidite 

group of 16. A coupling time of 10 minutes was used to ensure conjugation 
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(typical coupling time for unmodified bases is 30 seconds). Any unreacted dye 

was capped with acetic anhydride and the phosphite linkage oxidised to 

phosphate with iodine. Trichloroacetic acid was then added to remove the DMT 

from the bischolesterol part of the now appended bischolesterol dye conjugate. 

The exposed alcohol was reacted with an activated nucleoside phosphoramidite, 

initiating the connection between the bischolesterol and the start of the DNA 

sequence. Additional nucleosides were followed to form the sequence as 

computed into the synthesiser program (Scheme 4.14). 

 

As the removal of the DMT group is orange in colour, the coupling efficiency of 

bischolesterol to both dye and subsequent nucleoside can be monitored by the 

UV absorbance of the solution after detritylation. Coupling efficiencies were 

determined to be 100% between the cyanine dyes and bischolesterol, and 100% 

between bischolesterol and the first nucleoside, which looked promising. 

However, analysis of the crude solutions by mass spectrometry painted a 

different picture. The synthesiser was used to make 6 different transmembrane 

molecules: TBA15-bischolesterol-Cy3, TBA29-bischolesterol-Cy3, nina-

bischolesterol-Cy3, TBA15-bischolesterol-Cy5, TBA29-bischolesterol-Cy5, and 

nina-bischolesterol-Cy5. Out of the 6 combinations, the desired product was 

only detected in three of the crude solutions (nina-bischolesterol-Cy3, nina-

bischolesterol-Cy5, and TBA15 bischolesterol Cy5) and were present in low 

amounts despite the solutions being coloured. The mass of the major product 

in all solutions appeared to be that of the desired product minus 946 units, 

which was later determined to be the mass of the bischolesterol unit. The only 

explanation for this deletion is incomplete detritylation of the cyanine dyes prior 

to the addition of 16. Had the dye been fully detritylated and failed to react with 
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16, then exposed alcohol groups on the dye should have reacted with acetic 

anhydride in the capping step of the process, effectively stopping them from 

reacting further. The high coupling efficiencies detected for the first coupling 

reactions could be attributed to DMT removal of the dyes and not the 

bischolesterol. It does seem odd however for the dyes to be detritylated on the 

second addition of TCA and not the first. 

 

4.7.5 Coupling bischolesterol to DNA 

In addition to the synthesis of the transmembrane molecules via the described 

strategies, DNA-bischolesterol conjugates were also made. Alkyne modified DNA 

strands were reacted with bischolesterol diazide 10 via copper catalysed 

cycloaddition to form the conjugates TBA15-bischolesterol and nina-

bischolesterol. DMT protected bischolesterol phosphoramidite 16 was also used 

to successfully insert the bischolesterol moiety into the middle and tag at the 

end of the nina sequence using automated DNA synthesis (Figure 4.18). 

Attaching bischolesterol to the end of the DNA strand using the synthesiser 

proved effective with coupling efficiencies of 92%. 

 

Figure 4.18 DNA-bischolesterol conjugates synthesised. 
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4.7.6 Purification of transmembrane molecules 

Out of the four devised synthetic strategies, desired products were formed with 

strategies 1, 2 and 4. However, the products derived from strategies 2 and 4 

were low yielding. DNA-bischolesterol-dye conjugates are inherently more 

lipophilic than their unmodified counterparts and therefore significantly longer 

retention times were anticipated with these molecules when utilising reversed 

phase HPLC for purification. 

 

The first attempt at purification was carried out on transmembrane molecules  

made via strategy 4 on a Clarity Oligo semi prep column from Phenomenex using 

a 0.1M triethylammonium acetate (TEAA)/acetonitrile method adapted from the 

literature.38 The samples were monitored at UV absorbances of 260nm for DNA, 

550nm for Cy3 containing samples, and 645nm for Cy5 containing samples. 

Strong coinciding signals were observed at retention times of ~21mins (43% 

acetonitrile) for most samples, and fractions were manually collected at this 

timepoint. Analysis by mass spectrometry of the samples showed the peaks to 

correspond to DNA-dye conjugates (no bischolesterol, Figure 4.19). Dye 

absorbances were noticed in the acetonitrile flushes of successive blank and 

crude unmodified DNA samples. Small amounts of the product were collected, 

analysed by mass spectrometry, and found to contain masses matching desired 

DNA-bischolesterol-dye products. It appeared that the transmembrane 

molecules were retained on this particular column to an extent that they could 

only be removed under prolonged organic solvent conditions. Purification 

methods could not be further developed using strategy 4 derived 

transmembrane molecules as all samples had been used (and probably still 

remained) on the Clarity Oligo semi prep column. 
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Figure 4.19 Crude HPLC chromatograms of strategy 4 derived nina-bischolesterol-Cy3 reaction 

on the Clarity oligo column at detector signals of 260nm (top) and 550nm (bottom). 

 

For transmembrane molecule reactions derived from strategies 1-2, samples 

were passed through a NAP-10 column from GE Healthcare to remove small 

molecules such as salts and unreacted bischolesterol dye azide prior to HPLC 

purification. The next set of samples to purify were DBCO derived DNA-

bischolesterol-dye conjugates (strategy 2). Initial efforts repeated purification 

methods used on strategy 4 derived samples (Clarity oligo column, literature 

method). However, no dye signals were observed despite the solutions being 

coloured. The DBCO moiety makes these molecules even more hydrophobic 

than strategy 4 derived transmembrane molecules, leading to enhanced column 

retention. The method was then changed to one with a steeper acetonitrile 

gradient commonly used for DMT tagged oligonucleotides (DMT ON method). 

This method also failed to produce a dye signal from DBCO derived samples. 
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It was decided that the Clarity oligo column was unsuitable for the purification 

of transmembrane molecules and thus was replaced with a Kinetex C18 column 

from Phenomenex. This column had been previously used to purify cyanine dye 

and bischolesterol-dye conjugates using water/methanol methods and so 

appeared to be more appropriate for the desired application. Applying the 

cyanine dye purification method to the DBCO derived samples resulted in 

immediate elution of all components (Figure 4.20). Changing the method to run 

at a shallower gradient of 0 → 100% methanol over 30 minutes led to adequate 

separation from unreacted DNA with potential product peaks obtained at 25 

minutes (~83% methanol). Unfortunately, there was significant carryover of this 

peak into subsequent blank injections, meaning prolonged retention of these 

conjugates on this column, as observed with the Clarity Oligo column. 

 

 

Figure 4.20 Different HPLC traces of the DBCO derived nina-bischolesterol-Cy5 reaction (strategy 

2) on the Kinetex C18 column showing UV detector signals at 260nm (black), 550nm 

(pink) and 645nm (blue). 
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The next stationary phase to be utilised was an analytical F5 column from 

Phenomenex based on a pentafluorophenyl matrix. A 0 → 100% methanol 

gradient was applied, and the desired product was found to have no retention 

on the column, with complete elution observed under aqueous conditions 

(Figure 4.21). Fractions were collected at 1 and 18 minutes and were determined 

by mass spectrometry (negative mode ESI) to be the desired DNA-bischolesterol-

dye conjugate and unreacted DNA respectively. 

 

 

Figure 4.21 HPLC traces of DBCO derived nina-bischolesterol-dye reactions (strategy 2) on the 

F5 column showing UV detector signals at 260nm (black), 550nm (pink) and 645nm (blue). 

 

It had seemed that these coupling reactions could be successfully purified by 

reversed phase HPLC using the pentafluorophenyl column. However, analysis 

of pure fractions by positive mode ES identified masses corresponding to 

unreacted bischolesterol dye azides. The samples had been passed through a 

size exclusion (NAP-10) column prior to HPLC purification and it was assumed 
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that this process would remove any unreacted bischolesterol dye azide from the 

reaction. This now appeared to not be the case. Although the lack of retention 

of the transmembrane molecule to the F5 column allowed for separation of the 

product from any unreacted DNA, it seemed that the column was unable to 

separate the desired product from unreacted bischolesterol dye azide. On the 

other hand, this column proved more useful for purifying synthesiser derived 5’ 

bischolesterol tagged DNA (Figure 4.18, middle), as all unreacted bischolesterol 

phosphoramidite had been washed from the resin prior to deprotection and 

HPLC purification. 

 

Transmembrane molecule reactions derived from strategies 1 and 2 were then 

passed through an old C18 Ascentis column from Sigma Aldrich (>15 years), an 

old C18 Luna column from Phenomenex (>10 years), and a new C4 Jupiter 

column from Phenomenex in various eluent mixtures in efforts to reduce 

prolonged retention of the conjugates on these stationary phases. 

Unfortunately, significant carryover of product was observed and thus the 

columns were deemed unsuitable for the desired application. 

 

One concern was that sample carryover may be attributed to product sticking 

to the injector needle of the instrument rather than the column. A quick 

experiment was performed to test this concern by changing columns after 

running a sample and then immediately running a blank. No signals were 

observed with the blank meaning the injector needle was not the cause of the 

product carryover. 
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An analytical reversed phase oligo column from Thermo Fisher was the final 

column to be utilised in the method development for the purification of the 

transmembrane molecules. Strategy 1 derived transmembrane molecules were 

purified using a 0.1M TEAA/acetonitrile method derived from the Thermo oligo 

RP column’s handbook. Pleasingly, this column was able to isolate the desired 

product from both unreacted DNA and bischolesterol dye azide, with little to no 

carryover observed in subsequent samples (Figure 4.22). Further purification 

efforts should focus on this particular column to purify the conjugates at a semi 

preparative scale. 

 

 

Figure 4.22 Overlaid HPLC signals of starting materials and strategy 1 reaction with the Thermo 

Oligo RP column at a detector UV signal of 260nm. Nina-alkyne is shown in blue, 

bischolesterol Cy3 azide 23 is shown in red, and the nina-bischolesterol-Cy3 reaction 

(strategy 1) is shown in green.  
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4.8 Conclusions and future work 

 

To conclude, out of the four devised strategies to construct the transmembrane 

molecules, the best approach appears to be via strategy 1 using a reversed 

phase oligo column from Thermo Fisher for purification. Only strategy 1 

generated transmembrane molecules in sufficient yields and thus future efforts 

should focus on this strategy. Cycloaddition reactions could be attempted on 

solid supports on the DNA synthesiser prior to deprotection to allow for easier 

purification. An alternative synthetic strategy would be to revisit the 

construction of the bischolesterol-dye phosphoramidites (strategy 3) but change 

the process to circumvent the use of copper. One such proposal is to use 

bischolesterol dialcohol 8 and an alkyl halide modified cyanine dye to create an 

ether connection between the bischolesterol and dye rather than a triazole. 

Another synthetic strategy worth revisiting would be strategy 4 but performing 

the solid phase synthesis of the conjugate in the reverse order (DNA → 

bischolesterol → dye). It is believed that greater yields can be achieved by 

utilising automated DNA synthesis to construct the transmembrane molecules.  

 

Future work should continue the purification of the transmembrane molecules 

on a preparative scale to isolate enough material to use in sensing experiments. 

Once sufficient amounts have been synthesised and isolated, the ability of the 

transmembrane molecules to insert into bilayers of liposomes in the preferred 

orientation should be studied using quenching experiments. If successful, then 

extravesicular target-aptamer binding can be communicated inside vesicles by 

monitoring by FRET (as shown in Figure 4.5).  
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Chapter 5 Experimental 
 

5.1 Materials and methods 

 

Reagents and solvents were purchased from commercial suppliers and used 

without further purification, unless otherwise stated. Column chromatography 

was carried out using open columns packed with Merck grade 60 silica gel 

topped with 0.5cm of sand. TLC analysis was performed on Merck silica gel 60 

silica sheets. 1H, 13C, and 31P NMR spectra were obtained on Bruker AVIII300 

or AVIII400 spectrometers. Chemical shifts (δ) are given in ppm and are relative 

to the residual solvent peak. Data was acquired using Bruker Topspin v3.2 and 

analysed with MestReNova v12.0.2-20910. Electrospray mass (ESI-MS) spectra 

were measured by either Waters micromass LCT electrospray time-of-flight (ES-

TOF), Waters Xevo G2-XS, or Synapt G2S mass spectrometers. IR spectroscopy 

was performed on dry samples with a Varian 660-IR FT-IR spectrometer. A 

Stuart SMP10 melting point apparatus was used to determine melting points of 

compounds in open glass capillary tubes. Milli-Q water purified with a Millipore 

Elix-Gradient A10 system (resistivity > 18μΩ.cm, TOC ≤ 5ppb, Millipore, France) 

was used for DNA sample preparation and in DNA containing and surface 

experiments. Bovine thrombin from Helena Biosciences was used in gel EMSA 

and ITC experiments. Polycrystalline gold substrates from George Albert PVD 

were utilised for surface coupling experiments and consisted of a 100nm gold 

layer deposited onto a silicon wafer, precoated with titanium as the adhesion 

layer. 
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5.2 Synthesis of thymidine acrylate and thymidine 

acrylamide 

 

 

Scheme 5.1 Synthesis of thymidine acrylate 1 and thymidine acrylamide 2. 

 

Adapted from Ami and Fujimoto.1 

5-iodo-2’-deoyuridine (1.00g, 2.82mmol) and palladium acetate (60mg, 

0.28mmol) were suspended in DMF in a 10ml microwave tube equipped with a 

small magnetic stirring bar. Tributylamine (0.67ml, 2.82mmol) and the 

corresponding reagent, either methyl acrylate (0.38ml, 4.24mmol) or N,N′-

methylenebisacrylamide (1.09g, 7.06mmol), were then added. The suspension 

was stirred and degassed with argon for 10 minutes. The tube was then tightly 

sealed with an aluminium/Teflon crimp top, and the mixture irradiated in a 

microwave for 10 minutes at 100°C. After the irradiation period, the reaction 

vessel was rapidly cooled to 50°C by gas jet cooling before opening. Reaction 

completion was verified by TLC. The reaction was then filtered and evaporated 

under vacuum. The crude was purified by recrystallization from chloroform. 

 

Thymidine acrylate was synthesised in accordance to the general procedure. 

