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Abstract 
 

Fluorescent probes are widely used to study biological samples. In recent years, fluorescently modified 

nucleic acid probes have been investigated for the detection of DNA single point variations. Single 

point variations have been linked to certain diseases with a genetic component and are viewed as 

biomarkers. Despite recent advances in the detection of such biomarkers, commercially available 

detection assays of this type are often time-consuming, complex in experimental design and tend to 

produce only qualitative data (i.e. simply denoting whether a mutation is present or not). As complex 

diseases such as cancer are becoming better understood, and in particular the way in which these 

diseases develop and mutate, there is a drive for the development of versatile probes that can detect 

several mutations at once, while also providing quantitative data (e.g. the proportion of a cancerous 

mutation present within a given sample). The work herein describes the development of such probes 

which aim to overcome the challenges that are currently faced.  

The fluorescent probes developed in this thesis are simple in design, comprising a short nucleic acid 

sequence, which is complementary to the region of interest, and a fluorescent molecule incorporated 

directly into the sugar-phosphate backbone as a reporter group. 

1,8- Naphthalimides were the choice of fluorophore for the majority of this work, owing to their longer 

wavelength absorption and emission profiles in comparison to many nucleic acid probes in the 

literature, their tuneable photophysical properties, large Stokes shift and photostability. They are also 

solvatochromic, giving emission profiles that are highly sensitive to their local environment. This effect 

has been explored as a method for discriminating between single nucleobases within a target sequence 

of DNA. In addition, their synthetic versatility has allowed the development of four different classes of 

fluorescent tag for probe incorporation, each with varying photophysical properties and DNA sensing 

capabilities.  



Owing to their longer wavelength absorption and emission profiles, the naphthalimide probes are also 

suitable for use in imaging techniques; this aspect has been explored using fluorescence in-situ 

hybridisation (FISH) and DNA-PAINT. 

Finally, building on work previously studied in the group, anthracene-based nucleic acid probes have 

also been developed. These probes were effective at sensing and quantifying the BRAF V600E 

mutation, a single point variation in genomic DNA associated with many types of cancer such as 

melanoma and colorectal cancer. Work in this thesis builds on the development of these probes into 

assays for use on patient samples.  
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1. Introduction 
 

1.1. Deoxyribonucleic Acid (DNA) 
 

Deoxyribonucleic acid (DNA) holds the genetic information essential for all living organisms to develop, 

function and reproduce. DNA is a biopolymer consisting of repeating nucleotide monomer units which 

are often described as the ‘building blocks of life’. A nucleotide comprises a pentose sugar, a phosphate 

group and a nucleobase; of which there are four types in nature, Figure 1.1.  

 

Figure 1.1: Structure of a DNA nucleotide, showing the phosphate group (green) attached to the ribose sugar at the 5'-hydroxyl 
and the nucleobase (blue) at position 1. The phosphate groups are deprotonated at biological pH.  

 
The natural nucleobases (adenine, A; guanine, G; cytosine, C; and thymine, T) can be either monocyclic 

or bicyclic, and are classified as pyrimidines or purines, respectively. Their structures are shown in 

Figure 1.2.  

 

Figure 1.2: Structures of the four DNA nucleobases. The bicyclic purines; adenine (A) and guanine (G) and the monocyclic 
pyrimidines; cytosine (C) and thymine (T). 
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1.1.1. DNA Duplex Structure 

 

Phosphodiester bonds are formed sequentially between the phosphate group of one nucleotide and 

the 3’-hydroxyl group of the ribose sugar of another, allowing the DNA strand to develop with what is 

known as 3’ to 5’ directionality. A single DNA strand comprises a negatively charged sugar-phosphate 

backbone owing to the phosphate groups, with protruding aromatic nucleobases. The secondary 

structure of DNA was first hypothesised as a double helix in 1953 by Watson and Crick.1 In this helical 

structure, two antiparallel strands of DNA are held together via hydrogen bonding between 

complementary nucleobase pairs, with A and T forming two hydrogen bonds and C and G forming 

three, as shown in Figure 1.3. In the duplex, the aromatic nucleobases are able to π-stack for added 

stability.2 It was later discovered that the dimensions and geometry of the DNA duplex varies; however, 

in Nature there are three main types which are depicted in Figure 1.4. The most common form of DNA 

is B-DNA, which describes a right-handed helix with a 0.34 nm distance between each base pair in the 

stack (a similar thickness to the π system of an aromatic ring). There are roughly 10 base pairs per turn. 

In order for the bases to effectively π-stack in the helix, the bases must twist and roll into a favourable 

conformation, thus creating asymmetric major and minor grooves upon helical formation. The A-form 

differs by having a tighter right-handed helical twist than the B-form, meanwhile the Z-form has a left-

handed loose helical twist.   
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Figure 1.3: Hydrogen bonding that holds two antiparallel DNA strands together in the duplex. Showing the three hydrogen 
bonds formed between the CG pair and the two hydrogen bonds formed between AT pair. The negatively charged sugar-
phosphate backbone is also shown. 

 

Figure 1.4: The three conformations of DNA. (a) A-DNA, a short, wide, right-handed helix. (b) B-DNA, the most common 
conformation, the structure proposed by Watson and Crick,1 (c) Z-DNA, loose, left-handed helix.3 

 

1.2. Single Point Variations  
 

A single point variation describes a structural change to the nucleobase at a single nucleobase site 

within the genome. This can include the substitution of a nucleobase for one of the other nucleobase 

variants, or a structural modification to the nucleobase. Despite the growing research into the 
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discovery and detection of these variations, the literature lacks clarity on the terms used to describe 

these variations at single positions within the genome, with the terms ‘mutation’ and ‘polymorphism’ 

often used interchangeably.4 Here, the term ‘single point variation’ is used an umbrella term to cover 

any type of nucleobase mutation and/or polymorphism, including; single nucleotide polymorphisms 

(SNPs)5, 6, as well as cancer causing mutations that occur over the lifetime of an individual,7, 8 and 

epigenetic changes.4, 9 Figure 1.5 demonstrates a single point variation involving a base substitution. 

As outlined later in this chapter, modified DNA in the form of a hybridisation probe is ideal for the 

detection of single point variations within the genome, many of which are associated with diseases 

containing a genetic component.  

 

Figure 1.5: Diagram highlighting a single point variation site within a DNA sequence (orange arrow). In this example, a base 
substitution occurs at a single position within the DNA sequence, C > A. 

 

1.2.1. Single Nucleotide Polymorphisms 

 

A cell contains two copies of DNA, one from each parent, and each copy is called an allele. At particular 

regions, these alleles can be the same (homozygous) or different (heterozygous), and the variation 

between alleles contributes to the different phenotypes among individuals. >99% of the human 

genome is identical between individuals, however, single base changes can occur every 1000 bases or 
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so.10 Single nucleotide polymorphisms (SNPs) are defined as variations at specific base positions within 

the genome in >1% of the population9 and they account for genetic diversity across the population.  

Most frequently, SNPs occur between genes and have no effect on genetic variation. However, SNPs 

that fall within a protein encoding region of DNA may cause an effect, as they can alter the amino acid 

sequence, and subsequently the protein produced. SNPs occurring within a regulatory region close to 

a gene may also have an affect by causing alterations to DNA transcription by affecting the efficiency 

of the proteins encoded further along the DNA sequence.11  

It is of interest to detect SNPs as they are seen as biological markers (biomarkers) for genetic diseases, 

for example many types of cancer. It is important to note that SNPs do not directly cause cancer, 

however, they can act as an indicator to the chances of an individual developing the disease.  

1.2.1.1. BRAF V600E Mutation 

 

The BRAF gene encodes the BRAF protein, a serine/threonine protein kinase involved in regulating 

MAP kinase/ERK-signalling pathway. The MAP kinase/ERK-signalling pathway is a cell signalling 

pathway that sends information from receptors on the cell surface to DNA in the nucleus via a chain 

of proteins, including the RAF family of proteins. Mutations in the BRAF gene have been linked with 

many types of cancer, including colorectal, lung, thyroid, hairy-cell leukaemia and more prevalently, 

melanoma.12-14 The BRAF V600E is a single point variation of particular interest as it is the most 

common BRAF mutation found in malignancies.15 The wild-type (WT) variant has the amino acid valine 

(V) at codon 600, whereas the mutant (Mut) variant has a glutamic acid (E) at this position instead. 

This amino acid change is a result of a single point variation in the BRAF gene; with the wild-type 

sequence containing T and the mutant containing A. There is need to detect this variation as the 

mutated version causes the MAP kinase pathway to keep sending signals to the nucleus and hence 

causes uncontrolled cell growth, Figure 1.6.  
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In recent years, there has been the development of targeted therapies which aim to inhibit these 

mutated pathways; for example, vemurafenib is a BRAF inhibitor which interrupts the signalling 

pathway. A variety of targeted therapy drugs have now been developed each with the aim of targeting 

specific genes and proteins involved in the growth of cancer cells. The use of mutation detection assays 

enables clinicians to identify the mutated gene and prescribe the appropriate treatment. Additionally, 

clinicians can use mutation detection assays to monitor cancer patients over the course of their 

treatment.   

 

Figure 1.6: (Left) Cell signalling pathway in cancer cell with BRAF V600E mutation. No signal from the cell surface receptor is 
needed, so this pathway is always on, leading to increased cell growth. (Right) Effect of the BRAF inhibitor drugs. They stop 
the BRAF protein from turning on the rest of the pathway. 

 

1.2.2. Epigenetic Changes 

 

Epigenetics describes the study of heritable changes in the expression of genes that are not due to the 

changes in the genome sequence, such as a C > A base substitution.16 Epigenetic regulation of gene 

expression plays an important role in normal cell development and functions.17 However, disordered 

epigenetic gene expression has been linked to certain genetic diseases, including some cancers.18 DNA 
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methylation has been implicated in epigenetic gene regulation and is widely studied as a biological 

marker.  

1.2.2.1. DNA Methylation 

 

DNA methylation describes the addition of a methyl substituent to DNA, with the most widely 

characterised DNA methylation process being the addition of a methyl group to the 5-carbon of the 

cytosine ring resulting in 5-methylcytosine (5-mC), Figure 1.7. This epigenetic change represses DNA 

transcription as the methyl group protrudes into the major groove of DNA. 

 

Figure 1.7: Structures of cytosine (left) and 5-methylcytosine (right).  

 
In somatic cells, 5-mC occurs almost entirely at CpG sites (so named because of their sequence; 

cytosine-phosphate-guanine) and most CpG dinucleotides in the human genome are methylated. 