Product was obtained as a white solid (652mg, 74%). 1H NMR (400MHz, CD3CN) 

δ 9.13 (s, 1H), 8.29 (s, 1H), 7.33 (d, J= 15.7Hz, 1H), 6.85 (d, J= 15.8Hz, 1H), 

6.15 (t, J= 6.3Hz, 1H), 4.38-4.34 (m, 1H), 3.89-3.87 (m, 1H), 3.81-3.76 (m, 1H), 
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3.73-3.67 (m, 4H), 3.36 (d, J= 4.4Hz, 1H), 3.29 (t, J= 5.1Hz, 1H), 2.30-2.17 (m, 

2H). 13C NMR (100MHz, CD3CN) δ 168.5 (C=O), 162.4 (C=O), 150.2 (C=O), 144.5 

(HC=C), 138.2 (HC=C), 118.1 (HC=C), 109.7 (C), 88.6 (CH2), 86.6 (CH), 71.1 (CH), 

62.0 (CH2), 52.0 (CH3), 41.4 (CH2). MS (ES +ve) (m/z): 335.2 [M+Na]+ 

 

Thymidine acrylamide was synthesised in accordance to the general 

procedure, yielding an off white solid (748mg, 70%). 1H NMR (400MHz, 

(CD3)2SO) δ 11.56 (s, 1H), 8.69 (t, J= 5.9Hz, 2H), 8.32 (s, 1H), 7.18 (d, J= 15.6Hz, 

1H), 6.96 (d, J= 15.6Hz, 1H), 6.30-6.21 (m, 1H), 6.16-6.09 (m, 2H), 5.64-5.58 

(m, 1H), 5.27 (d, J= 4.3Hz, 1H), 5.16 (t, J= 5.0Hz, 1H), 4.57-4.52 (m, 2H), 4.29-

4.23 (m, 1H), 3.82-3.78 (m, 1H), 3.70-3.55 (m, 1H), 2.18-2.13 (m, 2H). 13C NMR 

(100MHz, (CD3)2SO) δ 166.0 (C=O), 164.8 (C=O), 161.8 (C=O), 149.4 (C=O), 

142.4 (HC=C), 132.9 (HC=C), 131.5 (HC=C), 125.8 (H2C=C), 120.8 (HC=C), 108.9 

(C), 87.6 (CH), 84.6 (CH), 69.9 (CH), 60.9 (CH2), 43.6 (CH2), 40.0 (CH2). HRMS 

(ES +ve) (m/z): [M+Na]+ calcd for C16H20N4O7Na, 403.1230; found 403.1229 
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5.3 1H NMR homo- and co- polymerisation experiments 

with thymidine acrylate and thymidine acrylamide 

 

5.3.1 Homopolymerisation experiments 

Two 1ml deuterated DMSO solutions were prepared for timed 1H NMR analysis; 

one for each base. Each solution contained 0.25M of modified base, 0.09M APS, 

0.67M TEMED, and 0.25M TMS. The solutions were transferred to NMR tubes 

fitted with Teflon sealed screw caps. The tubes were then sonicated and 1H NMR 

measurements taken after 0, 1, 2, 8, 24, 48, and 60 hours of sonication. 

 

5.3.2 Copolymerisation experiments 

Two 1ml deuterated DMSO solutions were prepared for timed 1H NMR analysis; 

one for each base. Each solution contained 0.25M of modified base, 0.25M 

phenyl acrylamide, 0.09M APS, 0.67M TEMED, and 0.25M TMS. The solutions 

were transferred to NMR tubes fitted with Teflon sealed screw caps. The tubes 

were then sonicated and 1H NMR measurements taken after 0, 1, 2, 8, 24, 48, 

and 60 hours of sonication.  
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5.4 Contact angle experiments with thymidine acrylate 

and thymidine acrylamide 

 

5.4.1 Fabrication of acrylamide SAMs 

Polycrystalline gold substrates were cut into 1cm x 1cm chips and used for 

surface experiments. To clean the surfaces, the 1cm x 1cm gold chips were 

immersed in acidic piranha solution (7:3 H2SO4:H2O2) at room temperature for 

10 minutes (caution: piranha reacts violently with all organic compounds and 

should be handled with care). The chips were then immediately rinsed with Milli-

Q water (50ml) followed by methanol (50ml), before submerging into methanolic 

solutions of N,N bis(acryloyl)cystamine (1mM, 1ml). The chip containing 

solutions were then shaken for 24 hours. 

 

5.4.2 Copolymerisation of acrylamide SAMs with modified bases 

A number of 3ml Milli-Q water solutions were prepared, one for each chip. 

Each solution contained 10% v/v DMF, 1mM modified base, 17mM APS, and 

1% v/v TEMED. Control solutions substituting the modified base for an 

unmodified base (thymidine) were also prepared. After 24 hours, gold chips 

where removed from the N,N-bis(acryloyl)cystamine solutions, thoroughly 

rinsed with methanol (50ml) followed by water (50ml), and immediately 

transferred to the different 3ml solutions. The solutions were then left to shake 

for 24 hours. Afterwards, the chips were removed from the solutions, rinsed 

with Milli-Q water (100ml), and dried with argon. 
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5.4.3 Contact angle measurements 

Contact angle measurements were conducted on an Attension Theta contact 

angle meter from Biolin Scientific. The dynamic contact angles were recorded as 

an automated micro-syringe was used to add a drop of Milli-Q water to the gold 

chip to give advancing contact angle data, and the same automated micro-

syringe was used to remove liquid from the drop to give receding contact angle 

data. The drop was shown as a live video image with an acquisition rate of 32 

frames per second. OneAttension software was used to analyse the contact angle 

of the drop at the three-phase intersection. The averages and standard 

deviations of contact angles were determined from six different measurements 

made for each condition. 
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5.5 Testing the stability of thymidine acrylamide towards 

the oligonucleotide deprotection process 

 

For standard deprotection conditions: Thymidine acrylamide (10mg) was 

added to a 1ml solution of aqueous ammonia (30%). The resulting suspension 

was sealed, shaken, and heated to 60°C for 6 hours. The solvent was then 

evaporated, and the crude dissolved in deuterated DMSO and analysed by 1H, 

13C, and 2D NMR. The solid crude was also analysed by mass spectrometry. 

 

For ultramild deprotection conditions: Thymidine acrylamide (10mg) was 

added to a 1ml freshly prepared solution of potassium carbonate in methanol 

(0.05M). The resulting suspension was sealed, shaken, and left standing at room 

temperature for 12 hours. The solvent was then evaporated, and the crude 

dissolved in deuterated DMSO, and analysed by 1H NMR. 
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5.6 Synthesis of thymidine acrylamide derivatives 

 

 

Scheme 5.2 Synthesis of thymidine acrylamide derivatives. 
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5.6.1 Synthesis of 5’-O-(4,4’-dimethoxytrityl)-5-iodo-2’-deoxyuridine 

 

 

 

Adapted from Vasseur2 

A solution of 5-iodo-2’-deoxyuridine (1.5g, 4.2mmol) in dry pyridine (25ml) was 

stirred in a Schlenk tube under argon. 4,4′-dimethoxytrityl chloride (1.9g, 

5.5mmol) was added, and the reaction was left stirring under argon overnight. 

The solution was neutralised with saturated sodium bicarbonate solution 

(100ml) and the product was extracted with DCM (3 x 50ml). The organic phases 

were collected, dried over magnesium sulphate, and evaporated under vacuum 

(co-evaporating with 3 x 100ml toluene to remove pyridine). The crude product 

was purified by flash chromatography with an eluent of 9:1 DCM:7N ammonia 

in methanol. The appropriate fractions were combined and evaporated to give a 

white fluffy solid (2.34g, 84%). 

1H NMR (400MHz, CDCl3) δ 9.58 (s, 1H), 8.15 (s, 1H), 7.42-7.40 (m, 2H), 7.34- 

7.25 (m, 6H), 7.23-7.19 (m, 1H), 6.84 (d, J= 8.9Hz, 4H), 6.34-6.31 (m, 1H), 4.56-

4.54 (m, 1H), 4.13-4.11 (m, 1H), 3.77 (s, 6H), 3.41-3.33 (m, 2H), 2.55-2.49 (m, 

1H), 2.32-2.25 (m, 1H). 13C NMR (100MHz, CDCl3) δ 160.5 (C=O), 158.7 (Ar-C), 

150.4 (C=O), 144.5 (C=CH), 144.5 (Ar-C), 135.6 (Ar-C), 135.5 (Ar-C), 130.2 (Ar-

CH), 128.2 (Ar-CH), 127.1 (Ar-CH), 113.5 (Ar-CH), 87.1 (C), 86.8 (CH), 85.9 (CH), 
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72.6 (CH), 69.0 (C=CI), 63.7 (CH2), 55.4 (OCH3), 41.5 (CH2). TOF-MS (ES +ve) 

(m/z): 679.1 [M+Na]+. 

 

5.6.2 Synthesis of 5’-O-(4,4’-dimethoxytrityl)-5-(N,N'-methylenebisacryl 

amido)-2’-deoxyuridine 

 

 

 

Adapted from Ami and Fujimoto1 

5’-O-(4,4’-dimethoxytrityl)-5-iodo-2’-deoxyuridine 3 (1.01g, 1.54mmol) and 

palladium acetate (35mg, 0.16mmol) were suspended in DMF (3ml) in a 10ml 

microwave tube equipped with a small magnetic stirring bar. Tributylamine 

(0.37ml, 1.56mmol) and N,N′-methylenebis(acrylamide) (475mg, 3.08mmol) 

were then added. The suspension was stirred and degassed with argon for 10 

minutes. The tube was tightly sealed with an aluminium/Teflon crimp top, and 

the mixture irradiated in a microwave for 10 minutes at 100°C. After the 

irradiation period, the reaction vessel was rapidly cooled to 50°C by gas jet 

cooling before opening. The reaction was then filtered through Celite®, rinsing 

with DCM (50ml), and the filtrate washed with water (50ml). The organic phase 

was dried over magnesium sulphate and evaporated under vacuum. The crude 

product was purified by flash chromatography with an eluent of 9:1 DCM:7N 
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ammonia in methanol. The appropriate fractions were combined and evaporated 

to give an off white solid (700mg, 67%). 

1H NMR (400MHz, CDCl3) δ 10.87 (s, 1H), 8.14 (s, 1H), 7.86 (s, 1H), 7.39-7.37 

(m, 3H), 7.29-7.25 (m, 7H), 7.20-7.14 (m, 2H), 6.84 (d, J= 8.7Hz, 4H), 6.36-6.28 

(m, 2H), 6.14-6.08 (m, 1H), 5.66 (d, J= 11.1Hz, 1H), 4.75 (t, J= 6.6Hz, 2H), 4.46 

(s, 1H), 4.24-4.21 (m, 1H), 3.74 (s, 6H), 3.44-3.31 (m, 2H), 2.70-2.66 (m, 1H), 

2.23-2.17 (m, 1H), 1.81 (s, 1H). 13C NMR (100MHz, CDCl3) δ 168.1 (C=O), 166.8 

(C=O), 162.2 (C=O), 158.8 (Ar-C), 149.6 (C=O), 144.4 (Ar-C), 142.2 (HC=C), 

135.7 (Ar-C), 135.5 (Ar-C), 133.9 (HC=C), 130.3 (HC=C), 130.2 (Ar-CH), 130.0 

(Ar-CH), 128.3 (H2C=C), 128.2 (Ar-CH), 127.2 (Ar-CH), 121.9 (HC=C), 113.5 (Ar-

CH), 110.1 (C), 87.2 (C), 87.0 (CH), 86.8 (CH), 72.8 (CH), 64.0 (CH2), 55.4 (OCH3), 

44.5 (CH2), 41.6 (CH2). HRMS (ES +ve) (m/z): [M+H]+ calcd for C37H39N4O9, 

683.2717; found 683.2715. IR neat (cm-1): 3483 (m, OH), 2921 (s, CH, aliphatic), 

2851 (m, CH, aliphatic), 1608 (m, C=O, amide), 1508 (s, C=C, aromatic).  
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5.6.3 Synthesis of 5’-O-(4,4’-dimethoxytrityl)-3’-O-[2-cyano ethoxy-(N,N’-

diisopropylamino)-phosphino]-5-(N,N’-methylenebisacrylamido)-

2’-deoxyuridine 

  

 

 

5’-O-(4,4’-dimethoxytrityl)-5-(N,N’-methylenebisacrylamido)-2’-deoxyuridine 4 

(771mg, 1.13mmol) was dried via azeotroping with dry DCM (3 x 10ml). The 

solid was then redissolved in dry DCM (15ml), and the solution stirred under 

argon. DIPEA (0.49ml, 2.84mmol) was added via syringe to the solution. Then 

2-cyanoethyl N,N-diisopropylchlorophosphoramidite (0.3ml, 1.34mmol) was 

cautiously added to the mixture. The solution was left to stir under argon until 

reaction completion was confirmed by TLC (~3 hours). The reaction was diluted 

with degassed DCM (50ml), and the solution was washed with degassed 

saturated sodium bicarbonate solution (2 x 50ml). The organic phases were 

collected, dried over sodium sulphate, and evaporated under vacuum. The crude 

product was purified by flash chromatography with an eluent of 9:1 DCM:7N 

ammonia in methanol. The appropriate fractions were combined and evaporated 

to give an off white solid (717mg, 72%). 
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1H NMR (400MHz, CDCl3) δ 8.65-8.59 (m, 1H), 7.79 (d, J= 21.1Hz, 1H), 7.43-

7.40 (m, 2H), 7.33-7.27 (m, 8H), 7.23-7.18 (m, 1H), 7.07 (dd, J= 15.3, 2.7Hz, 

1H), 6.87-6.83 (m, 4H), 6.44 (dd, J= 17.0, 1.1Hz, 1H), 6.28-6.23 (m, 1H), 6.16-

6.09 (m, 1H), 5.69 (dd, J= 10.4, 1.0Hz, 1H), 4.73 (t, J= 6.0Hz, 2H), 4.56-4.49 

(m, 1H), 4.28-4.22 (m, 1H), 3.87-3.52 (m, 11H), 3.38-3.29 (m, 2H), 2.72-2.59 

(m, 2H), 2.45 (t, J= 6.4Hz, 1H), 2.28-2.17 (m, 1H), 1.18-1.08 (m, 12H). 13C NMR 

(100MHz, CDCl3) δ 167.8 (C=O), 166.6 (C=O), 162.8 (C=O), 158.6 (Ar-C), 149.1 

(C=O), 144.3 (Ar-C), 142.1 (HC=C), 135.6 (Ar-C), 135.4 (Ar-C), 133.5 (HC=C), 

130.1 (HC=C), 130.0 (Ar-CH), 128.4 (H2C=C), 128.1 (Ar-CH), 128.0 (Ar-CH), 

127.1 (Ar-CH), 122.0 (HC=C), 117.5/117.4 (CN), 113.4 (Ar-CH), 109.9/109.8 

(C), 86.8 (C), 86.3-86.0 (CH), 85.7 (CH), 74.0-73.5 (CH), 63.4/63.3 (CH2), 

58.4/58.2 (CH2), 55.2 (OCH3), 44.6 (CH2), 43.4-43.2 (CH), 40.4 (CH2), 24.6 (CH3), 

20.4-20.2 (CH2). 31P NMR (121MHz, CDCl3) δ 149.1, 148.6. HRMS (TOF-ES +ve) 

(m/z): [M]+ calcd for C46H56N6O10P, 883.3796; found 883.3793. 
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5.7 Synthesis and purification of oligonucleotides 

 

All oligonucleotides were synthesised using solid phase synthesis on an 

Applied Biosystems ABI 394 DNA/RNA synthesiser using commercially supplied 

DNA synthesis grade solvents and reagents. 

 

5.7.1 Standard synthesis of unmodified and alkyne modified strands 

Standard phosphoramidites of Bz-dA, iBu-dG, Ac-dC, and dT from Link 

Technologies, and 5’-hexynyl phosphoramidite from Glen Research were used 

for synthesis. The phosphoramidites were dissolved in anhydrous acetonitrile to 

0.1M prior to synthesis. Strands were synthesised at a 1µmol scale on 

SynBase™ CPG 1000/110 solid supports from Link Technologies. The resins 

have average pore sizes of 1000Å, nominal particle sizes of 110µm, and 

nucleoside loadings of 25-40µmol/g. Phosphoramidites were activated with 5-

ethylthio-1H-tetrazole (0.5M) in acetonitrile prior to coupling. Coupling times of 

25 seconds and 10 minutes were used for the nucleosides and hexynyl group 

respectively. Acetic anhydride and methylimidazole were added to cap unreacted 

material, and then iodine (0.1M) in THF/pyridine/water (78:20:2) was added to 

oxidise the phosphotriester formed. Upon sequence completion, 

oligonucleotides were treated with aqueous ammonia (30%) for 1 hour to cleave 

the strands from the resin. Protecting groups on the strands were removed by 

heating in aqueous ammonia (30%) at 60°C for 6 hours. The solvent was then 

removed on a Thermo Scientific speed vac in preparation for purification. 
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5.7.2 Ultramild synthesis of acrylamide, DBCO, and bischolesterol 

modified strands, and strategy 4 derived transmembrane 

molecules 

Standard phosphoramidites of Pac-dA, iPr-Pac-dG, Ac-dC, dT from Link 

Technologies, DMT protected Cy3 and Cy5 cyanine dyes on CPG supports from 

Link Technologies, 5’-DBCO-TEG phosphoramidite from Glen Research, and 

phosphoramidite compounds 5 and 16 were used for ultramild synthesis. The 

phosphoramidites were dissolved in anhydrous acetonitrile to 0.1M prior to 

synthesis bar from 16 which was dissolved to the same concentration in 1:1 

anhydrous acetonitrile:DCM. Strands were synthesised at a 1µmol scale on 

SynBase™ CPG 1000/110 solid supports from Link Technologies. 

Phosphoramidites were activated with 5-ethylthio-1H-tetrazole (0.25M) in 

acetonitrile prior to coupling. Coupling times of 25 seconds was used for the 

nucleoside phosphoramidites, and 10 minutes for phosphoramidites 5, 16, and 

DBCO-TEG. Then, phenoxyacetic anhydride and methylimidazole were added 

to cap unreacted material, and iodine (0.02M) in THF/pyridine/water (7:2:1) 

was added to oxidise the phosphotriester formed. Upon sequence completion, 

the resins were placed in freshly prepared 1ml solutions of potassium carbonate 

(0.05M) in methanol and left overnight to cleave strands from the resin and 

remove protecting groups. The solutions were neutralised with acetic acid (6µl) 

and the solvent was removed on a Thermo Scientific speed vac. The dried 

powders were redissolved in 1ml Milli-Q water and desalted with a NAP-10 

column from GE Healthcare to remove residual resin and potassium carbonate. 

The solutions were then concentrated to 1ml and stored in the freezer for 

purification. 
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5.7.3 Purification of unmodified, acrylamide modified, and alkyne 

modified strands 

Semi preparative HPLC purification was performed on an Agilent Technologies 

1260 Infinity system using a Phenomenex Clarity 5μm Oligo-RP LC 250x10mm 

column. 1ml of sample was injected with a run time of 45 minutes for each 

sample, at a flow rate of 3ml/min. The column was heated to 60°C prior to 

sample injection for modified and unmodified thrombin binding aptamer 

sequences. The UV/vis absorbance of each run was monitored at 260nm. The 

solvent gradients used are listed in the table below: 

 

Table 5.1 Solvent gradients used in the HPLC purification of oligonucleotides. 

Time/mins 0.1M TEAA in HPLC water/% acetonitrile/% 

0 95 5 

30 82 18 

30.1 0 100 

40 0 100 

40.1 95 5 

45 95 5 

 

Collected fractions were evaporated to dryness, diluted to 1ml in Milli-Q water, 

and desalted using a NAP-10 column (GE Healthcare), whilst eluting to 1.5ml. 

Purity of oligonucleotides was determined by analytical HPLC using a 

Phenomenex Clarity 5μm Oligo RP LC 250x4.6mm column on either a Shimadzu 

HPLC or an Agilent Technologies 1260 Infinity system. The column was heated 

to 60°C prior to sample injection for modified and unmodified thrombin binding 

aptamer strands. 20µl of sample was injected with a run time of 45 minutes for 

each sample, at a flow rate of 1ml/min. Solvent gradients used were identical to 

semi preparative HPLC (Table 5.1). The UV/vis absorbance of each run was 

monitored at 260nm. 
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5.7.4 Purification of DCBO modified strands 

DBCO modified strands were purified and analysed with the same columns 

and systems as previous strands, with the exception of a different solvent 

gradient being applied to account for the enhanced lipophilicity of the strands 

(Table 5.2). 

 

Table 5.2 Solvent gradients used in the HPLC purification of DBCO modified oligonucleotides. 

Time/mins 0.1M TEAA in HPLC water/% acetonitrile/% 

0 95 5 

15 76 24 

20 57 43 

25 57 43 

25.1 0 100 

35 0 100 

35.1 95 5 

41 95 5 

 

5.7.5 Oligonucleotide characterisation 

Samples showing >95% purity by analytical HPLC were deemed sufficiently 

pure for use in experiments. Samples showing <95% purity were repurified by 

semi preparative HPLC. The characterisation of pure oligonucleotide samples 

was performed by negative mode electrospray mass spectrometry. Sample 

concentrations were determined by optical density at 260nm using a BioSpec-

nano micro-volume UV-Vis spectrophotometer (nanodrop) from Shimadzu and 

the Beer Lambert law, with extinction coefficients obtained from Integrated DNA 

Technologies’ OligoAnalyzer.  
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5.8 Polyacrylamide gel experiments 

 

Experiments were performed on 12% native polyacrylamide gels with 1x TBE 

buffer and 10mM potassium chloride, using 1x TBE buffer with 10mM 

potassium chloride as a running buffer. Gels were run on Bio-rad Mini-

PROTEAN® gel kits with a Bio-rad PowerPac (highest voltage: 

5000V/500mA/400W). After electrophoresis, gels were stained with Diamond™ 

nucleic acid dye and visualised under UV with an AlphaImager HP gel imager 

from Alpha Innotech. For thrombin binding experiments, gels were further 

stained with Imperial protein stain from Thermo Fisher Scientific. 

 

5.8.1 DNA-acrylamide gel copolymerisation experiments 

100µl aqueous samples containing 1µM DNA, 12% acrylamide, 1x TBE buffer, 

and 10mM potassium chloride were prepared. 10% APS in water (1µl) and 

TEMED (1µl) were added to samples, and 40µl of each sample was immediately 

loaded into two adjacent wells of a gel (20µl per well). A three well gap was left 

between unmodified and acrylamide modified DNA as the solutions were found 

to react into neighbouring wells. The solution containing wells were then left to 

set (typically 5 minutes). Once set, 10µl of 12% polyacrylamide gel solution was 

added to the same wells and left to set. The gels were then rinsed with HPLC 

water and run at 100V for 1 hour. 

 

5.8.2 Gel electromobility shift assay of unmodified and acrylamide 

modified thrombin binding aptamer strands with thrombin 

50µl aqueous solutions of DNA (0.5µM) and thrombin (0µM, 0.01µM, 0.1µM, 

0.5µM, or 1µM) in KCl (10mM), tris.HCl buffer (10mM, pH 7.5), and glycerol (3%) 
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were prepared. 10µl of each sample was loaded into wells and gels were run at 

100V for 1 hour.  

 

5.8.3 Gel electromobility shift assay of full and split thrombin binding 

aptamer strands with thrombin 

50µl aqueous solutions of DNA (1µM) and thrombin (1µM) in KCl (10mM), 

tris.HCl buffer (10mM, pH 7.5), and glycerol (3%) were prepared. 10µl of each 

sample was loaded into wells and gels were run at 100V for 1 hour. 
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5.9 Circular dichroism of unmodified and acrylamide 

modified thrombin binding aptamer strands 

 

500µl aqueous solutions of DNA (5µM) in KCl (10mM) and tris.HCl buffer 

(10mM, pH 7.5) were prepared. Prior to CD analysis, the samples were heated 

to 95°C for 5 minutes and cooled slowly to room temperature. CD spectra of 

samples were recorded on a Jasco J-810 spectropolarimeter, scanning from 

350-200nm at a rate of 100nm/min. 3 accumulations were performed for each 

sample and the data produced an average of the three scans. A baseline 

correction was manually performed on each sample by subtracting the blank 

and offsetting results at 350nm.  
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5.10 Thermal melting experiments of unmodified and 

acrylamide modified thrombin binding aptamer 

strands with complementary sequence 

 

100µl aqueous solutions of aptamer (10µM) and complementary DNA (10µM) 

in NaCl (100mM) and sodium phosphate buffer (10mM, pH 7) were prepared. 

10µl of each sample was withdrawn, added to 10µl of SsoAdvanced™ universal 

SYBR® green supermix from Bio-rad, and the thermal melting of the resulting 

solutions was performed on a M550 double beam scanning UV/visible 

spectrophotometer. Samples were heated from 15°C → 90°C and cooled from 

90°C → 20°C at a rate of 1°C/min, and values were obtained from the maxima 

of the negative first derivative of the melting curve.  



Experimental 197 

5.11 ITC experiments on the binding of full and split 

thrombin binding aptamer strands with thrombin 

 

ITC experiments were performed at the University of Cambridge on a Malvern 

MicroCal PEAQ-ITC at 25°C. 300µl of DNA (1µM) in binding buffer (10mM tris 

HCl, pH 7.5 and 10mM KCl) was used in the cell for each experiment. 60µl of 

thrombin (10µM) in binding buffer was placed in the syringe for each 

experiment. 

 

ITC injection conditions are as follows: 

- reference power: 5µcal s-1 

- stir speed: 750rpm 

- initial delay: 60 seconds 

- initial injection volume: 0.4µl 

- initial injection duration: 0.8 seconds 

- injection volume: 2µl 

- injection duration: 4 seconds 

- injection spacing: 120 seconds 

- number of injections: 20 
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5.12 Surface coupling experiments with unmodified and 

acrylamide modified thrombin binding aptamer 

strands 

 

See 5.4.1 for the fabrication of acrylamide SAMs on gold chips. 

 

5.12.1 Reaction of acrylamide SAMs with unmodified/acrylamide 

modified aptamer strands at high APS concentrations 

A number of 2ml Milli-Q water solutions were prepared, one for each chip. 

Each solution contained 1µM of either unmodified or acrylamide modified DNA, 

17mM APS, and 0.1% v/v TEMED. Control solutions excluding either or both 

DNA and APS/TEMED were also prepared. After 24 hours, gold chips where 

removed from the N,N-bis(acryloyl)cystamine solutions, thoroughly rinsed with 

methanol (50ml) followed by water (50ml), and immediately transferred to the 

different 2ml solutions. The solutions were then left to shake for 24 hours. 

Afterwards, the chips were removed from the solutions, rinsed with Milli-Q water 

(100ml), and dried with argon. 

 

5.12.2 Reaction of acrylamide SAMs with unmodified/acrylamide 

modified aptamer strands at low APS concentrations 

Conditions were identical to 5.12.1 with the exception of 1mM APS being used 

instead of 17mM. 

 

5.12.3 Contact angle measurements 

See 5.4.3 for details on contact angle measurements. The averages and 

standard deviations of contact angles were determined from six different 

measurements made for each condition. 
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5.12.4 Ellipsometry measurements 

For high APS samples, ellipsometry measurements were conducted on a 

UVISEL spectroscopic ellipsometer from Horiba and data was processed with 

DeltaPsi 2 software. For low APS samples, ellipsometry measurements were 

conducted on an Alpha-SE ellipsometer from J.A. Woollam and data was 

processed with CompleteEASE software. All samples were measured at an angle 

of incidence of 70° and film thickness calculations were based on a three-phase 

ambient/SAM/Au model in which the SAM was assumed to be isotropic and 

assigned a refractive index of 1.5. Averages and standard deviations were 

determined from six different measurements made for each condition. 

 

5.12.5 XPS measurements 

XPS measurements were carried out through the provision of the EPSRC X-

ray photoelectron spectroscopy service for the academic community through the 

‘Access to research equipment initiative’ using Thermo Scientific K-Alpha XPS 

systems. 