Unmethylated CpG dinucleotides usually form clusters called CpG islands, which mainly form in the 

promotor regions of many genes and allow normal gene transcription to take place. However, when a 

CpG island in the promotor region of a gene is methylated, silencing of gene expression occurs. Recent 

research has shown that cancer cells tend to have hypermethylated promotor regions, causing 

silencing of key tumour suppressor genes and hence leads to tumorigenesis.18 CpG methylation in 

protein encoding regions has also been linked to cancerous cells. With methylated cytosines being 

highly unstable, they are predisposed to gene mutation. Methylated cytosines are often deaminated 

and converted to thymine which may alter the amino acids produced, for example the formation of a 

stop codon, which has the effect of prematurely truncating the protein on translation and leads to 

subsequent inactivation of tumour suppressor genes.19 DNA hypomethylation has also been proposed 



8 
 

as a molecular marker for cancer.20 Lack of methylation in promotor regions may activate the 

transcription of oncogenes, causing loss of imprinting or genomic instability by reactivation of 

repetitive elements which would normally be repressed.20, 21 

1.3. Fluorescent Nucleic Acid Probes  
 

Modified DNA has useful applications in biological sensing and can be used as a hybridisation probe to 

detect specific nucleotide sequences and polymorphisms, including single point variations and 

epigenetic changes within DNA sequences. DNA modified with reporter groups, for example 

fluorescent or redox-active groups,22 can give read-out signals for the detection of such changes at the 

single base level. Fluorescence is a simple and easy to use technique that can be employed as a read-

out signal for sensing systems, and fluorescence is the method focussed on in this work.  

 

Before discussing the various types of fluorescent reporter groups and hybridisation probes, the 

methods in which these reporter groups are incorporated into the nucleic acid sequence are discussed. 

There are three general methods used for the incorporation of such groups into DNA: 

1. Direct oligonucleotide synthesis using solid-phase DNA synthesis and phosphoramidite 

chemistry (developed by Beaucage and Caruthers23). 

2. Post oligonucleotide synthesis modification using mild coupling conditions.  

3. Enzymatic incorporation using primers that contain the fluorescently modified nucleobases.  

The direct incorporation of a reporter group via solid-phase synthesis is the most desirable route, 

owing to the site-specific incorporation at any position along the oligonucleotide sequence and the 

minimal constraints on reporter group structure.24 Unlike direct synthesis incorporation, post-

synthesis incorporation may provide limitations on the structures of the reporter group to be 

incorporated. This method of labelling is still in early stages of research, and hence it is held back by 
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the limited number of coupling methods currently available.25 Despite this, post-synthesis 

incorporation may provide a cheaper alternative to the direct synthesis labelling method. Out of all 

three approaches, enzymatic incorporation is the cheapest method and allows for much longer 

oligonucleotides to be synthesised (100-1000 nucleotides in length). However, there are constraints 

on the positional labelling and the reporter group modification structure may be restricted by enzyme 

constraints.26 

 

Fluorescent hybridisation probes are widely used in research and clinical diagnostic testing. There are 

many types of probe, some of which are commercially available, and each type employs different 

methods of inducing fluorescent character into the probe. These methods will now be discussed.  

The fluorescent labelling of nucleic acid sequences with commercial fluorophores (such as Cy3 and 

Cy5) at the 3’ and/or 5’ end of the nucleic acid sequence is a common approach for creating fluorescent 

nucleic acid probes. These types of probes are widely used for the detection of specific nucleic acid 

sequences, and in fluorescence microscopy, via target hybridisation (i.e. duplex formation). They 

typically use unmodified nucleobases for base-pairing interactions with the target, with the 

fluorophore(s) tagged at the end of the sequence. Molecular beacons and TaqMan™ probes are good 

examples of commercially available probes of this type and are described in more detail later in this 

section.27, 28   

In contrast to commercial probes, academic research has generally focused more on developing 

probes that contain internal modifications, and in which the nucleobases themselves are often 

modified with the fluorophore. Using this approach, the reporter groups tend to play a greater role in 

the target-binding process, for example in producing distinct read-out signals that result from 

fluorophore-duplex interactions. The literature demonstrates several ways of introducing fluorescent 

character into a nucleic acid sequence in this way: 
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I. Modified nucleobase tags; 

Modifying natural nucleobases to make them fluorescent via substituent modifications, base 

ring fusions and base ring extensions using conjugated linkers. 

II. Non-nucleosidic tags; 

a) Removal of the nucleobase from the sugar ring and replacing it with a fluorescent 

moiety. 

b) Insertion of a fluorescent moiety into the backbone of DNA, which can be seen as 

taking the place of a whole nucleoside (sugar plus nucleobase) unit. 

The following sections below describe these different types of fluorescent reporter groups in more 

detail and some literature examples of each are given.  

1.3.1. Modified Nucleobase Sensors 

 

DNA nucleobases are not naturally fluorescent but can be chemically modified to possess fluorescent 

properties. Any chemical modifications that are made must ideally retain the chemical and biological 

functions of the natural nucleobase, such as Watson and Crick base pairing and π-stacking. There are 

many literature examples of fluorescent nucleobases, dating back over 50 years. Furthermore, with 

more recent discoveries, the understanding of nucleic acid structures and their interactions are 

becoming better understood.26 Many different approaches have now been used to tag nucleobases 

with fluorophores, as outlined below. 

1.3.1.1. Substituent Modifications  

 

Purine analogues were one of the first types of modified base to be studied, with Stryer et al. reporting 

the first example of a fluorescent nucleobase in 1969.27 Figure 1.8 shows the structure of the 

fluorescent nucleobase, 2AP, which demonstrates a simple substituent modification at the 2-position 

of the nucleobase adenine. This modification does not block the pairing potential of the molecule.  
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Figure 1.8: Structure of 2AP. 

 
Initial research involving 2AP demonstrated the utility of fluorescent nucleobases in probing the 

conformation of nucleic acids. In later years, the development of pyrimidine fluorescent analogues 

began. The smaller size and simplicity of the ring system means that there are fewer modification sites 

compared to purines. An example of a pyrimidine analogue where the modification involves the 

substitution of the amino group on the pyrimidine ring for a methyl group is m5K, developed by 

McLaughlin et al. in 1990, and its structure is shown in Figure 1.9.28 This modification introduces a 

weak push-pull system within the electronic structure of the molecule, with the methyl serving as a 

donor and the carbonyl as an acceptor. This ‘push-pull’ character has a dramatic effect on the emission, 

red shifting the maximum emission wavelength from 324 nm to 400 nm.   

 

Figure 1.9: Structure of m5K. 

 

1.3.1.2. Base Ring Fusions 

 

The pteridines were developed by Hawkins et al. in 1995.29 and comprise the fusion of the pyrimidine 

ring of the nucleobase with a pyrazine. 3-MI shown in Figure 1.10, is one example which can be 

modified at different sites around the ring to produce a variety of pteridine structures. The extension 
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of the pyrimidine π-system affords a bathochromic shift in absorption and emission wavelengths and 

a significant increase in quantum yields compared to natural nucleobases.30-32 This effect is observed 

due to the lowering of the HOMO “highest occupied molecular orbital”- LUMO “lowest unoccupied 

molecular orbital” orbital gap between the ground and excited states, a result of the extended 

conjugation. It is clear from this example that extended conjugation provides a useful method for 

tuning excitation and emission wavelength towards the red, an important factor when designing 

fluorescent probes for biological sensing – this minimalises any background emission that naturally 

occurs within the cell and avoids the need for ultraviolet radiation which could be potentially harmful. 

 

Figure 1.10: Structure of 3-MI, an example amongst the pteridines class of structures. 

 

1.3.1.3. Extended Base Ring Structures Through Conjugated Linkers 

 

Extended conjugated systems were first discovered in the late 1990s and 2000s, beginning with 

Moreau et al. developing the extended pyrimidine structure, BgQ.33 Figure 1.11 shows the structure of 

BgQ, which is much larger than a natural nucleobase. The additional ring improves the fluorescence 

properties of the natural nucleobase, in a similar way to those mentioned above. However, when 

incorporated into DNA this larger nucleobase analogue perturbs the natural DNA helical structure 

which is not ideal for sensing applications. The size of the modification must be carefully considered 

when developing probes for DNA sensing - ideally modifications of a similar size to natural nucleobases 

should be used. 
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Figure 1.11: Structure of BgQ. 

 

1.3.2. Non-Nucleosidic Sensors 

 

1.3.2.1. Sugar Modifications 

 

There are many literature examples of the direct addition of a fluorophore to a deoxyribose sugar by 

replacement of the purine or pyrimidine ring. Unlike nucleosidic sensors, non-nucleosidic sensors are 

not limited by the purine or pyrimidine structures, thus allowing the development of sensors with a 

wider range of fluorescent properties. This gives more freedom to create sensors with absorption and 

emission bands at higher wavelengths.  

Kool et al. reported the direct addition of pyrene to deoxyribose, Figure 1.12.34 Pyrene is a good choice 

of reporter group, due to its ability to π-stack more effectively than nucleobases and its comparable 

size to a nucleobase, allowing it to intercalate nicely into the helical structure of DNA. In addition, 

pyrene molecules can also form intramolecular excimers; if two pyrene molecules are held closely 

together within a DNA sequence, a resulting excimer may form which emits at a longer wavelength 

than that of a single pyrene molecule. Kool also reported the addition of other hydrocarbons, such as 

phenanthrene and perylene, to create a variety of non-natural nucleobases that exploited their 

different fluorescent properties.34 
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Figure 1.12: Structure of pyrene nucleoside reported by Kool et al. 

 

1.3.2.2. Backbone Modifications 

 

Fluorophores may also be directly incorporated into the DNA backbone using phosphoramidite 

chemistry and solid-phase DNA synthesis. Using this method, the fluorophore can be incorporated at 

a specific site and at any position within a DNA sequence. The minimal constraints on fluorophore 

structure and its position within a DNA sequence make this an exciting method for DNA probe 

synthesis. In addition, fluorescent monomer synthesis can be achieved with relative ease.  

Despite there being few limitations with this method, the choice of fluorescent reporter group must 

be carefully selected; as mentioned above, those with longer wavelength absorption and emission 

profiles and with a comparable size to nucleobases are more desirable for the incorporation into a 

probe for DNA sensing applications.  The synthetic design of the fluorescent reporter group must also 

be thought through carefully. To ensure the effective incorporation of the reporter group monomer 

into the DNA strand during automated solid-phase DNA synthesis, there is a requirement for the 

monomer to contain two hydroxyl groups. One of these groups is reacted to form a phosphoramidite 

group which will subsequently create a phosphate group during DNA synthesis, and the other is 

reacted with a protecting group. The simplest, most effective way of achieving this is to design the 

reporter group to contain a diol that mimics the 3’- and 5’-hydroxyl groups of a nucleoside. Appropriate 

linkers may also be employed to link the aromatic fluorophore moiety to the DNA backbone. This 
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creates space between the rigid sugar-phosphate backbone and the fluorophore which may improve 

the intercalation of the fluorophore into the DNA helix.  

Tucker et al. have utilised serinol or threoninol diols as non-nucleosidic base analogues, which mimic 

the 5’- and 3’-hydroxyl groups of the sugar unit in a nucleoside, as shown in Figure 1.13. The use of 

threoninol is particularly advantageous as it is a chiral molecule with readily available L and D isomers. 

Once incorporated into the DNA probe, the different isomers affect the helical winding of DNA to 

different extents. Upon binding of the DNA probe with its complement, the threoninol isomer 

selectively positions the fluorophore within the duplex, which influences its intercalating ability and 

therefore duplex stability.35, 36 Asanuma et al. first reported the use D-threoninol to incorporate an 

azobenzene derivative and methyl red into oligonucleotides.37 Others have also used threoninol to 

develop sensing systems with fluorophores, pyrene22, 24, 25 and thiazole orange.38-40 

 

Figure 1.13: Structures of serinol and threoninol linkers showing the similarity in spacing between the 3’- and 5’-hydroxyl 
groups of a natural nucleobase. 