For high APS samples, XPS spectra were obtained at the University of 

Newcastle (NEXUS), whereas for low APS samples, XPS spectra were obtained 

at the University of Cardiff (HarwellXPS). XPS experiments were performed using 

a monochromatic Al Kα X-ray source (1486.7eV) at a take-off angle of 90° to the 

surface plane. High-resolution scans of Au (4f), C (1s), O (1s), N (1s), S (2p) and 

P (2p) were recorded using pass energies of 40eV at a step size of 0.1eV. Fitting 

of XPS peaks was performed using CasaXPS software using the following 

sensitivity factors: Au (4f) 17.10, C (1s) 1.00, O (1s) 2.93, N (1s) 1.80, S (2p) 

1.68, P (2p) 1.19.  
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5.13 Optimisation of APS concentration used in 

acrylamide DNA coupling experiments by HPLC 

analysis 

 

100µl aqueous solutions of unmodified/acrylamide modified DNA (10µM), BAC 

(10mM), TEMED (1% v/v), and APS (0µM, 10µM, 100µM, 1mM, 10mM, 20mM, 

50mM, 100mM, or 200mM) were prepared. The solutions were shaken overnight 

prior to HPLC analysis. Samples were analysed by analytical HPLC using a 

Phenomenex Clarity 5μm Oligo RP LC 250x4.6mm column on an Agilent 

Technologies 1260 Infinity system. The column was heated to 60°C prior to 

sample injection. 70µl of sample was injected with a run time of 45 minutes for 

each sample, at a flow rate of 1ml/min. The solvent gradients used can be found 

in Table 5.1. 
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5.14 Synthesis of symmetrical bischolesterol derivatives 

 
Scheme 5.3  Synthesis of symmetrical bischolesterol derivatives  



 

Experimental 202 

5.14.1 Synthesis of lithocholic acid methyl ester 

 

 

 

Adapted from Ma and Davis3 

Acetyl chloride (0.95ml, 13.3mmol) was added to a suspension of lithocholic 

acid (10g, 26.6mmol) in MeOH (100ml). The reaction mixture was stirred under 

argon for 3 hours at RT. Water (100ml) was then added to the reaction mixture 

and the resulting white precipitate was collected by filtration and dried in vacuo. 

The crude product was crystallized from acetonitrile to give a white solid (10.3g, 

99%). 

1H NMR (400MHz, CDCl3) δ 3.66 (s, 3H), 3.63-3.59 (m, 1H), 2.39-0.89 (m, 38H), 

0.63 (s, 3H). 13C NMR (100MHz, CDCl3) δ 174.9 (C=O), 72.0 (CH), 56.6 (CH), 

56.1 (CH), 51.6 (OCH3), 42.9 (C), 42.2 (CH), 40.6 (CH), 40.3 (CH2), 36.6 (CH2), 

36.0 (CH), 35.5 (CH), 35.5 (CH2), 34.7 (C), 31.2 (CH2), 31.1 (CH2), 30.7 (CH2), 

28.3 (CH2), 27.3 (CH2), 26.6 (CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.4 (CH3), 

12.2 (CH3). MS (APcI +ve) (m/z): 373.6 [M-OH]+.  
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5.14.2 Synthesis of bischolesterol diester 

 

 

 

Adapted from Kobuke4 

Phenylene diisocyanate (205mg, 1.28mmol) and 1,4-diazabicyclo[2.2.2]octane 

(DABCO, 30mg, 0.26mmol) were added to a solution of lithocholic acid methyl 

ether 6 (1g, 2.56mmol) in dry dioxane (20ml) under argon at room temperature. 

The solution was heated to 70°C and left to stir under argon at this temperature 

overnight. The reaction was then cooled to RT, and the solvent evaporated under 

reduced pressure. Aqueous 1N HCl was then added to the white solid and the 

resulting suspension was extracted with DCM until the organic phase was clear. 

The organic phases were combined, dried over magnesium sulphate, and 

evaporated under vacuum. The crude product was washed with methanol, 

dissolved in a small volume of hot chloroform, and purified by flash 

chromatography with an eluent of 3:1 diethyl ether:hexane. The appropriate 

fractions were combined and evaporated to afford a white solid (394mg, 33%). 

1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.41 (s, 2H), 4.76-4.68 (m, 2H), 3.67 

(s, 6H), 2.39-0.92 (m, 75H), 0.67 (s, 6H). 13C NMR (100MHz, CDCl3) δ 174.8 

(C=O), 153.6 (C=O), 134.0 (Ar-C), 119.9 (Ar-CH), 75.7 (CH), 56.9 (CH), 56.4 (CH), 

51.5 (OCH3), 43.1 (C), 42.3 (CH), 40.9 (CH), 40.5 (CH2), 36.1 (CH), 35.6 (CH), 

35.4 (CH2), 34.9 (C), 32.9 (CH2), 31.4 (CH2), 31.3 (CH2), 28.4 (CH2), 27.3 (CH2), 
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27.2 (CH2), 26.6 (CH2), 24.4 (CH2), 23.5 (CH3), 21.1 (CH2), 18.5 (CH3), 12.3 (CH3). 

HRMS (TOF-ESI +ve) (m/z): [M+Na]+ calcd for C58H88N2O8Na, 963.6438; found 

963.6440. IR neat (cm-1): 3361 (m, NH, carbamate), 2938 (s, CH, aliphatic), 2864 

(s, CH, aliphatic), 1718 (s, C=O, ester/carbamate), 1548 (s, C=C, aromatic), 

1522 (s, C=C, aromatic). Melting point: 184-185°C. 

 

5.14.3 Synthesis of bischolesterol dialcohol 

 

 

 

Adapted from Kobuke5 

Bischolesterol diester 7 (558mg, 0.59mmol) was suspended in dry THF (25ml) 

under argon and heated to 50°C. LiBH4 (50mg, 2.30mmol) was then added and 

the reaction heated to 60°C and left to stir at this temperature for 4 hours. The 

reaction was cooled to RT and left stirring under argon overnight. 1N aqueous 

HCl was added dropwise until effervescence had ceased, and the reaction 

mixture was diluted with water, extracted with chloroform, and dried over 

MgSO4. After evaporation of the solution, the residue was purified by column 

chromatography (4% methanol in chloroform) to yield the final product (450mg, 

86%). 

1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.53 (s, 2H), 4.74-4.66 (m, 2H), 3.63-

3.58 (m, 4H), 1.99-0.65 (m, 77H), 0.65 (s, 6H). 13C NMR (100MHz, CDCl3) δ 
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153.5 (C=O), 133.8 (Ar-C), 119.6 (Ar-CH), 75.5 (CH), 63.8 (CH2), 56.7 (CH), 56.4 

(CH), 42.9 (C), 42.1 (CH), 40.6 (CH), 40.3 (CH2), 36.0 (CH), 35.7 (CH), 35.2 (CH2), 

34.7 (C), 32.7 (CH2), 32.0 (CH2), 29.5 (CH2), 28.5 (CH2), 27.2 (CH2), 27.1 (CH2), 

26.5 (CH2), 24.4 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 12.2 (CH3). HRMS 

(TOF-ESI +ve) (m/z): [M+Na]+ calcd for C56H88N2O6Na, 907.6540; found 

907.6541. IR neat (cm-1): 3424 (w, OH), 2938 (s, CH, aliphatic), 2865 (s, CH, 

aliphatic), 1720 (s, C=O, carbamate), 1624 (s, C=C, aromatic). Melting point: 

203°C. 

 

5.14.4 Synthesis of bischolesterol dibromide 

 

 

 

Under an inert atmosphere, pyridine (0.2ml, 2.58mmol) was added to a 

solution of triphenylphosphine (1.58g, 6.01mmol) and N-bromosuccinimide 

(1.15g, 6.44mmol) in dry DCM (20ml). A solution of bischolesterol dialcohol 8 

(950mg, 1.07mmol) in dry DCM (50ml) was then added, and the resulting 

reaction was left stirring under argon at RT for 3 days. The solvent was removed, 

co-evaporating with toluene (3 x 100ml), to give a black/brown residue which 

was purified by column chromatography (1:1 toluene:ethyl acetate) to yield the 

final product as an off white solid (603mg, 56%). 
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1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.44 (s, 2H), 4.73-4.67 (m, 2H), 3.44-

3.33 (m, 4H), 1.99-0.88 (m, 70H), 0.65 (s, 6H). 13C NMR (100MHz, CDCl3) δ 

153.5 (C=O), 133.8 (Ar-C), 119.6 (Ar-CH), 75.5 (CH), 56.7 (CH), 56.2 (CH), 42.9 

(C), 42.1 (CH), 40.6 (CH), 40.3 (CH2), 36.0 (CH), 35.4 (CH), 35.2 (CH2), 34.7 

(CH2), 34.7 (C), 32.7 (CH2), 29.8 (CH2), 28.4 (CH2), 27.2 (CH2), 27.1 (CH2), 26.5 

(CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 12.2 (CH3). HRMS (TOF-

ESI +ve) (m/z): [M+Na]+ calcd for C56H88N2O4Na79Br81Br, 1033.4832; found 

1033.4838. IR neat (cm-1): 3321 (w, NH, carbamate), 2936 (s, CH, aliphatic), 

2865 (s, CH, aliphatic), 1726 (m, C=O, carbamate), 1704 (m, C=O, carbamate), 

1524 (m, C=C, aromatic). Melting point: 133-134°C. 

 

5.14.5 Synthesis of bischolesterol diazide 

 

 

 

Adapted from Sharma and Gilmer6 

To a stirred solution of bischolesterol dibromide 9 (560mg, 0.55mmol) in 

anhydrous DMF (16ml) was added sodium azide (216mg, 3.3mmol) and sodium 

iodide (17mg, 0.11mmol). The reaction was heated to 60°C and left to stir at this 

temperature under argon for 2 days. Water (50ml) was added to precipitate the 

final product, which was isolated by filtration and washed with water to give an 

off white solid (290mg, 59%). 
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1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.48 (s, 2H), 4.74-4.66 (m, 2H), 3.29-

3.17 (m, 4H), 1.99-0.92 (m, 80H), 0.65 (s, 6H). 13C NMR (100MHz, CDCl3) δ 

153.5 (C=O), 133.8 (Ar-C), 119.6 (Ar-CH), 75.6 (CH), 56.7 (CH), 56.2 (CH), 52.1 

(CH2), 42.9 (C), 42.1 (CH), 40.6 (CH), 40.3 (CH2), 36.0 (CH), 35.6 (CH), 35.2 

(CH2), 34.7 (C), 33.1 (CH2), 32.7 (CH2), 28.4 (CH2), 27.2 (CH2), 27.1 (CH2), 26.5 

(CH2), 25.7 (CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 12.2 (CH3). 

HRMS (TOF-ESI +ve) (m/z): [M+Na]+ calcd for C56H86N8O4Na, 957.6670; found 

957.6671. IR neat (cm-1): 3322 (w, NH, carbamate), 2930 (s, CH, aliphatic), 2865 

(s, CH, aliphatic), 2092 (m, N=N=N, azide), 1710 (m, C=O, carbamate), 1523 (s, 

C=C, aromatic). Melting point: 196-198°C.  
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5.14.6 Crystal structure determination of bischolesterol diester, 

bischolesterol dibromide, and bischolesterol diazide 

 
 

Crystal data for bischolesterol diester (compound 7) 

C65H96N2O8 (M =1033.43g/mol): triclinic, space group P1 (no. 1), a = 

7.8291(3)Å, b = 10.2983(4)Å, c = 18.1014(7)Å, α = 97.459(3)°, β = 92.901(3)°, γ = 

92.677(3)°, V = 1443.16(9)Å3, Z = 1, T = 99.95(18)K, μ(CuKα) = 0.602mm-1, 

Dcalc = 1.189g/cm3, 23539 reflections measured (8.672° ≤ 2Θ ≤ 144.194°), 

10702 unique (Rint = 0.0332, Rsigma = 0.0384) which were used in all calculations. 

The final R1 was 0.0562 (I > 2σ(I)) and wR2 was 0.1690 (all data). 

  

Crystal data for bischolesterol dibromide (compound 9) 

C62H100Br2N4O6 (M =1157.27g/mol): monoclinic, space group P21 (no. 4), a = 

8.68918(6)Å, b = 59.9830(5)Å, c = 17.67491(16)Å, β = 97.1524(7)°, V = 

9140.54(13)Å3, Z = 6, T = 100.01(10)K, μ(CuKα) = 2.084mm-1, Dcalc = 

1.261g/cm3, 82168 reflections measured (5.25° ≤ 2Θ ≤ 136.502°), 32056 unique 

(Rint = 0.0734, Rsigma = 0.0718) which were used in all calculations. The final R1 

was 0.0764 (I > 2σ(I)) and wR2 was 0.2006 (all data). 

 

Crystal data for bischolesterol diazide (compound 10) 

C62H100N10O6 (M =1081.51g/mol): orthorhombic, space group P212121 (no. 19), 

a = 8.85680(10)Å, b = 20.1304(3)Å, c = 34.4364(5)Å, V = 6139.70(15)Å3, Z = 4, 

T = 100.00(10)K, μ(CuKα) = 0.599mm-1, Dcalc = 1.170g/cm3, 40102 reflections 

measured (8.786° ≤ 2Θ ≤ 147.748°), 12232 unique (Rint = 0.0329, Rsigma = 0.0252) 

which were used in all calculations. The final R1 was 0.0942 (I > 2σ(I)) and wR2 

was 0.2751 (all data). 
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The datasets were measured on an Agilent SuperNova diffractometer using an 

Atlas detector. The data collections were driven and processed, and absorption 

corrections was applied using CrysAlisPro. The structures of compounds 7 and 

9 were solved using ShelXS7 while the structure of compound 10 was solved 

using ShelXT.8 All three structures were refined by a full-matrix least-squares 

procedure on F2 in ShelXL.8 All non-hydrogen atoms were refined with 

anisotropic displacement parameters. In compound 7 the hydrogen atoms 

bonded to N(1) and N(2) were located in the electron density and their positions 

refined freely, with their U(iso) values based on the U(eq) values of the parent 

atoms. All remaining hydrogen atoms in compound 7 and all hydrogen atoms 

in compounds 9 and 10 were fixed as riding models and the isotropic thermal 

parameters (Uiso based on the Ueq of the parent atom. Figures and reports were 

produced using OLEX2.9  

 

All three structures occupy chiral space groups. For compounds 7 and 10 it 

was not possible to determine the absolute structure from the diffraction data. 

However, for compound 9 the Flack parameter was determined as -0.005(10) 

which means that the absolute structure can confidently be assigned from the 

diffraction data. 

 

The structure of compound 7 contains a molecule of toluene, (C(101)-C(107) 

and C(11’)-C(17’)) which is disordered over two positions at a refined percentage 

occupancy ratio of 61.7(11):38.3(11) respectively. 

 

The structure of compound 9 contains three crystallographically-independent 

molecules and six molecules of DMF. One of the bromine atoms belonging to 

molecule 2 (C(101)-C(156), N(101)-N(102), O(101)-O(104), Br(11)-Br(12)) is 
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disordered over two positions labelled Br(12) / Br(2’) at a refined occupancy ratio 

89.7(5):10.3(5) respectively. In molecule 3 (C(201)-C(256), N(201)-N(202), 

O(201)-O(204), Br(21)-Br(22)) the C(255), C(256), Br(22) / C(55’), C(56’), Br(3)’ 

group is disordered over two positions at a refined occupancy ratio of 67.7(6): 

32.3(6). One of the six molecules of DMF that are present, (C(801)-C(803), 

N(801), O(801) / C(81’)-C(83’), N(81’), O(81’)) is disordered over two positions 

with a refined percentage occupancy ratio of 63.7(17):36.3(17). 

 

The structure of compound 10 contains two molecules of DMF, (C(101)-C(103), 

N(101), O(101) / C(11’)-C(13’), N(11’), O(11’) and C(201)-C(203), N(201), O(201) 

/ C(21’)-C(23’), N(21’), O(21’)) which are both disordered over two positions with 

a refined percentage occupancy ratios of 71.6(6):28.4(6) and 54.1(5): 45.9(5) 

respectively. 
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5.15 Synthesis of asymmetrical bischolesterol derivatives 

 
Scheme 5.4 Synthesis of asymmetrical bischolesterol derivatives.   
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5.15.1 Synthesis of bischolesterol monoester/alcohol 

 

 

 

Adapted from Kobuke5 

Bischolesterol diester 7 (1g, 1.06mmol) was suspended in dry THF (50ml) 

under argon. The suspension was stirred at RT for 4 hours and then heated to 

50°C for 1 hour. During this time, LiBH4 (13mg, 0.55mmol) was added 

sequentially (~4mg every 1.5 hours) to the solution. The reaction was then 

cooled to RT. 1N aqueous HCl was added dropwise until effervescence had 

ceased, and the reaction mixture was diluted with water, extracted with 

chloroform, and dried over MgSO4. After evaporation of the solution, the residue 

was purified by column chromatography (2:1 toluene: ethyl acetate) to yield the 

final product as a white solid (385mg, 40%). 

1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.49 (s, 2H), 4.74-4.66 (m, 2H), 3.66 

(s, 3H), 3.61 (s, 2H), 2.39-2.17 (m, 2H), 2.00-0.85 (m, 73H), 0.65 (s, 6H). 13C 

NMR (100MHz, CDCl3) δ 174.9 (C=O), 153.5 (C=O), 133.8 (Ar-C), 119.6 (Ar-CH), 

75.6 (CH), 63.8 (CH2), 56.7 (CH), 56.4 (CH), 56.2 (CH), 51.6 (OCH3), 42.9 (C), 

42.1 (CH), 40.7 (CH), 40.3 (CH2), 36.0 (CH), 35.7 (CH), 35.5 (CH), 35.2 (CH2), 

34.7 (C), 32.7 (CH2), 32.0 (CH2), 31.2 (CH2), 31.2 (CH2), 29.6 (CH2), 28.5 (CH2), 

27.2 (CH2), 27.1 (CH2), 26.5 (CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 

18.4 (CH3), 12.2 (CH3). HRMS (TOF-ESI +ve) (m/z): [M+Na]+ calcd for 
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C57H88N2O7Na, 935.6489; found 935.6484. IR neat (cm-1): 3439 (w, OH), 3329 

(w, NH, carbamate), 2932 (s, CH, aliphatic), 2865 (s, CH, aliphatic), 1702 (s, 

C=O, ester/carbamate), 1522 (s, C=C, aromatic). Melting point: 195-196°C. 

 

5.15.2 Synthesis of bischolesterol monoester/bromide 

 

 

 

Under an inert atmosphere, pyridine (0.05ml, 0.66mmol) was added to a 

solution of triphenylphosphine (402mg, 1.53mmol) and N-bromosuccinimide 

(292mg, 1.64mmol) in dry DCM (10ml). A suspension of bischolesterol 

monoester/alcohol 11 (250mg, 0.27mmol) in dry DCM (30ml) was then added, 

and the resulting reaction was left stirring under argon at RT overnight. The 

solvent was removed, co-evaporating with toluene (3 x 50ml), to give a 

black/brown residue. The crude product was redissolved in a small volume of 

chloroform and purified by flash chromatography with an eluent of 2:1 diethyl 

ether:hexane to yield the final product as an off white solid (206mg, 77%). 

1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.46 (s, 2H), 4.73-4.67 (m, 2H), 3.66 

(s, 3H), 3.42-3.35 (m, 2H), 2.39-2.19 (m, 2H), 1.98-0.88 (m, 77H), 0.65 (s, 6H). 

13C NMR (100MHz, CDCl3) δ 174.9 (C=O), 153.5 (C=O), 133.8 (Ar-C), 119.6 (Ar-

CH), 75.6 (CH), 56.7 (CH), 56.2 (CH), 56.2 (CH), 51.6 (OCH3), 42.9 (C), 42.1 (CH), 

40.7 (CH), 40.3 (CH2), 36.0 (CH), 35.5 (CH), 35.4 (CH), 35.2 (CH2), 34.7 (CH2), 
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34.7 (C), 34.7 (CH2), 32.7 (CH2), 31.2 (CH2), 31.2 (CH2), 29.8 (CH2), 28.4 (CH2), 

27.2 (CH2), 27.1 (CH2), 26.5 (CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 

18.4 (CH3), 12.2 (CH3). HRMS (TOF-ESI +ve) (m/z): [M+Na]+ calcd for 

C57H87N2O6Na79Br, 997.5645; found 997.5649. IR neat (cm-1): 3340 (w, NH, 

carbamate), 2937 (s, CH, aliphatic), 2865 (s, CH, aliphatic), 1724 (s, C=O, 

carbamate), 1523 (s, C=C, aromatic). 

 

5.15.3 Synthesis of bischolesterol monoester/azide 

 

 

 

Adapted from Sharma and Gilmer6 

To a stirred solution of bischolesterol monoester/bromide 12 (345mg, 

0.36mmol) in anhydrous DMF (10ml) was added sodium azide (69mg, 

1.07mmol) and sodium iodide (5.3mg, 0.04mmol). The reaction was heated to 

60°C and left to stir at this temperature under argon for 2 days. Water (100ml) 

was added to precipitate the final product, which was isolated by filtration. The 

product was dissolved in chloroform, and the solution was washed with water 

and dried over magnesium sulphate. Chloroform was removed to yield the 

product as a white solid (271mg, 83%). 

1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.45 (s, 2H), 4.73-4.67 (m, 2H), 3.66 

(s, 3H), 3.27-3.19 (m, 2H), 2.39-2.19 (m, 2H), 1.98-0.83 (m, 94H), 0.65 (s, 6H). 



 

Experimental 215 

13C NMR (100MHz, CDCl3) δ 174.9 (C=O), 153.5 (C=O), 133.8 (Ar-C), 119.6 (Ar-

CH), 75.6 (CH), 56.7 (CH), 56.2 (CH), 56.1 (CH), 52.1 (CH2), 51.6 (OCH3), 42.9 

(C), 42.1 (CH), 40.6 (CH), 40.3 (CH2), 36.0 (CH), 35.6 (CH), 35.5 (CH), 35.2 (CH2), 

34.7 (C), 33.1 (CH2), 32.7 (CH2), 31.2 (CH2), 31.2 (CH2), 28.4 (CH2), 27.2 (CH2), 

27.1 (CH2), 26.5 (CH2), 25.7 (CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 

18.4 (CH3), 12.2 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calcd for C57H88N5O6, 

938.6735; found 938.6739. IR neat (cm-1): 3333 (w, NH, carbamate), 2937 (s, 

CH, aliphatic), 2865 (s, CH, aliphatic), 2093 (m, N=N=N, azide), 1725 (s, C=O, 

carbamate), 1523 (s, C=C, aromatic). Melting point: 185-187°C. 

 

5.15.4 Synthesis of bischolesterol monoazide/alcohol 

 

 

 

Adapted from Kobuke5 

Bischolesterol monoester/azide 13 (170mg, 0.18mmol) was dissolved in dry 

THF (10ml) under argon. 0.2ml of LiBH4 solution (2M in THF) was added and 

the reaction was left stirring under argon overnight. Inspection by TLC showed 

incomplete conversion and thus a further 0.1ml of LiBH4 solution was added 

and the reaction heated to 50°C for 1 hour, after which the reaction was shown 

to be complete. 5M aqueous HCl was added dropwise to the reaction until 

effervescence had ceased, and the mixture was diluted with water, extracted 
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with DCM, and dried over MgSO4. After evaporation of the solution, the residue 

was purified by flash chromatography using an eluent of 3:1 ether:hexane to 

yield the final product as a white solid (130mg, 61%). 

1H NMR (400MHz, CDCl3) δ 7.30 (s, 4H), 6.52 (s, 2H), 4.74-4.66 (m, 2H), 3.66-

3.57 (m, 2H), 3.29-3.17 (m, 2H), 1.99-0.88 (m, 71H), 0.65 (s, 6H). 13C NMR 

(100MHz, CDCl3) δ 153.5 (C=O), 133.8 (Ar-C), 119.7 (Ar-CH), 75.6 (CH), 63.7 

(CH2), 56.7 (CH), 56.4 (CH), 56.2 (CH), 52.1 (CH2), 42.9 (C), 42.1 (CH), 40.6 (CH), 

40.3 (CH2), 36.0 (CH), 35.7 (CH), 35.6 (CH), 35.2 (CH2), 34.7 (C), 33.1 (CH2), 32.7 

(CH2), 32.0 (CH2), 29.5 (CH2), 28.4 (CH2), 27.2 (CH2), 27.1 (CH2), 26.5 (CH2), 25.7 

(CH2), 24.3 (CH2), 23.5 (CH3), 21.0 (CH2), 18.8 (CH3), 18.8 (CH3), 12.2 (CH3). 

HRMS (TOF-ESI +ve) (m/z): M+ calcd for C56H88N5O5, 910.6785; found 910.6793. 

IR neat (cm-1): 3440 (w, OH), 3324 (w, NH, carbamate), 2932 (s, CH, aliphatic), 

2865 (s, CH, aliphatic), 2093 (m, N=N=N, azide), 1702 (s, C=O, carbamate), 1522 

(s, C=C, aromatic). 

 

 



 

  

2
1
7
 

E
x
p
e
ri

m
e
n

ta
l 

5.16 Synthesis of DMT protected bischolesterol phosphoramidite 

 

 
Scheme 5.5 Synthesis of DMT protected bischolesterol phosphoramidite. 
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5.16.1 Synthesis of mono DMT protected bischolesterol alcohol 

 

 

 

Under an inert atmosphere, dimethoxytrityl chloride (202mg, 0.60mmol) was 

added to a solution of bischolesterol dialcohol 8 (480mg, 0.54mmol) in dry 

pyridine (20ml) and the resulting yellow solution was left to stir overnight. The 

reaction was quenched with saturated sodium bicarbonate solution (100ml) and 

the product extracted with chloroform (3 x 50ml). The organics were combined 

and dried over sodium sulphate. The solvent was then removed, coevaporating 

with toluene (2 x 50ml) to remove pyridine, resulting in a crude yellow solid. The 

crude was redissolved in a small volume of chloroform, purified by flash 

chromatography with silica pretreated with triethylamine, and a gradient eluent 

of 3:1 → 4:1 diethyl ether:hexane. The appropriate fractions were combined, and 

solvent removed to give the product as a white solid (162mg, 25%). 

1H NMR (400MHz, CDCl3) δ 7.45-7.42 (m, 2H), 7.34-7.26 (m, 10H), 7.22-7.17 

(m, 1H), 6.84-6.80 (m, 4H), 6.50 (s, 2H), 4.74-4.66 (m, 2H), 3.79 (s, 6H), 3.61 (s, 

2H), 3.05-2.95 (m, 2H), 2.00-0.86 (m, 78H), 0.65 (s, 3H), 0.63 (s, 3H). 13C NMR 

(100MHz, CDCl3) δ 158.4 (Ar-C), 153.5 (C=O), 145.6 (Ar-C), 136.9 (Ar-C), 133.8 

(Ar-C), 130.2 (Ar-CH), 128.4 (Ar-CH), 127.8 (Ar-CH), 126.7 (Ar-CH), 119.6 (Ar-
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CH), 113.1 (Ar-CH), 85.8 (C), 75.6 (CH), 64.2 (CH2), 63.8 (CH2), 56.7 (CH), 56.4 

(CH), 55.3 (OCH3), 42.9 (C), 42.1 (CH), 40.7 (CH), 40.3 (CH2), 36.0 (CH), 35.7 

(CH), 35.2 (CH2), 34.7 (C), 32.7 (CH2), 32.5 (CH2), 32.0 (CH2), 31.7 (CH2), 29.6 

(CH2), 28.4 (CH2), 27.2 (CH2), 27.1 (CH2), 26.5 (CH2), 24.4 (CH2), 23.5 (CH3), 21.0 

(CH2), 18.8 (CH3), 12.2 (CH3). HRMS (TOF-ESI +ve) (m/z): [M+Na]+ calcd for 

C77H106N2O8Na, 1209.7847; found 1209.7844. IR neat (cm-1): 3324 (w, NH, 

carbamate), 2932 (s, CH, aliphatic), 2865 (s, CH, aliphatic), 1703 (m, C=O, 

carbamate), 1521 (s, C=C, aromatic), 1509 (s, C=C, aromatic). 