 

1.4. Detection of Single Point Variations Using Fluorescence  
 

Examples from the above section describe the modification of nucleic acids to generate probes with 

fluorescent character. The fluorescent reporter groups described above are not used for base 

discrimination and are therefore ineffective for the detection of single point variations.  



16 
 

Fluorescent hybridisation probes which are able to discriminate between bases in a target sequence 

have been developed; these are called base discriminating probes (BDPs). These probes are able to 

sense single point variations and examples of commercially available BDPs, and examples from 

academic literature are discussed in this section.  

1.4.1. Commercially Available Base Discriminating Probes 

 

DNA sequencing methods (e.g. whole genome, Sanger, next-generation) are seen as the gold standard 

for the detection of single point variations. However, sequencing methods are generally costly and 

time-consuming and whereas they can provide an abundance of genomic information, this is often 

much more than what is required for the detection of one single point variant at one locus. With 

increasing testing numbers within the NHS in the UK, there is an urgent need to develop rapid testing 

methods to allow high-throughput screening for genetic diseases.  

Over recent years, there has been particular interest in the development of fluorescent hybridisation 

probe detection methods in clinical genetic testing.10, 41 Such fluorescence-based methods can be 

detected using simple equipment and are relatively straightforward techniques to use. They are highly 

sensitive techniques and effective at low concentrations (< μM). However, despite fluorescence-based 

methods being able to detect low concentrations, currently their limits of sensitivity are not low 

enough for very small quantities of DNA extracted from some types of patient sample, such as tumour 

samples or circulating free DNA (cfDNA) in liquid biopsies. Therefore, many fluorescence-based 

techniques require DNA amplification, such as polymerase chain reaction (PCR), to amplify patient DNA 

to produce a sufficiently strong fluorescence signal for accurate detection. PCR amplifies only the 

region of DNA of interest and hence removes any problems caused by the interference from other 

DNA sequences. However, it is required that the region of interest is known prior to sensing. Detailed 

below are some examples of commercially available assays for single point variation detection.  
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1.4.1.1. Molecular Beacon 

 

Tyagi and Kramer were the first to introduce the molecular beacon concept in 1996.42 Molecular 

beacons consist of an oligonucleotide probe with a fluorophore and a quencher attached at opposite 

ends. The oligonucleotide probe contains self-complementary regions which allow the strand to fold 

and form a hairpin structure, where the fluorophore and quencher come into close proximity. When 

the molecular beacon’s fully complementary ‘match’ target strand is present, the hairpin unfolds to 

favour hybridisation to the target strand. In the probe/target duplex hybrid, the fluorophore is distant 

from the quencher and so fluorescence emission is high. In the presence of a point variant, i.e. a 

‘mismatch’ target, the molecular beacon has less affinity to hybridise and so remains in the hairpin 

structure with the fluorophore and quencher in close proximity and the fluorescence emission is 

quenched.43 Figure 1.14 shows the molecular beacon strategy for single point variation detection. 

Molecular beacons have their drawbacks; they rely entirely on the thermodynamics of binding and 

quite frequently give false-positive signals.44, 45 

 

Figure 1.14: Schematic of molecular beacons for sensing single point variations.  
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1.4.1.2. TaqMan™ Assay 

 

TaqMan™ assays (Applied Biosystems) are based on PCR techniques. The probe consists of an 

oligonucleotide with a fluorophore at the 5' end and a quencher at the 3' end. The oligonucleotide 

sequence is complementary to the sequence of interest, including the single point variant site. When 

the probe is intact, the fluorophore and quencher are in close enough proximity so that the 

fluorescence emission is reduced. During PCR, the forward primer extends and causes the degradation 

of the probe strand by the 5'-3' exonuclease activity of the DNA Thermus aquaticus (Taq) polymerase. 

The fluorophore is released from the probe strand and can fluoresce. With each round of amplification, 

the fluorescence signal increases as a result of accumulation of the PCR product. In addition to the 

sample of interest, control samples are also included. At the end point of PCR, the variant can be 

determined by calculating the ratio of fluorescence emission originating from each fluorophore on the 

probe of interest, compared to that of the control probes. Figure 1.15 illustrates how TaqMan™ assays 

detect single point variations. TaqMan™ is a relatively accurate and time-saving technique; however, 

it can only be used to detect one point variation at a time due to the limited quantity of fluorophores 

that can be read at any one time. Although TaqMan™ is an improvement on previous techniques of 

this type, such as restriction fragment length polymorphism (RFLP), it is still not high throughput and 

requires strict temperature windows to ensure that the probe to binds to the target.46-48  



19 
 

 

Figure 1.15: Schematic diagram of TaqMan™ assay for the detection of single point variations. 

 

1.4.1.3. Scorpion Primers  

 

Like TaqMan™, Scorpion Primers are a fluorescence-based technique used to analyse PCR products. 

Compared to TaqMan™, scorpion primers only require one probe strand so may be deemed more 

efficient. A scorpion probe consists of an oligonucleotide held in a hairpin loop by self-complementary 

regions at the 5' and 3' ends of the strand. A fluorophore is attached to the 5' end and a quencher to 

the 3' end. In its hairpin configuration the fluorescence signal is quenched due to the close proximity 

of the fluorophore and quencher. A PCR stopper links the hairpin loop to the 5' end of a PCR primer. 

The role of the PCR stopper is to prevent read-through, which could lead to the opening of the hairpin 

loop and the generation of a false-positive signal. The amplification process extends the primer and 

generates a sequence complementary to the probe sequence. This causes the hairpin loop to fully 

open and the probe to hybridise. The opening of the hairpin loop leads to an increase in fluorescence 

signal as the quencher is no longer held in close proximity to the fluorophore. Mutation detection is 
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achieved by monitoring the fluorescence emission at a temperature in which the probe has dissociated 

from the target when a ‘mismatch’ is present, but also remains bound to the fully complementary 

‘match’ target. The full process of Scorpion primers is illustrated in Figure 1.16. The signalling speed 

associated with scorpion primers is highly desirable for high throughput sensing, but the probes are 

long and complex and rely on secondary structure for their operation.49 

 

Figure 1.16: Schematic of Scorpion primers in the detection of single point variations.  
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Despite the variety of commercially available single point variation detection assays, research in recent 

years has shown a growing precedent for improved methods for single point variation detection in 

clinical settings. The current drawbacks of commercial assays, and the future directions of single point 

variation detection assays are summarised in the points below: 

• The commercially available fluorescence-based assays described above rely upon 

hybridisation of probe strands to the DNA sequence of interest. This often requires strict 

temperature windows, restricting the temperature at which sensing can be performed. Room 

temperature sensing is not achievable using these methods; a feature which could be 

advantageous with certain methods such as isothermal amplification and could reduce the 

overall detection time for the assay.   

• With growing complexity within the molecular diagnostic field, and with hundreds of single 

point mutations now linked to a single malignancy, there is increased interest in assays that 

can detect multiple single point variations within a DNA sequence at one time (i.e. 

multiplexing). Multiplexing to this extent is not currently possible with TaqMan™ assays and 

this is a major disadvantage of these technologies. 

• The commercially available fluorescence-based assays can only distinguish between a wild-

type (WT) and mutant (Mut) DNA sequence and cannot provide any information on the mutant 

variant identity. 

• Current research in cancer progression and treatment focusses on tumour heterogeneity and 

simple, rapid methods for quantifying single point mutations would be beneficial. Quantitative 

read-outs are either not possible, or difficult to achieve using the methods above. 

• There has been significant progress in the development of highly sensitive detection methods 

over the past few years.50 Despite this, there is a need to improve the sensitivity and make the 

detection of low concentrations of rare DNA mutations easier and more cost effective. This 

need has been emphasised through the emergence of biomarkers within circulating free DNA 
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(cfDNA). cfDNA is degraded fragments of DNA that circulate in the blood plasma. It includes 

circulating tumour DNA (ctDNA) which is short, tumour-derived DNA fragments that circulate 

in the bloodstream which can reflect the tumour genome. For this reason, extracting ctDNA 

via a liquid biopsy may be used as a less invasive testing method for patients in comparison to 

a tissue sample taken directly from the tumour site. Due to the nature of ctDNA, it is only 

present at very low concentrations within the bloodstream (in the nanomolar range), hence 

why there is a push to develop highly sensitive techniques.  

1.4.2. Base Discriminating Probes Reported in the Literature 

 

As mentioned earlier, and in comparison to the commercially available probes above, academic 

research has focussed on the direct interactions of fluorescent reporter groups with target DNA as a 

way of base discrimination. In the early 2000s, the discovery of fluorescent base discriminating probes 

(BDPs) resulted in significant advancements towards the detection of single point variations and there 

are many examples of fluorescent BDPs in the literature. 

The majority of fluorescent BDPs involve the hybridisation of a fluorescently modified probe strand to 

a specific target. By simply monitoring changes in the probe fluorescence emission intensity upon 

duplex formation, it is possible to detect the identity of the target. Recently developed fluorescent 

BDPs are able to distinguish between all four nucleobases, and a few examples can also detect 

epigenetic markers, such as 5-mC. Generally, the use of BDPs for base discrimination is relatively simple 

and avoids the complexity associated with many commercially available assays (as discussed above).  

The specific response of a BDP to a particular target is often related to the exact positioning of the 

fluorophore within the duplex, its interactions with neighbouring bases and its microenvironment 

(including surrounding solvent molecules). One common problem that may occur is the quenching of 

the fluorescent reporter group emission from flanking base pairs.51 It is therefore imperative that the 
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fluorescent reporter group signal is strong, with a relatively high fluorescence quantum yield and is 

detectable at the low concentrations required for sensing applications. 

1.4.2.1. Pyrene BDPs 

 

Saito et al. developed pyrene labelled BDPs, Figure 1.17. The pyrene modified nucleotides PyU and PyC 

were incorporated into a probe strand and provided unique fluorescence emission profiles depending 

on the nature of the base at the site directly opposite the modification in the target strand upon 

binding. PyU and PyC were particularly effective at distinguishing between A and G, showing a distinctive 

change in fluorescence emission between the two nucleobases.52, 53 

 

Figure 1.17: Structures of pyrene modified nucleobases, PyU (left) and PyC (right).  

 

BDPs containing pyrene reporter groups have certain drawbacks; including their low fluorescence 

intensity, owing to their susceptibility to quenching from surrounding nucleobases and their relatively 

short wavelength emission. Hrdlicka et al. envisaged improving the fluorescent properties of Saito’s 

PyU BDP system by incorporating the same pyrene reporter group within a locked nucleic acid (LNA). 

LNA nucleotides consist of a modified sugar unit in which a bridge connects the 2’ oxygen and the 4’ 

carbon, as shown in Figure 1.18. The presence of the bridge causes puckering of the ribose sugar ring 

and results in higher positional control of the pyrene moiety and subsequently improved sensing 

properties. The LNA monomers are incorporated into oligonucleotides and the fluorescence intensity 
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is monitored upon hybridisation of the probes with their complementary targets. Higher fluorescence 

quantum yields of the probe/target duplexes are observed with these LNA pyrene modified probes, 

which can be explained by a reduction in quenching interactions with surrounding nucleobases, a 

consequence of the more rigid positioning of the fluorophore within the duplex. This sensing system 

allows for a clear differentiation in fluorescent signal between ‘matched’ and ‘mismatched’ targets 

which is attractive for sensing applications.54 

 

Figure 1.18: Structures of both isomers of the pyrene (Pyr) modified LNA monomers, showing the constrained bridge from the 
2’ oxygen to the 4’ carbon. 

 

In addition to the two pyrene BDPs described above, Saito et al. developed another pyrene labelled 

BDP which is capable of specifically sensing thymine (T). The probe consists of an oligodeoxynucleotide 

containing 7-deaza-7-(1-pyrenecarboxamido)propyl-2A-deoxyadenosine (PyA) as part of its sequence. 

The structure of PyA is demonstrated in Figure 1.19. Unlike other BDP systems, which typically display 

increases in probe fluorescence signals upon sensing a specific target, this system utilises the 

quenching of the fluorescence signal as a way to detect a ‘matching’ target (i.e. target containing T). 

Although ‘switch on’ probes are usually preferred for sensing applications as increases in fluorescence 

intensity are easier to accurately detect, this system was successfully used to test the T (wild type)/C 

(mutant) single point variation associated with the human breast cancer gene 1 (BRACA1) and the 



25 
 

system demonstrated the success of these types of ‘switch off’ probes in single point variation 

detection.53, 55 

 

Figure 1.19: Structure of pyrene modified nucleobase, PyA.  

 

1.4.2.2. Anthracene BDPs 

 

Brown et al. developed a BDP consisting of a modified thymine nucleotide.56 Anthracene was tagged 

to the thymine base at position 9 via a single or double ethynyl linker group, as demonstrated in Figure 

1.20. A five-fold increase in fluorescence emission was seen upon hybridisation of the probe strand 

with both ‘matching’ and ‘mismatching’ target strands, apart from a ‘mismatching’ strand containing 

guanine, where fluorescence emission decreased, which made discrimination between A and G 

possible.  
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Figure 1.20: Structures of anthracene modified thymine nucleotides. The anthracene group is attached to the thymine base 
via single (An-e-T) or double (An-ee-T) ethynyl linkers. 

 
A similar BDP system was developed by Saito et al. through the attachment of anthracene to 2-

deoxyuridine via a carboxamide and an acetylenic linker group, Figure 1.21. 57 They varied the position 

at which the anthracene was attached to the linker group at positions 2 (2-AntU) and 9 (9-AntU) and 

incorporated the modified nucleotides into DNA. For both probe strands, the fluorescence emission 

was shown to increase upon hybridisation with its ‘matching’ target, where A base pairs with the 

modified base. However, 2-AntU showed much stronger fluorescence emission compared to 9-AntU, 

owing to the positioning of 2-AntU further outside the major groove than 9-AntU, away from quenching 

interactions from surrounding nucleobases. The very low signal produced by the 9-AntU system made it 

an undesirable choice for sensing applications.  

  

Figure 1.21: Structure of anthracene modified 2-deoxyuridine phosphoramidite, where Ar = 2-anthracene or 9-anthracene. 
The anthracene moiety is attached via a carboxamide and acetylenic linker. 
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Initial developments by Tucker et al. involved an anthracene BDP in which serinol was used as a non-

nucleosidic analogue to incorporate the anthracene fluorophore into the DNA backbone.58 However, 

as previously discussed, the chiral threoninol molecule is a better choice for a non-nucleosidic 

analogue and so Tucker et al. improved this initial system by moving to the development of threoninol-

containing analogues. 

One example developed by Tucker et al. involved a BDP containing an alkoxy-anthracene group that 

was inserted into the DNA backbone via a D-threoninol non-nucleosidic analogue, Figure 1.22.59 This is 

a versatile probe system as the length of the alkyl spacer between the anthracene reporter group and 

the DNA backbone can be varied. Probe strands were hybridised with target strands in which the 

nucleobase site directly opposite the anthracene modification was varied. The probe containing the 

shortest linker length (where n = 1, Figure 1.22), gave decreases in fluorescence intensity for all target 

strands upon duplex formation. In contrast, the probe containing a longer linker length (where n = 4, 

Figure 1.22) gave either an increase or decrease in emission, depending on the base, see Figure 1.23.60 

Thus, it was shown that the linker length could have a pronounced effect on the sensing properties of 

the system. While still being quenched by proximate bases upon duplex formation, the short and 

relatively inflexible linker is relatively insensitive to a change in the identity of the base opposite the 

tag. In contrast, the longer linker length system can intercalate more effectively and also interact more 

with bases in the target strand and is therefore a better choice as a BDP. 

 

Figure 1.22: Anthracene phosphoramidite with linker lengths n = 1 or n = 4. 



28 
 

 

Figure 1.23: Fluorescence spectra of the anthracene probe strand containing the longer linker length (dotted line) and duplexes 
of the probe strand with targets containing all 4 base variants at the site opposite the anthracene modification. (100 mM 
NaCl, 10 mM sodium phosphate buffer, pH 7.0, λex = 350 nm).60 

 

Using a similar anthracene BDP as described above, Tucker et al. showed that sensing the epigenetic 

markers, 5-methyl and 5-hydroxymethylcytosine was also achievable using this system, as shown in 

Figure 1.24.61 The linker lengths n = 4 and n = 5 were particularly effective at sensing these epigenetic 

markers.  Target strands were varied at the site opposite the anthracene modification with either 

cytosine (C), 5-methylcytosine (5-mC) or 5-hydroxymethylcytosine (5-hmC). Probe strands involving 

the linker length n = 4 showed a distinct increase in fluorescence signal for target strands containing 

C, whereas a decrease in signal was seen for both 5-mC and 5-hmC. In contrast, for linker length n = 5, 

an increase in fluorescence signal was observed for both C and 5-mC and a decrease for 5-hmC only. 

By combining all these observations, discrimination between all three major epigenetic DNA 

methylation markers could be achieved. Following on from this, it may be possible to be able to detect 

other epigenetic variants, such as formylcytosine and carboxylcytosine, which have also been linked 

to certain types of cancer.62 
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Figure 1.24: Fluorescent responses (at 426 nm) of the probe strand to target strands, showing the differences between linker 
lengths. [DNA] = 1 μM, 100 mM NaCl, 10 mM sodium phosphate buffer, pH 7.0, λex = 350 nm.61 

 

1.5. Solvatochromic Reporter Groups 
 

Solvatochromic fluorophores display shifts in absorption and emission bands depending on the nature 

and composition of their surrounding solvent. For a solvatochromic effect to occur, the molecule must 

possess intramolecular charge transfer (ICT) from a donor group to an acceptor group. During the 

excitation of the fluorophore, changes in charge distribution throughout the molecule occur. This leads 

to changes in the dipole moment, which alter the interactions of the fluorophore with the 

environment. The difference in the dipole moment between the fluorophore’s ground and excited 

states determines the sign of solvatochromism. Negative solvatochromism relates to the 

hypsochromic (blue) shift with increasing solvent polarity whereas a bathochromic (red) shift with 

increasing solvent polarity is termed positive solvatochromism. 

The work in this thesis concerns molecules that display positive solvatochromism, so this effect will 

now be described in more detail. Upon excitation, the dipole moment of the molecules increases, and 

a more polar solvent stabilises the excited state more than the ground state, as demonstrated in Figure 

1.25. This leads to shifts in the absorption profiles of molecules to longer wavelengths when present 

in more polar solvents. 
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Figure 1.25: Energy level diagram showing the solvent effects on the absorption wavelengths, demonstrating the positive 
solvatochromism stabilising effect of solute molecules in more polar solvents. Where E is energy (J), h is Plank’s constant 
(6.626x10-34 J s) and ν is frequency (s-1 or Hz). Diagram adapted from Rutan et al.63 

 

This solvatochromic effect is also evident in the emission profiles of solvatochromic molecules. With 

fluorescence emission being the most common detection method used in DNA sensing applications, 

this effect is studied to a greater extent in the work in this thesis. As mentioned above, when a 

molecule is excited, there is a change in the dipole moment, with the excited molecule experiencing a 

larger dipole moment than its ground state. The solvent molecules that surround the fluorophore are 

able to reorient themselves in response to this change in dipole moment through a process called 

solvent relaxation. In the case of positive solvatochromism, due to the more prominent dipole moment 

that is present in the excited state, more polar solvents cause stronger solvent-solute interactions and 

an increase in solvent relaxation; this leads to a lowering in the energy of the excited state and hence 

a longer emission wavelength. Upon emission of radiation, the excited molecule returns to the ground 

state configuration. However, the fluorescence emission timescale does not allow the solvent 

molecules enough time to reorganise themselves back to their original orientation, leading to a slightly 

higher ground state energy than to begin with.63 Figure 1.26 describes this process.  
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Figure 1.26: Solvent effects on electronic state energy. Dashed arrows represent radiative processes and solid lines represent 
non-radiative processes. Figure adapted from Rutan et al.63 

 
More prominent solvatochromic effects are commonly observed in the emission profiles compared to 

the absorption profiles a result of the presence of these solvent relaxation effects, which can be 

detected over longer fluorescence timescales and increase the bathochromic shifts of the emission 

profiles in more polar solvents.  

A fluorescent BDP works by producing a sensing signal via a change in fluorescence intensity upon 

duplex formation. However, a solvatochromic BDP could provide an additional benefit by also 

displaying a shift in the emission wavelength as a result of small changes in the micro-environment 

surrounding the tag. This could improve results obtained from BDPs in cases where only small 

fluorescence intensity changes are observed, which makes base discrimination difficult. There are 

relatively few examples of DNA probes containing fluorophore reporter groups that exhibit such 

solvatochromic properties in the literature, as described below. Quite often, the solvatochromic effect 

of the reporter group monomer is reduced after DNA incorporation due to interactions with 

neighbouring bases. As well as base discrimination, there are also recent literature examples 

demonstrating the use of solvatochromic DNA probes for sensing DNA-protein interactions.64, 65 
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Solvatochromic reporter groups are incorporated into DNA probes using similar methods to those 

described in the previous section, via (I) modifying the natural nucleobase to induce fluorescent 

character by either (a) extending the nucleobase aromatic system, or (b) simply attaching a 

solvatochromic group, or (II) removal of the nucleobase form the sugar ring and substituting it with a 

solvatochromic group. Examples of each are given in Figure 1.27 and are discussed further below.66 

 

Figure 1.27: Solvatochromic nucleic acid analogues demonstrating intramolecular charge transfer (ICT) via donor and acceptor 
groups, shown in red and blue respectively. 

 

Non-nucleosidic analogues Nile Red and 4-aminophthalimide (API), Figure 1.27 II,  produce a strong 

solvatochromic affect when present in monomer form, displaying solvent-dependent shifts in their 

emission spectra; however, this effect is drastically reduced when they are incorporated into DNA 

probes. The resulting DNA probes provide little sensitivity to changes in their microenvironment as 
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evidenced by the minor shifts observed in their emission bands when transitioning from single- to 

double-stranded DNA (10 nm spectral shift for API and 0 nm shift for Nile Red).67, 68 This reduction in 

solvatochromic behaviour occurs because the prominent interactions within the DNA probe result 

from the π-π stacking interactions of the aromatic reporter groups with neighbouring bases, 

interactions which do not substantially change upon duplex formation.  