 

5.16.2 Synthesis of DMT protected bischolesterol phosphoramidite 

 

 

 

Mono DMT protected bischolesterol alcohol 15 (152mg, 0.13mmol) was 

azeotroped with dry DCM (3 x 5ml) and then redissolved in dry DCM (5ml) for 

reaction. The solution was degassed for five minutes before and during the 

addition of DIPEA (60µl, 0.32mmol) and 2-cyanoethyldiisopropyl 

chlorophosporamidite (30µl, 0.15mmol), the latter of which was added dropwise 

to the reaction. The clear reaction was left stirring under argon until completion 

which was typically 2 hours. Once complete, the solution was diluted with 

degassed DCM (10ml) and washed with degassed sodium bicarbonate solution 
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(30ml). The organics were isolated, dried over sodium sulphate, and solvent 

removed to leave a clear oil. The oil was purified by flash chromatography using 

an eluent of 3:1 degassed diethyl ether: hexane and 1% triethylamine to give the 

final product as a white solid (180mg, 61%). 

1H NMR (400MHz, CDCl3) δ 7.45-7.43 (m, 2H), 7.34-7.25 (m, 10H), 7.19 (t, J= 

7.2 Hz, 1H), 6.83-6.80 (m, 4H), 6.67 (s, 2H), 4.72-4.67 (m, 2H), 3.89-3.53 (m, 

12H), 3.06-2.96 (m, 2H), 2.70-2.44 (m, 7H), 1.99-0.86 (m, 99H), 0.65 (s, 3H), 

0.63 (s, 3H). 13C NMR (100MHz, CDCl3) δ 158.3 (Ar-C), 153.5 (C=O), 145.6 (Ar-

C), 136.9 (Ar-C), 133.7 (Ar-C), 130.1 (Ar-CH), 128.3 (Ar-CH), 127.7 (Ar-CH), 

126.6 (Ar-CH), 119.6 (Ar-CH), 117.7 (CN), 113.0 (Ar-CH), 85.7 (C), 75.4 (CH), 

64.3 (CH2), 64.1 (CH2), 58.4 (CH2), 56.6 (CH), 56.3 (CH), 55.2 (OCH3), 43.1 (CH), 

42.8 (C), 42.0 (CH), 40.6 (CH), 40.2 (CH2), 35.9 (CH), 35.6 (CH), 35.5 (CH), 35.1 

(CH2), 34.7 (C), 32.7 (CH2), 32.4 (CH2), 32.1 (CH2), 29.8 (CH2), 28.3 (CH2), 27.9 

(CH2), 27.1 (CH2), 27.0 (CH2), 26.4 (CH2), 24.7 (CH3), 24.3 (CH2), 23.4 (CH3), 20.9 

(CH2), 20.4 (CH2), 18.7 (CH3), 12.1 (CH3). 31P NMR (121MHz, CDCl3) δ 147.2, 

147.1, 139.0.  
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5.17 Synthesis of cyanine dyes 

 

 
Scheme 5.6 Synthesis of cyanine dyes. 
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5.17.1 Synthesis of 1,2,3,3-tetramethyl-3H-indolinium iodide 

 

 

 

Adapted from Brown10 

Methyl iodide (2.1ml, 34mmol) was added to a solution of 2,3,3-

trimethylindolenine (5ml, 31mmol) in acetonitrile (25ml). The reaction mixture 

was refluxed for 48 hours and then cooled to room temperature. The precipitate 

formed was collected by filtration, washed with diethyl ether, and dried in vacuo 

over potassium hydroxide pellets to afford 17 as pink crystals (8.8g, 93%). 

1H NMR (400MHz, (CD3)2SO) δ 7.92-7.90 (m, 1H), 7.84-7.83 (m, 1H), 7.65-7.59 

(m, 2H), 3.97 (s, 3H), 2.77 (s, 3H), 1.53 (s, 6H). 13C NMR (100MHz, (CD3)2SO) δ 

196.0 (C), 142.1 (Ar-C), 141.6 (Ar-C), 129.3 (Ar-CH), 128.8 (Ar-CH), 123.3 (Ar-

CH), 115.2 (Ar-CH), 54.0 (C), 34.7 (NCH3), 21.7 (CH3), 14.1 (CH3). MS (TOF-ESI 

+ve) (m/z): 174.1 [M-I]+.  
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5.17.2 Synthesis of 1-(4-pentynyl)-2,3,3-trimethyl-3H-indolinium iodide 

 

 

 

Adapted from Brown10 

5-chloro-1-pentyne (5.0ml, 31.40mmol) was added to a suspension of 

potassium iodide (11.5g, 69.08mmol) in acetonitrile (50ml), and the yellow 

suspension was stirred at 50°C. After 10 minutes, 2,3,3-trimethylindolenine 

(5.05ml, 31.40mmol) was added dropwise and the reaction mixture was refluxed 

overnight and then cooled to room temperature. The inorganic salt was filtered 

off, washed with DCM, and the filtrate was evaporated to dryness. The residue 

was purified by column chromatography (0 → 10% MeOH in DCM) and the pure 

product was obtained as a purple solid (6.41g, 58%). 

1H NMR (400MHz, CD3OD) δ 7.93-7.89 (m, 1H), 7.81-7.76 (m, 1H), 7.68-7.64 

(m, 2H), 4.66-4.62 (m, 2H), 3.32-3.30 (m, 4H), 2.52-2.45 (m, 3H), 2.23-2.16 (m, 

2H), 1.62 (s, 6H). 13C NMR (100MHz, CD3OD) δ 198.5 (C=N), 143.4 (Ar-C), 142.6 

(Ar-C), 131.2 (Ar-CH), 130.5 (Ar-CH), 124.7 (Ar-CH), 116.5 (Ar-CH), 83.1 

(C≡CH), 72.0 (HC≡C), 56.0 (C), 48.4 (NCH2), 27.5 (CH2), 22.8 (CH3), 16.5 (CH2). 

MS (TOF-ESI +ve) (m/z): 352.1 [M-I]+.   
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5.17.3 Synthesis of malondialdehyde bis(phenylimine) 

monohydrochloride 

 

 

 

Adapted from Brown10 

An aqueous solution of hydrochloric acid (110ml, 1M), and 1,1,3,3-

tetramethoxypropane (9.9ml, 0.06mol) was heated to 50°C. A solution of aniline 

(11ml, 0.12mol) in aqueous hydrochloric acid (185ml, 1M) was added, and the 

resulting reaction was stirred at 50°C for 16 hours. The suspension was cooled 

to room temperature and the orange precipitate afforded was isolated by 

filtration, washed with hydrochloric acid (1M), and dried under vacuum to yield 

the final product as an orange powder (11g, 72%). 

1H NMR (400MHz, CD3OD) δ 8.72 (d, J= 11.6Hz, 2H), 7.48-7.44 (m, 4H), 7.40-

7.37 (m, 4H), 7.30-7.25 (m, 2H), 6.28 (t, J= 11.6Hz, 1H). 13C NMR (100MHz, 

CD3OD) δ 159.8 (HC=C), 139.8 (Ar-C), 131.1 (Ar-CH), 127.7 (Ar-CH), 118.8 (Ar-

CH), 99.4 (HC=C). MS (TOF-ESI +ve) (m/z): 223.1 [M-Cl]+.  

  



 

Experimental 225 

5.17.4 Synthesis of 1,3,3-trimethyl-2-(2-(phenylamino)vinyl)-3H-

indolium iodide 

 

 

 

Adapted from Brown10 

A solution of 1,2,3,3-tetramethyl-3H-indolinium iodide 17 (500mg, 1.7mmol) 

and N,N’-diphenyl formamidine (360mg, 1.8mmol) in ethanol (25ml) was stirred 

for 10 minutes. Triethyl orthoformate (270mg, 1.8mmol) was added and the 

resulting solution was stirred at reflux for 18 hours and then slowly cooled to 

room temperature. The precipitate was removed by filtration and washed in cold 

diethyl ether to yield 1,3,3-trimethyl-2-(2-(phenylamino)vinyl)-3H-indolium 

iodide 20 as orange crystals (610mg, 91%). 

1H NMR (400MHz, CD3OD) δ 8.67 (d, J= 12.6Hz, 1H), 7.58 (d, J= 7.5Hz, 1H), 

7.53-7.42 (m, 6H), 7.39-7.29 (m, 2H), 6.20 (d, J =12.6Hz, 1H), 3.73 (s, 3H), 1.75 

(s, 6H). 13C NMR (100MHz, CD3OD) δ 180.5 (C=N), 153.1 (HC=C), 143.7 (Ar-C), 

142.2 (Ar-C), 140.0 (Ar-C), 131.2 (Ar-CH), 129.9 (Ar-CH), 127.6 (Ar-CH), 127.3 

(Ar-CH), 123.4 (Ar-CH), 119.0 (Ar-CH), 112.7 (Ar-CH), 91.9 (HC=C), 51.3 (C), 

32.4 (NCH3), 28.5 (CH3). MS (TOF-ESI +ve) (m/z): 277.3 [M-I]+.   
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5.17.5 Synthesis of Cy3 monoalkyne 

 

 

 

Adapted from Henary11 

To a 20ml microwave tube was added 1-(4-pentynyl)-2,3,3-trimethyl-3H-

indolinium iodide 18 (360mg, 1.02mmol), 1,3,3-trimethyl-2-(2-

(phenylamino)vinyl)-3H-indolium iodide 20 (330mg, 0.82mmol), and acetic 

anhydride (12ml). The solution was degassed for 5 minutes before and 5 

minutes after the addition of sodium acetate (150mg, 1.83mmol). The tube was 

tightly sealed with an aluminium/Teflon crimp top, and the mixture irradiated 

in a microwave for 1 hour at 130°C. After the irradiation period, the reaction 

vessel was cooled to room temperature and added to cold ether (800ml). The 

resulting precipitate was isolated by suction filtration and washed with cold 

ether. The solid was then partially dissolved in DCM, the filtrate was isolated, 

and solvent removed. The purple crude was purified by flash chromatography 

using a gradient eluent of 0 → 50% ethyl acetate in DCM followed by 10% 

methanol in DCM. Product containing fractions were combined and the solvent 

was evaporated to leave a pink solid which was further purified by preparative 

HPLC on a Kinetex C18 prep column using the method described in the following 

table: 
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Table 5.3 Solvent gradients used in the HPLC purification of cyanine dyes.  

Time /mins Water + 0.1% TFA/% Methanol + 0.1% TFA/% 

0 50 50 

20 0 100 

25 0 100 

25.1 50 50 

30 50 50 

 

The purification was monitored at 550nm and the desired product was found 

to elute at ~16 minutes. The product was collected, and the solvent removed by 

rotary evaporation and freeze drying to give the final product as a pink solid 

(129mg, 29%). 

1H NMR (400MHz, CDCl3) δ 8.39 (s, 1H), 7.42-7.36 (m, 4H), 7.29-7.23 (m, 4H), 

7.15 (d, J= 7.8Hz, 1H), 6.59-6.52 (m, 2H), 4.25 (s, 2H), 3.69 (s, 3H), 2.41 (s, 2H), 

2.14 (s, 1H), 2.06 (s, 2H), 1.72 (s, 12H). 13C NMR (100MHz, CDCl3) δ 175.0 (C), 

174.1 (C), 150.8 (HC=C), 142.7 (Ar-C), 142.2 (Ar-C), 140.6 (Ar-C), 140.6 (Ar-C), 

129.1 (Ar-CH), 125.8 (Ar-CH), 125.6 (Ar-CH), 122.3 (Ar-CH), 122.2 (Ar-CH), 

111.1 (Ar-CH), 111.0 (Ar-CH), 104.2 (HC=C), 103.7 (HC=C), 83.1 (C≡CH), 70.2 

(HC≡C), 49.3 (C), 49.2 (C), 43.2 (CH2), 31.6 (NCH3), 28.3 (CH3), 28.1 (CH3), 26.0 

(CH2), 16.0 (CH2). MS (TOF-ESI +ve) (m/z): 409.3 [M-I]+.  
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5.17.6 Synthesis of Cy5 monoalkyne 

 

 

 

Adapted from Brown10 

Under an inert atmosphere, a suspension of 1-(4-pentynyl)-2,3,3-trimethyl-

3H-indolinium iodide 18 (100mg, 0.28mmol) and malondialdehyde 

bis(phenylimine) monohydrochloride 19 (475mg, 1.84mmol) in acetic anhydride 

(5ml) was heated to reflux for 30 minutes. During this time, a further 300mg 

(0.85mmol) of 1-(4-pentynyl)-2,3,3-trimethyl-3H-indolinium iodide 18 was 

added sequentially to the reaction in 100mg batches every 5 minutes. After 30 

minutes, acetic anhydride was removed, the resulting green solid was 

redissolved in a solution of 1,2,3,3-tetramethyl-3H-indolinium iodide 17 

(852mg, 2.82mmol) in dry pyridine (6ml), and the reaction was left stirring 

under argon overnight. Solvent was removed and the blue crude was purified 

by flash chromatography with a gradient eluent of 0 → 5% methanol in DCM. 

Product containing fractions were combined, and the solvent was evaporated to 

leave a blue solid which was further purified by preparative HPLC on a Kinetex 

C18 prep column using the method described in Table 5.3. The purification was 

monitored at 645nm and the desired product was found to elute at ~16 minutes. 