Chemical modifications of natural nucleobases have given rise to the development of the 

solvatochromic tags thpC and DMAC, whose structures are shown in Figure 1.27, I (a).69, 70 However, once 

again, when these compounds are present within DNA probes, any changes to their environment 

produce only small shifts in their emission bands. With this type of modification, it is difficult to 

tune/improve the solvatochromic properties of the reporter group because of the limitations of 

modifications which can be applied to the natural nucleobases. For this reason, fluorescent probes 

developed through chemical modifications of the natural nucleobases are more suited to base 

discrimination via intensity changes rather than monitoring any spectral shifts. 

The systems PDNU and dCFL, Figure 1.27 I (b), involve the attachment of solvatochromic fluorophores to 

nucleobases via linker groups. When incorporated into DNA, these fluorophores position themselves 

within the major and minor groves, making them more exposed to changes in the surrounding 

environment, which in turn provides significant shifts in their emission bands.65, 71 The solvatochromic 

properties of the nucleoside monomers modified with the PRODAN solvatochromic fluorophore, PDNU, 

are demonstrated in Figure 1.28. DNA probes containing various modified nucleobases, PDNX (where 

X= U, C, A and G), are of particular interest due to their base discrimination properties which are shown 

in Figure 1.29. Shifts in probe emission profiles of one or two nanometers were observed depending 

upon the base variant present in the target at the site directly opposite the PRODAN modified 

nucleobase.71 The spectral shifts observed in this example are only minimal and it would be difficult to 

accurately differentiate between nucleobases in sensing applications, hence further investigations into 
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the use of solvatochromic probes for this purpose are required. The use of an appropriate fluorophore, 

with a larger dipole moment across the molecule could resolve this issue and provide markedly larger 

spectral shifts for clearer base discrimination.  

 

Figure 1.28: Photochemical behaviour of PDNU nucleoside. a) Normalised excitation spectra in different solvents; 1 = HMPA, 2 
= acetonitrile, 3 = ethanol, 4 = ethylene glycol. b) Normalised emission spectra in different solvents; 1 = HMPA, 2 = acetonitrile, 
3 = ethanol, 4 = ethylene glycol.71 

 

 

Figure 1.29: Fluorescence excitation and emission spectra of the PDNU probe strand and its targets. Normalised excitation (left) 
and relative emission (right) of 2.5 μM probe hybridised with 2.5 μM of target were measured in 50 mM sodium phosphate, 
pH = 7.0, and 0.1 M NaCl at 25 °C. For excitation spectra, λem = 520 nm and for emission spectra, λex = 450 nm.71 

 

1.5.1. Naphthalimide Reporter Groups 

 

As solvatochromic molecules, 1,8-naphthalimides shown in Figure 1.30, are very sensitive to their 

surrounding environment, making their emissive properties very solvent-dependent.72-74 In addition, 

chemical modifications to their structure can drastically alter their optical and photophysical 

properties, especially the addition of substituents around the naphthalimide aromatic ring.75, 76 There 
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are many examples in the literature relating to the introduction of amines around the 1,8-

naphthalimide core. This modification in particular has a pronounced effect on its fluorescence 

properties due to the presence of the lone pair on the nitrogen acting as the donor in ICT.72, 77 Many 

1,8-naphthalimide compounds are highly fluorescent, have large Stokes shifts and emission bands in 

the green region of the visible spectrum. The emission band can be tuned and directed further towards 

the red by altering substituents around the aromatic ring, or at the imide position. As previously 

mentioned, emission bands shifted further towards the red are beneficial for biological sensing 

applications.  

 

Figure 1.30: Structure and numbering of 1,8-naphthalimide molecules. 

 

The convenient synthesis of 1,8-naphthalimides from 1,8-naphthalic anhydrides by reaction with an 

amine, along with the ease of substitution at various positions around the aromatic ring, allow for the 

production of a large family of naphthalimide derivatives, each with different chemical and 

photophysical properties. The production of such an expansive library of compounds is highly desirable 

for the development of probes for a variety of applications, including; fluorescent sensors, cell imaging, 

logic gates, chemical probes, dyes, sensing of biological cations/anions, and anticancer treatments.75, 

78-81 A recent review was published discussing the wide sensing applications of 1,8-naphthalimide 

derivatives.82 

Although there is no evidence in the literature of the use of 1,8-naphthalimides as BDPs, their ability 

to target and interact with biomolecules, such as nucleic acids, is well-known. For example, its planar 

and aromatic core allows for DNA intercalation and its ability to bind to the grooves of DNA has also 
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been demonstrated.75 For these reasons, naphthalimide molecules have been adapted for many sensor 

applications involving biomolecules.75, 83 A few examples are highlighted below. 

de Silva et al. developed the naphthalimide sensor shown in Figure 1.31.84  This sensor was able to 

sense thiols via interaction of a thiol at the maleimide unit of the sensor. The sensing was achieved 

through a photoinduced electron transfer (PET) mechanism. 

 

Figure 1.31: Naphthalimide sensor developed by de Silva et al. based on PET sensing. Thiol molecules are detected though 
the interaction with the maleimide moiety in the senor.  

 

Another naphthalimide sensor developed by Imperiali et al., Figure 1.32, demonstrated the 

incorporation of naphthalimide sensors into polypeptides and their potential use for sensing protein 

interactions.85 

 

Figure 1.32: Naphthalimide sensor developed by Imperiali et al. for the incorporation into polypeptides. 
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With regards to DNA sensing, until now naphthalimide sensors have been mostly concerned with small 

molecules (i.e. not oligos) that bind to DNA. Positively charged naphthalimide sensors have been 

developed to bind to the polyanion DNA through electrostatic, hydrogen bonding and π-π intercalating 

binding interactions. These binding interactions usually give rise to changes in the photophysical 

properties of the naphthalimide molecules and in many cases also lead to DNA damage and 

programmed cell death. For example, naphthalimide sensors developed by Brana et al.86 and Wilson 

et al.,87 shown in Figure 1.33, were shown to be anticancer agents that bind to DNA directly via 

electrostatic interactions at physiological pH through the protonation of the tertiary amine. 

Naphthalimide molecules attached to metal compounds have also been explored for DNA binding, in 

which the metal centre is thought to provide additional affinity for the negatively charged phosphate 

backbone.88-90 

 

Figure 1.33: Naphthalimide sensor developed by Brana et al. (left) and Wilson et al. (right) for the binding to DNA. The 
positioning of the nitro group at the 3’ or 4’ position alters the intercalating ability of the sensor, with the 4’-nitro analogue 
perturbing the stacking intercalating ability.  

 

The literature examples above show promise for the utilisation of naphthalimides in BDPs, owing to 

their well-studied interactions with DNA and photophysical properties. 
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1.6. Future Directions of Fluorescent Nucleic Acid Probes for the Detection of 
Single Point Variations 

 
This past year, the COVID-19 pandemic has only highlighted the growing need and importance for the 

development of rapid, effective, and inexpensive methods for the detection of single point variations. 

The emergence of various SARS-CoV-2 mutations, such as the Alpha, Beta, Gamma and Delta are 

examples in which the RNA genome differs by just a few changes at the single base level. Being able to 

detect these mutations (currently done using sequencing technology) has helped in the tracking of 

COVID-19 and reducing its spread. But as a nation leading the way in genetic profiling, the UK requires 

ever faster and cheaper methods for detecting these variants to keep up with increasing testing 

demands. 

Much of this thesis concerns the development of new fluorescent BDPs for improving the current 

methods used to detect single point variations, as described in this Introduction. The incorporation of 

the solvatochromic reporter group, 1,8-naphthalimide, into a nucleic acid hybridisation probe builds 

on what little research there currently is into the use of solvatochromic probes as BDPs. This adds a 

new dimension to sensing single point variations, with the potential for changes in emission 

wavelengths in addition to changes in emission intensity.  

In addition, the development of fluorescent BDPs involving anthracenes is explored as a simple method 

for the quantification of single point variations, improving on commercially available detection assays 

which are unable to provide quantitative read-outs, or are expensive to do so.  
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2. Techniques 
 

2.1. Automated Solid-Phase DNA Synthesis 
 

Since the synthesis of the first dinucleotide in 1955,91 oligonucleotide synthesis has progressed 

significantly. Driven by the work by Caruthers et al., automated synthesis methods using 

phosphoramidite chemistry were developed to synthesise long oligonucleotides up to 100 nucleobases 

in length.23, 92 An automated solid-phase synthesis method was used in this work which performed the 

stepwise building of the oligonucleotide, one nucleotide at a time in a 3’-5’ direction. The synthesis 

occurs whilst bound to a solid support/resin; in this work, controlled pore glass (CPG) was used as the 

solid support. This method allows for the incorporation of modifications into the oligonucleotide 

sequence providing that the modifications can be phosphitylated to produce the phosphoramidite 

monomers, the essential building blocks for DNA synthesis. The benefits of using automated solid-

phase DNA synthesis over solution-based methods is that they are typically quicker and higher yielding. 

This is owing to the large excess of reagents that can be passed through the solid support, forcing the 

coupling reaction to completion. Any impurities and unwanted reagents can be easily removed by 

washing steps, removing the need for subsequent purification.93 

2.1.1. Preparation of Phosphoramidite Monomers 

 

To construct a DNA strand via the phosphoramidite method, the 3’ hydroxyl group of the nucleoside 

monomer (or modifications) must be phosphitylated with a phosphoramidite group; this will form a 

phosphate group during the DNA synthesis procedure. Any remaining nucleophilic sites, such as the 

5’-hydroxyl group, must be protected to ensure the regioselectivity of the coupling reactions. Figure 

2.1 demonstrates the nucleophilic sites of natural nucleosides. A trityl protecting group is coupled to 

the 5’-hydroxyl group of the nucleoside monomer. This group is acid-sensitive and not stable to certain 

steps of the DNA synthesis cycle, allowing for detritylation and subsequent coupling of the next 
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nucleoside during the stepwise process. Other nucleophilic sites include the amine groups on the 

adenine, cytosine and guanine nucleobases. These sites must be protected with protecting groups that 

are able to withstand the DNA synthesis cycle conditions to ensure the regioselective coupling of 

subsequent nucleosides. Acyl groups are frequently used as protecting groups for this purpose and are 

shown in Figure 2.2. All protecting groups are removed after the oligonucleotide is fully synthesised.  

 

Figure 2.1: Nucleosides and their nucleophilic sites (circles). Hydroxyl groups (blue circles) on the sugar unit and amine 
groups (green circles) on the nucleobases must be protected for effective solid-phase DNA synthesis. 

 

Figure 2.2: Protecting groups used on nucleoside monomers for solid-phase DNA synthesis.  
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Scheme 2.1 shows the stepwise DNA synthesis cycle using the solid-phase method. The steps in this 

cycle will now be discussed in detail.   

 

Scheme 2.1: Solid-phase DNA synthesis cycle. 
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2.1.1.1. Detritylation of the Solid Support-Bound Nucleoside 

 

The first protected nucleoside at the 3’ end of the oligonucleotide to be synthesised is attached to the 

CPG solid support via a succinyl linker to the 3’-hydroxyl group. The 5’-hydroxyl group is protected with 

a 4,4′-dimethoxytrityl (DMT) protecting group which must then be removed in a detritylation step 

using trichloroacetic acid (TCA) in DCM so that the hydroxyl group is free to form a phosphodiester 

bond with the next nucleoside in the sequence and to begin the DNA synthesis cycle.  

2.1.1.2. Step 1 - Activation and Coupling  

 

Following detritylation, the 5’-hydroxyl group is free to react with the next nucleoside 

phosphoramidite. The nucleoside phosphoramidite is activated with tetrazole in acetonitrile, with the 

nucleoside present in excess to ensure the coupling reaction goes to completion. During the coupling 

reaction, a new oxygen-phosphorus bond is formed to produce the phosphite triester. 

2.1.1.3. Step 2 – Capping of Unwanted Reagents  

 

Despite the relatively high yields of the coupling step, the coupling yields are not 100% efficient. For 

this reason, any unreacted 5’-hydroxyl groups on the solid support-bound oligonucleotide must be 

capped to prevent the unwanted reaction with the next phosphoramidite in the following coupling 

step. This unwanted side reaction would result in a deletion mutation which could give a complex 

mixture of oligonucleotides in the final product and would be difficult to purify. Capping solutions of 

acetic anhydride and N-methylimidazole are used to prevent the unwanted side reactions.  

2.1.1.4. Step 3 – Oxidation of the Phosphite Triester 

 

The phosphite triester (P(III)) formed in previous steps must be oxidised to the stable species (P(V)) 

before the next detritylation step as the P(III) species is unstable to TCA. Oxidation occurs with iodine 

in pyridine and water. Pyridine is used to neutralise the hydrogen iodide by-product in the reaction. 
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2.1.1.5. Step 4 – Detritylation 

 

At the end of the cycle, the 5’-DMT group of the solid support-bound oligonucleotide chain must be 

removed ready for the addition of the next nucleoside. Detritylation is achieved by addition of TCA in 

DCM. The detritylation step can be monitored via the absorbance of the removed dimethoxytrityl 

cation at 495 nm (which gives an orange solution). The intensity of this absorption can be used to 

determine the coupling efficiency of each added nucleoside.  

Steps 1-4 are repeated, adding one nucleotide for each cycle until the oligonucleotide is fully 

synthesised. At this point, the strand can be cleaved from the CPG solid support and fully deprotected. 

2.1.1.6. Cleavage from Solid Support and Deprotection 

 

The succinyl linker is stable to all steps in the DNA synthesis cycle. However, it is removed once the 

desired oligonucleotide is fully synthesised by adding concentrated aqueous ammonia. This also 

removes the cyanoethyl protecting groups. The solution is then heated to 60 °C for 6 hours to ensure 

the removal of the acyl protecting groups from the nucleobases. Post cleavage and deprotection, the 

aqueous ammonia solution is evaporated to leave the desired oligonucleotide and any capped 

strands.93 

2.1.2. Ultramild Conditions 

 

The final cleavage and deprotection steps involve the use of harsh conditions (heating in aqueous 

ammonia) which can cause sample degradation in some cases; especially those with sensitive chemical 

modifications. In this instance, milder deprotection conditions are used and different protecting 

groups are adopted on the nucleophilic sites of the nucleobases. These ultramild protecting groups, 

shown in Figure 2.3, are much more labile and can be removed using a methanolic solution of 

potassium carbonate at room temperature.93 
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Figure 2.3: Ultramild protecting groups employed for ultramild solid-phase DNA synthesis.  

 

In this work, ultramild conditions were used for the cleavage and deprotection of the naphthalimide 

modified oligonucleotides. All unmodified strands were deprotected using standard conditions.  

2.2. High Performance Liquid Chromatography 
 

High performance liquid chromatography (HPLC) is a purification technique used to separate molecules 

depending on their interactions with a stationary and mobile phase. Molecules in a mixture adsorb to 

the surface of the solid stationary phase. When the liquid mobile phase is passed through the 

stationary phase under high pressure, molecules desorb from the stationary phase surface and dissolve 

into the liquid mobile phase. Each molecule in the mixture interacts to varying extents with the 

stationary and mobile phases depending on the polarity of the molecules and their affinity to interact 

with the two phases. The stationary phase (often silica based) is polar, and the mobile phase is non-

polar. Therefore, more polar molecules have a higher affinity for the polar stationary phase and take 

longer to elute. On the other hand, non-polar molecules have a greater affinity to the non-polar mobile 

phase and easily desorb from the stationary phase into the mobile phase to elute quicker. The eluent 

is monitored using UV-Vis or fluorescence and peaks arise when the analyte passes through the 

detector at a set wavelength.  
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2.2.1. Reversed-Phase High Performance Liquid Chromatography 

 

Reversed-phase high performance liquid chromatography (RP-HPLC) differs from standard HPLC as the 

stationary phase is made non-polar by coating it with hydrocarbon chains, typically C18 molecules. A 

polar mobile phase is then used, for example water.94 Hydrophilic molecules such as oligonucleotides 

are better suited to this method and oligonucleotides with lengths between 8-40 nucleobases can be 

separated using this method. RP-HPLC can also successfully separate modified oligonucleotides from 

unmodified. Longer oligonucleotides contain more hydrophobic nucleobases and retain longer on the 

stationary phase compared to shorter oligonucleotides, thus eluting at longer times. In this work, the 

mobile phase used is 0.1 M triethylammonium acetate (TEAA), pH 7.0, with an increasing gradient of 

acetonitrile. The addition of TEAA to the mobile phase causes ion-pairing. The triethylammonium 

molecules indirectly increase the interactions between the oligonucleotide and the stationary phase 

and this enhances the resolution. In addition, the pH of the mobile phase must be controlled as pH can 

affect the hydrophobic character of the molecules. The ion-pairing salt remains in the purified DNA 

sample and must be removed before further studies are performed using a NAP-10 desalting column. 

95, 96 

2.3. Mass Spectrometry 
 

Mass spectrometry is a technique used to determine the molecular weight of compounds and is the 

main method for characterising oligonucleotides of a known sequence.97 This technique ionises a 

sample and then analyses the ions that are formed by their mass-to-charge ratio (m/z).  Mass 

spectrometers consist of an ionisation source, mass analyser and an ion detecter. The main ionisation 

methods used for DNA characterisation are electrospray ionisation (ESI) and matrix assisted laser 

desorption ionisation (MALDI), both of which are soft ionisation techniques. The introduction of these 

ionisation methods made it possible to analyse larger nucleic acids.98 Once ionised, the ions are then 

accelerated through electric/magnetic fields, with the same kinetic energy. The electric/magnetic field 
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deflects the ions to differing extents depending upon their mass-to-charge ratio. This creates an ion 

beam which enters the mass analyser where their mass-to-charge ratio (m/z) is determined. The 

detection method uses a time-of-flight (TOF) detector in which lower mass species reach the detector 

first. Whilst mass spectrometry is a destructive technique, only a small amount of sample is injected.99 

2.3.1. Matrix Assisted Laser Desorption Ionisation 

 

Karas and Hillenkamp first reported the MALDI method in 1988.100 The MALDI method describes a 

‘matrix’ containing a small amount of analyte which is then ionised by a short laser pulse. This produces 

ions that are predominantly singly charged (+1) via protonation. For oligonucleotide characterisation, 

the matrix solution often consists of 3-hydroxypicolic acid. The MALDI method is a fast process 

(milliseconds) and enables the analysis of complex mixtures.  

2.3.2. Electrospray Ionisation 

 

ESI has been used for many years for the characterisation of organic compounds. However, Fenn et al. 

was the first to discover the use of ESI method for the analysis of biomolecules.101 In ESI-MS, a needle 

injector sprays the liquid sample into the mass spectrometer under the presence of an electric field. 

For biomolecules, the ionisation process produces species with multiple charges.   

2.3.3. Data Analysis 

 

For MALDI methods, the m/z signals given in a spectrum correspond to the singly charged species of 

the molecular ion and a proton. The molecular mass is determined by simple subtraction of the mass 

of a proton from the given signal.  

For ESI methods, mass determination is more complex because of the multiply charged species 

present. Raw data from ESI-MS displays several clusters of signals, with each cluster corresponding to 

the various charged species. To determine the charge of the species relating to a particular cluster of 

signals, the spacing between each signal in the cluster is calculated and the inverse of this value 
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equates to the charge. The signal is then multiplied by the charge and the charge then added to 

compensate for the protons lost during ionisation to determine the final mass. The raw data can be 

processed using deconvolution software to give a single signal, with the m/z value the same as the 

mass. All mass spectra presented in this work are shown as the processed spectra.  

2.4. DNA Thermal Melting  
 

In solution, under physiological conditions, DNA strands are held together to form a secondary helical 

duplex structure via hydrogen bonding interactions between base pairs. During biological processes 

such as DNA transcription, the DNA strands unwind. This cellular DNA unwinding can be replicated 

with solutions of purified DNA.  In the 1950s it was found that heating DNA solutions above room 

temperature causes the unwinding of DNA into separate single-stranded DNA.102, 103 The temperature 

at which 50% of the double-stranded DNA is denatured to single-stranded DNA is known at the melting 

temperature (Tm).104 

In this work, thermal melting experiments use heat to denature the DNA. DNA denaturation is 

monitored via fluorescence using the DNA intercalating dye, SYBR Green. SYBR Green is a well-known 

DNA intercalating dye that is highly fluorescent when intercalating within the duplex. Its fluorescence 

intensity diminishes when no longer in an intercalating position. These fluorescent properties are ideal 

for monitoring the denaturation of DNA duplexes of a reasonable length.105, 106 The duplex DNA sample, 

combined with SYBR Green, is heated in small increments to slowly denature the DNA duplex until the 

point of full denaturation. The fluorescence intensity of the SYBR Green is monitored at each 

temperature point. The denatured sample is then slowly cooled so the DNA strands anneal to reform 

the duplex (thermal cooling). A melt curve can then be plotted, showing the fluorescence emission of 

the SYBR Green as a function of temperature. Figure 2.4 shows an example of a thermal melt curve. 

The melting temperature of the duplex, Tm, is calculated from the midpoint on the curve, as highlighted 

in Figure 2.4. The Tm value correlates with duplex stability; a higher Tm value is a result of a more stable 
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duplex. The Tm value is very sensitive to salt concentration, pH and the DNA concentration. A higher 

salt concentration will aid duplex stability and cause an increase in the Tm. It is important to keep these 

factors constant between experiments so that results can be accurately compared. SYBR Green is also 

known to affect the Tm values by raising the melting temperatures by roughly 10 °C.107 This increase 

must be accounted for when comparing duplex melting temperatures obtained via other methods, 

such as UV absorption. Duplexes that are GC rich have higher melting temperatures owing to the 

increased energy required to break the three hydrogen bond interactions compared to the two 

hydrogen bonds formed between a AT base pair. In addition, DNA modifications may disrupt DNA 

stability and therefore reduce the melting temperature of the duplex. The extent of disruption caused 

by modifications can be monitored using thermal melting experiments and comparing to the 

unmodified duplex analogue.   