The product was collected, and the solvent removed by rotary evaporation and 

freeze drying to give the final product as a blue solid (229mg, 36%). 
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1H NMR (400MHz, CD3CN) δ 8.13-8.05 (m, 2H), 7.48 (t, J= 7.0Hz, 2H), 7.44-

7.37 (m, 2H), 7.29-7.22 (m, 4H), 6.52 (t, J= 12.5Hz, 1H), 6.23 (dd, J= 13.8, 

12.0Hz, 2H), 4.08 (t, J= 7.5Hz, 2H), 3.55 (s, 3H), 2.37-2.32 (m, 3H), 2.02-1.95 

(m, 3H), 1.68 (s, 12H). 13C NMR (100MHz, CD3CN) δ 175.5 (C), 173.9(C), 155.1 

(HC=C), 154.6 (HC=C), 143.9 (Ar-C), 143.3 (Ar-C), 142.3 (Ar-C), 142.2 (Ar-C), 

129.4 (Ar-CH), 129.4 (Ar-CH), 126.1 (Ar-CH), 125.7 (Ar-CH), 125.6 (HC=C), 

123.2 (Ar-CH), 123.1 (Ar-CH), 111.9 (Ar-CH), 111.5 (Ar-CH), 104.4 (HC=C), 

103.5 (HC=C), 84.0 (C≡CH), 71.1 (HC≡C), 50.2 (C), 50.0 (C), 43.6 (CH2), 32.0 

(NCH3), 27.7 (CH3), 27.5 (CH3), 26.7 (CH2), 16.3 (CH2). MS (TOF-ESI +ve) (m/z): 

435.3 [M-I]+.  
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5.18 Synthesis of bischolesterol dye conjugates 

 

Scheme 5.7 Synthesis of bischolesterol dye conjugates. 
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5.18.1 General procedure 

Equimolar equivalents of the bischolesterol azide derivative and the 

corresponding cyanine dye were dissolved in dry THF in an inert atmosphere. 

DIPEA and copper iodide were then added, and the reaction was left stirring at 

room temperature for 12 hours. The reaction was quenched with water, and the 

product extracted with DCM. Organics were combined and dried over 

magnesium sulphate which was subsequently removed by filtration along with 

undissolved copper iodide. The solvent was removed to leave crude product 

which was then purified by either flash chromatography, HPLC or both 

techniques. 

 

5.18.2 HPLC purification of bischolesterol dye conjugates 

HPLC purification of the conjugates was performed on a Kinetex C18 prep 

column from Phenomenex, following the method described in the table below: 

 

Table 5.4 Solvent gradients used in the HPLC purification of bischolesterol dye conjugates. 

Time/mins Water + 0.1% TFA/% Methanol + 0.1% TFA/% 

0 10 90 

10 10 90 

20 0 100 

30 0 100 

30.1 10 90 

35 10 90 

 

HPLC purification of Cy3 containing products were monitored at 260nm and 

550nm whereas Cy5 containing products were monitored at 260nm and 645nm. 

Desired products eluted at ~25 minutes.   
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5.18.3 Synthesis of bischolesterol Cy3 azide 

 

 

 

Bischolesterol Cy3 azide 23 was synthesised in accordance to the general 

procedure, using bischolesterol diazide 10 (39mg, 0.04mmol), Cy3 monoalkyne 

21 (22.6mg, 0.04mmol), DIPEA (7µl, 0.004mmol), and copper iodide (4mg, 

0.02mmol) in dry THF (5ml). The crude was purified by the HPLC purification 

procedure described in section 5.18.2 to yield the final product as a pink solid 

(21mg, 34%). 

1H NMR (400MHz, CDCl3) δ 8.38 (t, J= 13.2Hz, 1H), 7.89 (s, 1H), 7.43-7.24 (m, 

12H), 7.12 (d, J= 7.9Hz, 1H), 6.58-6.51 (m, 4H), 4.73-4.66 (m, 2H), 4.37-4.26 

(m, 2H), 4.17 (s, 2H), 3.66 (s, 3H), 3.29-3.17 (m, 2H), 3.04 (s, 2H), 2.26 (s, 2H), 

1.99-0.83 (m, 84H), 0.65 (s, 3H), 0.61 (s, 3H). 13C NMR (100MHz, CDCl3) δ 174.5 

(C), 174.2 (C), 153.5 (C=O), 150.7 (HC=C), 142.8 (Ar-C), 142.0 (Ar-C), 140.5 (Ar-

C), 140.5 (Ar-C), 133.8 (Ar-C), 129.4 (Ar-CH), 129.1 (Ar-CH), 125.8 (Ar-CH), 

125.6 (Ar-CH), 122.2 (HC=C), 122.2 (Ar-CH), 119.6 (Ar-CH), 111.7 (Ar-CH), 

110.9 (Ar-CH), 104.0 (HC=C), 103.9 (HC=C), 75.6 (CH), 56.7 (CH), 56.6 (CH), 

56.2 (CH), 55.9 (CH), 52.1 (CH2), 51.7 (CH2), 49.3 (C), 49.1 (C), 44.1 (CH2), 42.9 

(C), 42.1 (CH), 40.6 (CH), 40.3 (CH2), 36.0 (CH), 35.6 (CH), 35.4 (CH), 35.2 (CH2), 

34.7 (C), 33.1 (CH2), 32.7 (CH2), 31.4 (NCH3), 29.8 (CH2), 28.4 (CH2), 28.2 (CH3), 

27.2 (CH2), 27.1 (CH2), 26.8 (CH2), 26.5 (CH2), 25.7 (CH2), 24.3 (CH2), 23.5 (CH3), 
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22.8 (CH2), 21.0 (CH2), 18.8 (CH3), 18.6 (CH3), 12.2 (CH3). HRMS (TOF-ESI +ve) 

(m/z): [M-I]+ calcd for C85H119N10O4, 1344.9416; found 1344.9415. 

 

5.18.4 Synthesis of bischolesterol Cy5 azide 

 

 

 

Bischolesterol Cy5 azide 24 was synthesised in accordance to the general 

procedure, using bischolesterol diazide 10 (50mg, 0.05mmol), Cy5 monoalkyne 

22 (30mg, 0.05mmol), DIPEA (9µl, 0.005mmol), and copper iodide (5mg, 

0.025mmol) in dry THF (5ml). The crude was purified by flash chromatography 

with an eluent system of 95:5 DCM:MeOH and further purified by the HPLC 

purification procedure described in section 5.18.2 to yield the final product as 

a blue solid (13mg, 8%). 

1H NMR (400MHz, CDCl3) δ 7.84-7.77 (m, 3H), 7.39-7.21 (m, 15H), 7.07 (d, J= 

7.9Hz, 1H), 6.67 (s, 1H), 6.54 (s, 1H), 6.48 (s, 1H), 6.35 (d, J= 13.3Hz, 1H), 6.19 

(d, J= 13.0Hz, 1H), 4.72-4.67 (m, 2H), 4.32 (s, 2H), 4.14 (s, 2H), 3.58 (s, 3H), 

3.28-3.18 (m, 2H), 3.00 (s, 2H), 2.24 (s, 2H), 1.99-0.83 (m, 86H), 0.65 (s, 3H), 

0.62 (s, 3H). 13C NMR (100MHz, CDCl3) δ 173.3 (C), 172.9 (C), 153.6 (HC=C), 

153.6 (C=O), 152.9 (HC=C), 145.1 (C), 142.9 (Ar-C), 142.1 (Ar-C), 141.1 (Ar-C), 

140.8 (Ar-C), 133.9 (Ar-C), 129.1 (Ar-CH), 128.8 (Ar-CH), 126.5 (HC=C), 125.6 

(Ar-CH), 125.2 (Ar-CH), 122.2 (HC=C/Ar-CH), 119.7 (Ar-CH), 111.3 (Ar-CH), 
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110.4 (Ar-CH), 104.5 (HC=C), 103.7 (HC=C), 75.6 (CH), 56.7 (CH), 56.6 (CH), 

56.3 (CH), 55.9 (CH), 52.1 (CH2), 51.4 (CH2), 49.5 (C), 49.2 (C), 44.0 (CH2), 42.9 

(C), 42.1 (CH), 40.7 (CH), 40.3 (CH2), 36.0 (CH), 35.6 (CH), 35.4 (CH), 35.2 (CH2), 

34.8 (C), 33.1 (CH2), 32.7 (CH2), 31.3 (NCH3), 29.8 (CH2), 28.4 (CH2), 28.1 (CH3), 

27.2 (CH2), 27.1 (CH2), 26.9 (CH2), 26.5 (CH2), 25.7 (CH2), 24.3 (CH2), 23.5 (CH3), 

22.4 (CH2), 21.0 (CH2), 18.8 (CH3), 18.7 (CH3), 12.2 (CH3). HRMS (TOF-ESI +ve) 

(m/z): [M-I]+ calcd for C87H121N10O4, 1370.9572; found 1370.9568. 

 

5.18.5 Synthesis of bischolesterol Cy3 alcohol 

 

 

 

Bischolesterol Cy3 alcohol 25 was synthesised in accordance to the general 

procedure, using bischolesterol monoazide/alcohol 14 (132mg, 0.15mmol), Cy3 

monoalkyne 21 (78mg, 0.15mmol), DIPEA (25µl, 0.015mmol), and copper iodide 

(138mg, 0.7mmol) in dry THF (15ml). The crude was purified by flash 

chromatography with an eluent system of 95:5 DCM:MeOH to give the final 

product as a pink solid (115mg, 59%). 

1H NMR (400MHz, CDCl3) δ 8.43 (t, J= 13.4Hz, 1H), 7.89 (s, 1H), 7.41-7.12 (m, 

13H), 7.13 (d, J= 7.9Hz, 1H), 6.73 (s, 2H), 4.72-4.65 (m, 2H), 4.35-4.20 (m, 4H), 

3.80 (s, 1H), 3.67-3.57 (m, 2H), 3.23-3.18 (m, 2H), 2.34-2.27 (m, 2H), 1.99-0.89 

(m, 89H), 0.64 (s, 3H), 0.62 (s, 3H). 13C NMR (100MHz, CDCl3) δ 174.1 (C), 173.7 
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(C), 153.5 (C=O), 150.7 (HC=C), 146.5 (C), 142.8 (Ar-C), 142.0 (Ar-C), 140.5 (Ar-

C), 133.7 (Ar-C), 129.1 (Ar-CH), 128.9 (Ar-CH), 125.4 (Ar-CH), 125.3 (Ar-CH), 

122.6 (HC=C), 122.1 (Ar-CH), 122.0 (Ar-CH), 119.6 (Ar-CH), 111.6 (Ar-CH), 

110.8 (Ar-CH), 105.0 (HC=C), 104.7 (HC=C), 75.4 (CH), 63.5 (CH2), 56.5 (CH), 

56.5 (CH), 56.2 (CH), 55.8 (CH), 50.8 (CH2), 49.0 (C), 48.8 (C), 44.4 (CH2), 42.7 

(C), 42.0 (CH), 40.5 (CH), 40.2 (CH2), 35.8 (CH), 35.6 (CH), 35.3 (CH), 35.1 (CH2), 

34.6 (C), 32.8 (NCH3), 32.6 (CH2), 31.9 (CH2), 29.7 (CH2), 29.4 (CH2), 28.3 (CH2), 

28.2 (CH3), 27.2 (CH2), 27.1 (CH2), 27.0 (CH2), 26.4 (CH2), 24.2 (CH2), 23.4 (CH3), 

23.1 (CH2), 20.9 (CH2), 18.7 (CH3), 18.7 (CH3), 12.1 (CH3). HRMS (TOF-ESI +ve) 

(m/z): [M-I]+ calcd for C85H120N7O5, 1318.9351; found 1318.9374. 

 

5.18.6 Synthesis of bischolesterol Cy5 alcohol 

 

 

 

Bischolesterol Cy5 alcohol 26 was synthesised in accordance to the general 

procedure, using bischolesterol monoazide/alcohol 14 (223mg, 0.25mmol), Cy5 

monoalkyne 22 (138mg, 0.25mmol), DIPEA (40µl, 0.25mmol), and copper iodide 

(230mg, 1.23mmol) in dry THF (20ml). The crude was purified by flash 

chromatography with an eluent system of 95:5 DCM:MeOH to give the final 

product as a blue solid (71.5mg, 22%). 
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1H NMR (400MHz, CDCl3) δ 8.06-7.97 (m, 2H), 7.76 (s, 1H), 7.38-7.30 (m, 8H), 

7.23-7.18 (m, 3H), 7.09 (d, J= 7.9Hz, 1H), 6.95-6.83 (m, 3H), 6.55 (d, J= 13.4Hz, 

1H), 6.26 (d, J= 13.4Hz, 1H), 4.68 (s, 2H), 4.37-4.28 (m, 2H), 4.23 (s, 2H), 3.62 

(s, 5H), 3.03 (t, J= 6.5Hz, 2H), 2.28-2.25 (m, 2H), 1.95-0.91 (m, 89H), 0.64 (s, 

3H), 0.61 (s, 3H). 13C NMR (100MHz, CDCl3) δ 173.3 (C), 172.7 (C), 153.8 

(HC=C), 153.5 (C=O), 153.0 (HC=C), 146.1 (C=C), 142.8 (Ar-C), 142.0 (Ar-C), 

141.2 (Ar-C), 140.8 (Ar-C), 133.7 (Ar-C), 128.8 (Ar-CH), 128.6 (Ar-CH), 126.6 

(HC=C), 125.3 (Ar-CH), 124.9 (Ar-CH), 122.2 (HC=C/Ar-CH), 119.5 (Ar-CH), 

111.2 (Ar-CH), 110.3 (Ar-CH), 104.6 (HC=C), 103.6 (HC=C), 75.3 (CH), 63.5 

(CH2), 56.5 (CH), 56.4 (CH), 56.2 (CH), 55.8 (CH), 50.8 (CH2), 49.5 (C), 49.1 (C), 

44.1 (CH2), 42.7 (C), 42.0 (CH), 40.5 (CH), 40.2 (CH2), 35.8 (CH), 35.6 (CH), 35.3 

(CH), 35.1 (CH2), 34.6 (C), 32.6 (CH2), 31.9 (NCH3/CH2), 29.7 (CH2), 29.4 (CH2), 

28.3 (CH2), 28.1 (CH3), 28.1 (CH3), 27.1 (CH2), 27.0 (CH2), 26.8 (CH2), 26.4 (CH2), 

24.2 (CH2), 23.4 (CH3), 22.8 (CH2), 20.9 (CH2), 18.7 (CH3), 18.6 (CH3), 12.1 (CH3). 

HRMS (TOF-ESI +ve) (m/z): [M-I]+ calcd for C87H122N7O5, 1344.9507; found 

1344.9508. 
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5.19 Synthesis of bischolesterol dye phosphoramidites (failed) 

 

 

 

 

Scheme 5.8 Failed synthesis of bischolesterol dye phosphoramidites.
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The assigned bischolesterol dye alcohol (20-130mg) was azeotroped with dry 

DCM (3 x 5ml) and then redissolved in dry DCM (5ml) for reaction. The solution 

was degassed for five minutes before and during the addition of DIPEA (2.5 eq.) 

and 2-cyanoethyldiisopropylchlorophosporamidite (1.2 eq.), the latter of which 

was added dropwise to the reaction. The reaction was left stirring under argon 

until completion was shown via TLC, which was typically 2 hours. Once 

complete, the solution was diluted with degassed DCM (10ml) and washed with 

degassed sat. sodium bicarbonate solution (20ml). The organics were isolated, 

dried over sodium sulphate, and solvent removed to leave either a pink or blue 

solid. Analysis of all crudes by 31P NMR showed signals at ~14ppm, highlighting 

the presence of only oxidised phosphorus and not of the desired 

phosphoramidite product.  

 

For repeated phosphitylation reactions, bischolesterol dye alcohols 25 and 26 

were treated with EDTA prior to reaction. The compounds were dissolved in 

DCM (50ml) and washed with an aqueous EDTA solution (0.25M, 150ml). The 

organics were isolated, dried over magnesium sulphate, and the solvent 

removed to regenerate the bischolesterol dye alcohol for phosphitylation.  
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5.20 Synthesis and purification of transmembrane 

molecules 

 

5.20.1 Strategy 1- coupling alkyne modified DNA to bischolesterol azide 

derivatives with copper(I) iodotriethylphosphite 

Adapted from Wilks12 

DMF (100ml) was degassed for at least 30 minutes before use. 1mM stock 

solutions of bischolesterol dye azides 23 & 24, bischolesterol diazide 10, and 

CuI.P(OEt3) in degassed DMF (1ml) were prepared. Alkyne modified DNA 

(200µM) in Milli-Q water (1ml) stocks were also prepared. 

For 1ml conjugation reactions in 2ml vials was added: 

- 750µl degassed DMF 

- 100µl of the assigned azide stock 

- 100µl of CuI.P(OEt3) stock 

- 50µl of DNA alkyne stock 

Reactions contained 10µM DNA alkyne, 100µM azide, and 100µM CuI.P(OEt3). 

Argon was bubbled into the solution throughout additions and the vial was 

immediately sealed after the final addition. Vials were then left shaking 

overnight. Solvent was removed on a speed vac and the residue redissolved in 

Milli-Q water (1ml). Solutions were then desalted with a NAP-10 column and 

concentrated in preparation for HPLC purification. 

 

5.20.2 Strategy 2- coupling DBCO modified DNA to bischolesterol dye 

azides 

Excess bischolesterol dye azide reactions: 100µl solutions were prepared in 

2ml vials by adding 50µl DBCO modified DNA stock in Milli-Q water (150µM) to 

50µl bischolesterol dye stock in DMF (1mM). The vials were then sealed and left 
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standing overnight in either a fridge, on a lab bench at room temperature, or in 

a heating block set at 50°C. Solvent was removed on a speed vac and the residue 

redissolved in Milli-Q water (1ml). Solutions were then desalted with a NAP-10 

column and concentrated in preparation for HPLC purification. 

 

Excess DBCO modified DNA reactions: 200µl solutions were prepared in 2ml 

vials. The vials were then sealed and left shaking at room temperature overnight. 

2x excess DNA recipe: 100µl DBCO modified DNA stock (120µM), 99µl DMF, 

and 1µl bischolesterol dye stock (1mM) 

10x excess DNA recipe: 100µl DBCO modified DNA stock (120µM), 95µl DMF, 

and 5µl bischolesterol dye stock (1mM) 

 

5.20.3 Purification of transmembrane molecules 

The following HPLC methods were used to successfully separate 

transmembrane molecules from unreacted DNA in strategy 1 and strategy 2 

reactions. However, they were unable to separate the transmembrane molecules 

from unreacted bischolesterol dye azide, and significant product carryover was 

observed with various C18 columns. Samples were monitored at UV 

absorbances of 260nm for DNA, 550nm for Cy3 containing samples, and 645nm 

for Cy5 containing samples. 10-100µl of sample was injected. 

 

Table 5.5  Solvent gradients used in the purification of transmembrane molecules on the 

Kinetex C18 column. 

Time/mins HPLC water/% methanol/% 

0 100 0 

30 0 100 

40 0 100 

40.1 100 0 
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45 100 0 

 

Table 5.6 Solvent gradients used in the purification of transmembrane molecules on the F5 

column. 

Time/mins HPLC water/% methanol/% 

0 100 0 

10 100 0 

30 0 100 

40 0 100 

40.1 100 0 

45 100 0 

 

The table below describes the HPLC purification of the transmembrane 

molecules using Thermo Fisher’s Oligo RP column. This column was the only 

one found to separate all starting materials from the transmembrane molecule 

product without causing significant carryover of product. 

 

Table 5.7  Solvent gradients used in the purification of transmembrane molecules on the 

Thermo Oligo RP column. 

Time/mins 0.1M TEAA in HPLC water/% acetonitrile/% 

0 95 5 

10 80 20 

15 80 20 

20 0 100 

25 0 100 

25.1 95 5 

30 95 5 
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Chapter 6 Appendix 
 

6.1 NMR data for thymidine acrylate, thymidine 

acrylamide, and thymidine acrylamide derivatives 

6.1.1 Compound 1- thymidine acrylate 1H and 13C NMR 
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6.1.2 Compound 2- thymidine acrylamide 1H and 13C NMR 
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6.1.3 Compound 3- 5’-O-(4,4’-dimethoxytrityl)-5-iodo-2’-deoxyuridine 

1H and 13C NMR 
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6.1.4 Compound 4- 5’-O-(4,4’-dimethoxytrityl)-5-(N,N'-

methylenebisacrylamido)-2’-deoxyuridine 1H and 13C NMR 
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6.1.5 Compound 5- 5’-O-(4,4’-dimethoxytrityl)-3’-O-[2-cyano ethoxy-

(N,N’-diisopropylamino)-phosphino]-5-(N,N'-

methylenebisacrylamido)-2’-deoxyuridine 1H, 13C, and 31P NMR 
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6.2 NMR data for bischolesterol derivatives 

6.2.1 Compound 6- lithocholic acid methyl ester 1H and 13C NMR 
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6.2.2 Compound 7- bischolesterol diester 1H and 13C NMR 
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6.2.3 Compound 8- bischolesterol dialcohol 1H and 13C NMR 
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6.2.4 Compound 9- bischolesterol dibromide 1H and 13C NMR 
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6.2.5 Compound 10- bischolesterol diazide 1H and 13C NMR 
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6.2.6 Compound 11- bischolesterol monoester/alcohol 1H and 13C NMR 
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6.2.7 Compound 12- bischolesterol monoester/bromide 1H and 13C 

NMR 
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6.2.8 Compound 13- bischolesterol monoester/azide 1H and 13C NMR 
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6.2.9 Compound 14- bischolesterol monoazide/alcohol 1H and 13C NMR 
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6.2.10 Compound 15- mono DMT protected bischolesterol alcohol 1H 

and 13C NMR 
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6.2.11 Compound 16- DMT protected bischolesterol phosphoramidite 

1H, 13C, and 31P NMR 
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Appendix  261 

  

6.3 NMR data for cyanine dye derivatives 

6.3.1 Compound 17- 1,2,3,3-tetramethyl-3H-indolinium iodide 1H and 

13C NMR 
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6.3.2 Compound 18- 1-(4-pentynyl)-2,3,3-trimethyl-3H-indolinium 

iodide 1H and 13C NMR 
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6.3.3 Compound 19- malondialdehyde bis(phenylimine) 

monohydrochloride 1H and 13C NMR 
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6.3.4 Compound 20- 1,3,3-trimethyl-2-(2-(phenylamino)vinyl)-3H-

indolium iodide 1H and 13C NMR 
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6.3.5 Compound 21- Cy3 monoalkyne 1H and 13C NMR 
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6.3.6 Compound 22- Cy5 monoalkyne 1H and 13C NMR 
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6.4 NMR data for bischolesterol-dye conjugates 

6.4.1 Compound 23- bischolesterol Cy3 azide 1H and 13C NMR 
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6.4.2 Compound 24- bischolesterol Cy5 azide 1H and 13C NMR 
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6.4.3 Compound 25- bischolesterol Cy3 alcohol 1H and 13C NMR 
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6.4.4 Compound 26- bischolesterol Cy5 alcohol 1H and 13C NMR 
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6.5 Crystal structure images of bischolesterol dibromide 

and bischolesterol diazide 

 

6.5.1 Compound 9- bischolesterol dibromide crystal structure image 

 

Crystal structure of molecule 1 of compound 9 with ellipsoids drawn at the 50% probability 

level. The structure contains three crystallographically-independent molecules and six 

molecules of DMF of which only molecule 1 is shown. 

 

6.5.2 Compound 10- bischolesterol diazide crystal structure image 

 

Crystal structure of compound 10 with ellipsoids drawn at the 50% probability level. The 

structure contains two molecules of DMF which have been omitted for clarity. 
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6.6 Mass spectrometry characterisation of 

oligonucleotides 

 

Oligo name Oligo sequence (5’→3’) 

Predicted 

mass 

(m/z) 

Observed 

mass 

(m/z) 

Acryl-T16 T*GG TTG GTG TGG TTG G 5168 5168 

Acryl-T7/T9 GGT TGG T*GT* GGT TGG 5002 5002 

Acryl T12/T13 GGT* T*GG TGT GGT TGG 5002 5002 

Acryl-T3/T4 GGT TGG TGT GGT* T*GG 5002 5001 

Acryl-T3/T12 GGT T*GG TGT GGT T*GG 5002 5002 

Acryl-T4/T13 GGT* TGG TGT GGT* TGG 5002 5002 

Acryl-

T7/T9/T16 

T*GG TTG GT*G T*GG TTG G 
5442 5481 

TBA15 GGT TGG TGT GGT TGG 4726 4726 

TBA15 

complementary 

CCA ACC ACA CCA ACC 
4420 4419 

TBA29 AGT CCG TGG TAG GGC AGG TTG 

GGG TGA CT 
9086 9086 

TBA15-A GGT TGG TG 2497 2496 

TBA15-B TGG TTG G 2168 2167 

TBA15-Aex AAA AAA GGT TGG TG 4376 4375 

TBA15-Bex TGG TTG GTT TTT T 3993  3991 

TBA15-alkyne alkyne-GGT TGG TGT GGT TGG 4886 4886 

TBA15-DBCO DBCO-GGT TGG TGT GGT TGG 5296 5296 

TBA29-alkyne alkyne-AGT CCG TGG TAG GGC 

AGG TTG GGG TGA CT 
9246 9246 

TBA29-DBCO DBCO-AGT CCG TGG TAG GGC 

AGG TTG GGG TGA CT 
9656 9655 

nina-alkyne alkyne-TGG ACT CTC TCA ATG 4703 4703 

nina-DBCO DBCO-TGG ACT CTC TCA ATG 5113 5113 

 

 

T* - acrylamide modified T  
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6.7 Analytical HPLC chromatograms of oligonucleotides 

 

6.7.1 Acryl-T16 
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6.7.2 Acryl-T7/T9 

 

  



 

Appendix  275 

  

6.7.3 Acryl-T12/T13 
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6.7.4 Acryl-T3/T4 
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6.7.5 Acryl-T3/T12 
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6.7.6 Acryl-T4/T13 
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6.7.7 Acryl-T7/T9/T16 
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6.7.8 TBA15 
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6.7.9 TBA15 complementary 
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6.7.10 TBA29 
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6.7.11 TBA15-A 
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6.7.12 TBA15-B 
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6.7.13 TBA15-Aex 
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6.7.14 TBA15-Bex 
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6.7.15 TBA15-alkyne 
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6.7.16 TBA15-DBCO 
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6.7.17 TBA29-alkyne 
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6.7.18 TBA29-DBCO 
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6.7.19 nina-alkyne 
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6.7.20 nina-DBCO 
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6.8 Analytical HPLC chromatograms of bischolesterol dye 

azides 

 

6.8.1 Compound 23- bischolesterol Cy3 azide 
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6.8.2 Compound 24- bischolesterol Cy5 azide 
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6.9 Mass spectrometry characterisation of 

transmembrane molecules 

 

 

Synthetic strategy Name 

Predicted 

mass* 

(m/z) 

Observed 

mass* 

(m/z) 

Strategy one TBA15-bischolesterol-Cy3 6230 6230 

 TBA15-bischolesterol-Cy5 6257 6255 

 TBA29-bischolesterol-Cy3 10589 10588 

 nina-bischolesterol-Cy3 6047 6047 

 nina-bischolesterol-Cy5 6074 6072 

Strategy two TBA15-bischolesterol-Cy3 6640 6640 

 TBA15-bischolesterol-Cy5 6667 6666 

 TBA29-bischolesterol-Cy5 11026 11025 

 nina-bischolesterol-Cy3 6457 6457 

 nina-bischolesterol-Cy5 6484 6484 

Strategy four TBA15 bischolesterol Cy5 6204 6206 

 nina-bischolesterol-Cy3 5996 5995 

 nina-bischolesterol-Cy5 6022 6022 

DNA- bischolesterol TBA15-bischolesterol 5821 5821 

via triazole nina-bischolesterol 5638 5638 

DNA- bischolesterol nina-bischolesterol middle 5186 5185 

via phosphate nina-bischolesterol end 5490 5490 

 

*masses without dye negative counterion predicted and found. 
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6.10 Tm data for thermal melting experiments of 

acrylamide modified thrombin binding aptamer 

strands with complementary sequence 

 

6.10.1 First thermal melting experiment 

 

 

6.10.2 Second thermal melting experiment 
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6.10.3 Third thermal melting experiment 
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6.11 Data for control HPLC experiments with acrylamide 

DNA and BAC with/without TEMED and APS 

 

6.11.1 BAC and Acryl-T16 

 

6.11.2 BAC and Acryl- T7/T9 
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6.11.3 BAC and Acryl-T7/T9/T16 

 

 

6.11.4 BAC and TEMED with increasing concentrations of APS 
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6.11.5 Acryl-T16 and TEMED with increasing concentrations of APS 

 

 

6.11.6 Acryl- T7/T9 and TEMED with increasing concentrations of APS 
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6.11.7 Acryl-T7/T9/T16 and TEMED with increasing concentrations of 

APS 

 