 

Figure 2.4: Thermal melting curve using the fluorescence emission of an intercalating dye, such as SYBR Green (right), to 
measure the Tm value of a duplex. 

 

2.5. Ultraviolet Visible Spectroscopy 
 

Ultraviolet visible (UV-Vis) spectroscopy is a technique used to determine the absorbance profile of a 

molecule. Light energy is used to excite electrons within a molecule via the absorption of UV or visible 

light energy (photons). During the excitation process and the absorption of photons, the excess energy 

obtained by the molecules is used to move electrons from the highest occupied molecular orbital 
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(HOMO) to the lowest unoccupied molecular orbital (LUMO). The relationship between the energy 

difference of the ground and excited state and the wavelength is described by Plank’s equation, 

Equation 2.1.  

Equation 2.1: Planck’s equation. Where E is energy, h is Planck’s constant, ν is the frequency, c is the speed of light and λ is 
the wavelength.  

∆𝐸 = ℎ𝜐 = ℎ𝑐/𝜆 

The spectrometer ‘counts’ the number of photons entering a sample and relates it with the number of 

photons exiting the sample. The spectrometer passes a monochromatic beam through the sample at 

a set wavelength, allowing examination with around 1 nm resolution.  

As the monochromatic light beam is passed through an absorbing sample from the spectrophotometer 

to the detector, the intensity of light leaving the sample to the detector (transmitted light, I) is less 

than that of the light sent to the sample from the spectrophotometer (incident light, I0). The 

transmittance (T) of light gives an indication of what light entering the sample was found to excite the 

sample and can be calculated by measuring the incident light (I0) and comparing it with the transmitted 

light (I) as demonstrated in Equation 2.2. 

Equation 2.2: Transmittance (T) of light. Where I is the light exiting the sample (transmitted light) and I0 is the light entering 
the sample (incident light). 

𝑇 =  (
𝐼

𝐼0
) 

The ratio between the incident (I0) and transmitted light (I) can be used to calculate the absorbance 

(A), as demonstrated by Equation 2.3.108 

Equation 2.3: Relationship between absorbance (A) and the incidence light (I0) and the transmitted light (I). 

𝐴 = log (
𝐼0

𝐼
) 

Using the Beer-Lambert law, Equation 2.4, the absorbance is related to the molar extinction coefficient 

(ԑ) of the molecule at a particular wavelength, the concentration (c) of the molecule in the sample 
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being measured and the pathlength (l) the light has to travel through the sample solution. The Beer-

Lambert law is used in many fields of science to determine the concentration of solutions and is 

routinely used to determine the concentrations of DNA oligonucleotide samples.  

Equation 2.4: Beer-Lambert law. Where A is absorbance, ԑ is the molar extinction coefficient, c is the concentration and l is 
the path length. 

𝐴 =  𝜀𝑐𝑙 

2.5.1. Molar Extinction Coefficient 

 

The molar extinction coefficient (ԑ) is a measure of how strongly a chemical species absorbs light of a 

particular wavelength. It is an intrinsic property that is dependent upon the chemical structure and 

composition.  

Molar extinction coefficients are calculated for each oligonucleotide by adding the extinction 

coefficients for each nucleobase in the sequence and considering the effects from neighbouring 

bases.109 In this work, for modified sequences, the molar extinction coefficients of the modifications 

were determined experimentally. This value was then added to the total molar extinction coefficients 

of the flanking DNA sequences. The molar extinction coefficients for unmodified DNA sequences in this 

work were calculated using ChemDraw.  

2.5.2. Determining Oligonucleotide Concentrations 

 

The Beer-Lambert law is routinely used to determine the concentrations of aqueous oligonucleotide 

samples. Using a set wavelength at 260 nm, where the DNA bases π-π* transition occurs, the 

absorbance value of a sample can be determined.110 

In this work, concentrations were determined using the BioSpec-nano Spectrophotometer; a UV-Vis 

technique that allows DNA quantification at low volumes. This method uses only a small amount of 

sample for quantification (1-2 μL droplets). An optical density value at 260 nm is obtained which can 
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be used to determine the concentration using the Beer-Lambert law (Equation 2.4). The software 

accounts for the pathlength, l, and so this can be ignored in any calculations.  

2.6. Fluorescence Spectroscopy 
 

Fluorescence is a luminescence process caused by the excitement of a molecule using photons (light 

energy) to an electronic excited state. Relaxation from a singlet excited state produces a photon of 

energy (light) and is known as fluorescence. Relaxation from the triplet state is known as 

phosphorescence and is not associated with this work.  

The simplified Jablonski diagram shown below, Figure 2.5, demonstrates the absorption of photons by 

molecules to produce the first (S1) or second (S2) singlet excited states. Excitation can cause the 

molecules to reach any of the vibrational sub-levels associated with each electronic state. There are 

also rotational levels associated with each vibrational level; these additional rotational bands increase 

the number of possible absorption bands to an extent that it becomes impossible to resolve each 

individual transition. Therefore, most molecules only have broad absorption bands where rotational 

levels are restricted. Vibrational fine structure may be present in the absorption or fluorescence 

spectrum if permitted.  
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Figure 2.5: Simplified Jablonski diagram showing the transitions giving rise to absorption and fluorescence emission spectra. 

 

After absorbing energy and reaching one of the higher vibrational levels of the excited state, the 

molecule then relaxes down to the lowest vibrational level of the first excited state, S1. If a molecule 

occupies an electronic excited state above the second excited state, S2, then a process of internal 

conversion (IC) allows the molecule to pass from the lower vibrational level of the higher electronic 

state to a higher vibrational level of a lower electronic state of similar energy. The molecule now 

relaxes down the lowest vibrational level of the first excited state, S1. Once the molecule reaches the 

lowest vibrational level of the first electronic state, S1, the molecule passes to any of the vibrational 

levels associated with the ground state, emitting light as is goes.111 

The 0-0 transition, a transition from the lowest vibrational level in the ground state to the lowest 

vibrational level in the first excited state, S1, is common in both the absorption and emission spectra. 

Hence, the absorption and emission spectra overlap at a wavelength that corresponds to this 

transition. All other transitions require more energy for absorption in comparison to fluorescence, due 
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to non-radiative processes (for example, IC) that can occur after absorption and lead to a reduction in 

energy. This results in fluorescence bands appearing at higher wavelengths than the absorption bands. 

The difference in wavelength between the absorption and emission profiles is known as the Stokes 

Shift.112 An emission spectrum is produced as a plot of emission intensity against wavelength for any 

given excitation wavelength.  

A fluorimeter consists of a source of light (typically an Xenon arc lamp), a sample holder and a detector 

(photomultiplier tubes). The incident radiation and detector must be selectable for a specified 

wavelength; this can be achieved using monochromators. A right-angled collection method is used to 

minimise any light scattering from the sample solution or cell.  

2.6.1. Fluorescence Quantum Yields  

 

The fluorescence quantum yield (ΦF) is described as the ratio of the number of photons emitted 

through fluorescence to the number of photons absorbed by the molecule (Equation 2.5). ΦF  describes 

the efficiency of deactivation of the excited state via the fluorescence pathway compared to other 

non-radiative deactivation pathways.113  

Equation 2.5: Simple representation of the fluorescence quantum yield, ΦF. 

𝛷𝐹 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 

There are two methods for measuring the fluorescence quantum yield; the relative method and the 

absolute method, with the former method being used for this work. The absolute method requires the 

use of an integrating sphere to collect all the photons emitted from the sample. The ΦF is then 

calculated simply by comparing the number of emitted photons with the number of absorbed photons. 

This method allows the measurement to be taken in a single reading.114, 115 On the other hand, the 

relative method requires the use of well-characterised reference standards with similar optical 

properties to that of the sample being measured and is the most common method for measuring ΦF. 
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Using this method, the integrated fluorescence intensity of an unknown sample is compared to that of 

a reference sample with known ΦF.116 The absorbance and the integrated fluorescence intensity of the 

reference and unknown sample is recorded at a specified excitation wavelength. For improved 

accuracy, several measurements are taken for each sample over a range of absorbances. A calibration 

curve is then plotted using absorbance vs integrated fluorescence intensity to determine ΦF, as 

demonstrated by Equation 2.6. 

Equation 2.6: Determining the quantum yield of an unknown sample (Qs) using the relative method. Quantum yield of 
reference sample (QR), absorbance of reference (AR) and unknown sample (AS), integrated fluorescence intensity of reference 
(FR) and unknown sample (FS), refractive index of reference solvent (ηR) and unknown sample solvent (ηS). 

𝑄𝑆  =  𝑄𝑅 (
𝐴𝑅

𝐴𝑆
) (

𝐹𝑆

𝐹𝑅
) (

𝜂𝑆

𝜂𝑅
)

2

 

 

2.7. Polymerase Chain Reaction 
 

The polymerase chain reaction (PCR) was discovered by K. Mullis in the 1980s and has revolutionised 

the study of DNA. The polymerase chain reaction is a technique used to amplify small sections of DNA. 

It is a relatively fast and inexpensive technique and without it, the analysis of isolated pieces of DNA 

would be almost impossible. 

The mechanism for DNA amplification is based on the DNA replication process in an organism, in 

particular, the ability of the DNA polymerase enzyme to synthesise a new strand of DNA which is 

complementary to the template strand. A Taq polymerase enzyme is used for PCR amplification. Taq 

polymerase requires a primer as a starting point for the PCR to which the first nucleobase can be 

added. The primers define the region of DNA to be amplified.  

The PCR master mix contains all the components required for PCR amplification to occur, including Taq 

polymerase, forward and reverse primers, template DNA and free nucleotides. The samples are then 
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put through repeated cycles of heating and cooling that allow the synthesis of the DNA strands. Each 

PCR cycle involves the following steps and is demonstrated in Figure 2.6: 

1. Denaturation – The reaction is heated to around 96 °C to denature the template DNA in the 

sample. This results in single-stranded DNA ready for the next step.  

2. Annealing – The reaction is cooled to roughly 55-65 °C (depending on the primers used) to 

allow the primers to bind to their complementary regions on the single-stranded template 

DNA.  

3. Extension – The temperature is raised so that Taq polymerase can extend the primer sequence 

by addition of the free nucleotides.  

 

Figure 2.6: Schematic representation demonstrating the various steps involved in a PCR cycle, with each cycle amplifying 
DNA exponentially. 

 

This cycle is repeated roughly 25-35 times, resulting in the production of millions (or even billions) of 

copies of the region of interest, providing the reaction was efficient. The DNA is amplified exponentially 

as any new DNA that is made is used in subsequent cycles to provide template DNA for the synthesis, 

as shown in Figure 2.6.  

The success of PCR experiments are often checked using gel electrophoresis, by comparison of the PCR 

amplicon with a DNA ladder, showing the predicted length of the amplicon.  
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2.8. Gel Electrophoresis 
 

Gel electrophoresis is a method used for the separation and analysis of biomolecules such as DNA and 

proteins. Separation of molecules and their fragments is based on shape/conformation, size and 

charge.  

A mixture of nucleic acid molecules can be separated based on their size by passing an electric field 

through a gel polymer matrix from a positive to negative electrode. DNA molecules are loaded onto 

the gel at the positive electrode. When current is passed through the gel, DNA molecules migrate 

towards the negative electrode, as DNA molecules are negatively charged. Smaller/shorter molecules 

migrate through the gel pores faster and further, while the movement of larger/longer molecules 

through the gel pores is more hindered and so they remain closer to the positive electrode.117 This is 

depicted in Figure 2.7.  

 

Figure 2.7: Diagram showing a gel electrophoresis set up for PAGE. The resulting gel shows the separation of bands by the 
varied movement down the gel.  

 

The gels are cast containing lanes to which samples can be loaded. Dyes can be run alongside samples 

to indicate the expected electrophoretic mobilities of the DNA samples during the run. The voltage 

that is passed though the gel can be adapted to aid resolution and alter the run time. The running 
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buffer used may also have an effect. Post run, the gel is stained with a dye to aid the visualisation of 

any DNA bands.  

Typically, agarose and polyacrylamide gel types are used, with preference for each depending on the 

type and size of the analyte. These two gel types are discussed below.   

2.8.1. Polyacrylamide Gel Electrophoresis (PAGE) 

 

Polyacrylamide gels are commonly used for smaller DNA fragments, such as the oligonucleotide 

strands synthesised in this research, with a range of 5-500 base pairs (bp) and they provide high 

resolving power. The pore sizes generated in the polyacrylamide gel matrix are much smaller than 

those when using agarose gels and so are more well suited to smaller fragments. Pore sizes can be 

altered by changing the percentage of polyacrylamide used. Polyacrylamide gels are run in an 

electrophoresis chamber in a vertical configuration.   

There are two main types of polyacrylamide gels used for the separation of DNA fragments: native and 

denaturing. A native gel will contain no denaturing agents and allows for any DNA interactions and 

confirmations to remain intact, thus allowing the study of double-stranded DNA. On the other hand, 

denaturing gels contain denaturing agents, such as urea, that prevent all non-covalent interactions 

forming (i.e. only single-stranded DNA is present).  

2.8.2. Agarose Gel Electrophoresis 

 

Typically, agarose gels have lower resolving power but can separate DNA fragments of larger sizes, in 

the range of roughly 50-20,000 bp due to the formation of larger pores in the gel matrix, compared to 

those using polyacrylamide. The pore sizes may be altered by changing the concentration of agarose 

used. Agarose gels are more easily cast and handled than polyacrylamide gels, which can be quite 

fragile. Commonly, agarose gels are used to analyse PCR products or larger DNA structures, such as 

DNA origami.  
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2.9. Fluorescence Microscopy 
 

Fluorescence microscopy is an essential technique in biology, biomedical and life sciences. With the 

use of fluorophores, of which there is now a wide variety, the identification and/or visualisation of cells 

and sub-microscopic cellular components has been made possible using this technique. Moreover, 

using this technique, methods to visualise single molecules have also been established.118, 119 A multi-

labelling approach can also be employed, utilising different fluorophores to generate probes that 

target different molecules within a sample simultaneously. 

The key components of a microscope are: 

• Light source – usually xenon arc or mercury vapor lamp but more recently, laser light sources 

are used to excite the specimen.  

• Filters – allow only light of specific wavelengths to pass through. Excitation and emission 

bandpass filters may be used.  

• Objective lens – transmits excitation light onto the sample and simultaneously transmits any 

emitted light to the detector. 

• Dichroitic mirrors – reflects the excitation light onto the sample and transmits only emitted 

light from the sample to the detector.  

• Camera/detector - to detect and visualise the light that reaches the camera/detector. 

Charged-coupled device (CCD)-based cameras are often used for high resolution fluorescence 

imaging.  

2.9.1. Epifluorescence Microscopy 

 

An inverted epifluorescence microscope was used in this research. A typical set up is demonstrated in 

Figure 2.8. The principle of epifluorescence microscopy involves the irradiation of a specimen at 

specific wavelengths to excite the sample and any emitted fluorescent light from the sample is then 

separated from the excitation light before it reaches the detector. This generates images that have 
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high resolution and high signal-to-noise ratios. If the wavelength of the excitation light is not well 

separated from the emitted fluorescent light, then this can lead to reduced imaging quality due to the 

simultaneous detection of any excited light that is reflected from optical surfaces along with the 

desired emitted light.120 

 

Figure 2.8: Schematic diagram of an inverted epifluorescence microscope, highlighting the key components and the direction 
of light travel. The incident light is shown in yellow and the emitted light from the sample in green.  

 

The excitation light of a specific wavelength, from a laser light source in this instance, is reflected off a 

dichroitic mirror (mounted at 45°) at a 90° angle through the objective lens and onto the sample. 

Molecules in the sample absorb the light energy to become excited and then emit light energy at a 

longer wavelength (fluorescence) in all directions. The objective lens then collects the emitted 

fluorescent light from the sample, which then passes through the same dichroitic mirror. Any reflected 

excitation light may also be collected with the emitted light from the sample, but this is blocked by a 

filter before any light reaches the detector. Only emitted light from the sample reaches the detector, 

a CCD camera, which captures the emitted light and is visualised on a computer.120 
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3. Synthesis and Characterisation – Fluorescent Tags and 

DNA 
 

3.1. 1,8-Naphthalimide Tag Synthesis 
 

3.1.1. Design Considerations 

 

As outlined in Chapter 1, the use of 1,8-naphthalimides as reporter groups in DNA probes may lead to 

advancements in the detection of single point variations, owing to their solvatochromic properties and 

higher fluorescence quantum yields (in comparison to the previously studied anthracene probes).9 The 

focus of the work in this section was to produce a range of naphthalimide reporter groups to 

incorporate into DNA using solid-phase synthesis. The four naphthalimide tags prepared are shown in 

Figure 3.1. The synthesis routes for the chosen reporter groups are demonstrated in Scheme 3.1 and 

Scheme 3.6, and firstly involve the preparation of a diol monomer unit. This diol allows for the 

formation of a phosphoramidite compound that is compatible with solid-phase DNA synthesis, 

methods which were adapted from previous work by N. Moran.121  

 

Figure 3.1: Structures of 1,8-naphthalimide tags highlighting the donor and acceptor groups in red and blue, respectively. 
The diol, threoninol (green), is used to mimic the pentose sugar of a nucleotide. Threoninol is chiral, hence the SS and RR 
isomers are produced from reaction with SS (D) and RR (L) threoninol, respectively. 

 

Moving on from previous work in the group involving anthracene fluorophores, this research focuses 

on the use of 1,8-naphthalimide derivatives as reporter groups due to their improved spectroscopic 

and photophysical properties. In comparison to anthracene, 1,8-naphthalimides have absorption and 
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emission bands shifted towards higher wavelengths, removing the need for excitation at harmful UV 

wavelengths and minimising background fluorescence from biological environments. 1,8-

Naphthalimides are also solvatochromic molecules resulting in additional sensing benefits through 

exhibiting spectral shifts depending on their microenvironment, as explored in Chapter 4.  

The photophysical properties of 1,8-naphthalimides can be tuned depending on the substituents 

around the aromatic ring. The substituent must contain ‘donor’ character for a reasonable 

solvatochromic effect to occur. In this research, a variety of donor groups were adopted, as shown in 

red in Figure 3.1. The modification can be positioned at various points of the aromatic ring. However, 

only the 4-position is explored in this research as this position can be easily modified from the 

commercially available 4-bromo- or 4-chloro-1,8-naphthalic anhydride starting material.122, 123 The 

substituents, NH2, NHR and NMe2 all have differing strengths of donor character, which subsequently 

affects the strength of the solvatochromic effect produced.123 In addition, the NH2 substituent was 

selected for its potential hydrogen bonding capabilities with surrounding nucleobases once 

incorporated into a DNA probe strand. However, the NH2 group must be protected before it undergoes 

solid-phase DNA synthesis, to prevent any unwanted side reactions occurring with the reagents used 

in the process. The acetyl protecting group was chosen as it is often used to protect the NH2 groups of 

standard nucleoside phosphoramidite analogues.124  

It was also decided to explore the orientation of the incorporated naphthalimide tag and understand 

its effect on the sensing capability of the probe strand. Two approaches were chosen (shown in Figure 

3.2 below): 

(i) Incorporation into the DNA backbone at the imide side of the naphthalimide molecule (NaphI
Dimethyl 

and NaphI
Amine), or  

(ii) Incorporation into the DNA backbone at the aromatic side of the naphthalimide molecule (NaphA
Long 

and NaphA
Short).  
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It was expected that the incorporation of the naphthalimide molecules into DNA probes via these two 

orientations would allow different interactions to take place between the reporter group and 

neighbouring bases and/or solvent molecules within or around the DNA duplex, which in turn would 

affect the sensing results. For those naphthalimide reporter groups incorporated at the aromatic face 

(NaphA
Long and NaphA

Short), different linker lengths could also be explored. Previous work in the Tucker 

group has shown that varying the distance between the reporter group and DNA backbone dictates 

the positioning of the reporter group within the duplex and the effectiveness of tag intercalation.60, 125 

For this reason, it was decided to connect the naphthalimide unit either directly to the diol unit or via 

an aliphatic chain consisting of three carbons. It was hypothesised that this would create a rigid and 

flexible system respectively that would afford different positioning of the 1,8-naphthalimide in the 

DNA duplex, subsequently leading to different sensing results.  

 

Figure 3.2: Diagram showing the different sides at which the naphthalimide molecules were incorporated into DNA. 

 

As mentioned in Chapter 1, the most effective fluorescent DNA probes aim to have reporter groups 

that have comparable size to a natural nucleotide, so not to greatly disturb the DNA structure, and to 

also allow for intercalation of the reporter group into the helical structure. This is often achieved by 

creating reporter groups that replicate and/or aim to mimic some structural features of a natural 

nucleotide. In this case, threoninol is employed as a ribose sugar alternative, aiming to mimic the 5’- 

and 3’-hydroxyl groups of the natural sugar unit. This analogue has been previously used in the Tucker 
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group for this purpose and has proven to successfully allow the incorporation of reporter groups into 

DNA via solid-phase synthesis. The enantiopure L and D threoninol molecules were used to produce 

only the L and D phosphoramidites respectively. As discussed in Chapter 1, it is known that the 

stereochemistry of the threoninol that is employed has an effect on the sensing abilities of the resulting 

probe.9 The different stereochemistry of the threoninol molecules influences the positioning of the 

reporter group within a duplex, hence dictating the sensing interactions that take place.9, 35, 36 The diol 

is an essential precursor for phosphoramidite chemistry and the DNA solid-phase synthesis process. 

The presence of the primary and secondary hydroxyl groups of threoninol produces specificity and 

makes the subsequent DMT protection and phosphitylation reactions relatively simple and high 

yielding.  

3.1.2. Synthesis of NaphA
Short and NaphA

Long 

 

It was decided to firstly synthesise the 1,8-naphthalimide tags in which the phosphoramidite 

modifications take place at the aromatic face of the naphthalimide. The synthetic route is shown in 

Scheme 3.1.  

The synthesis of 6-chloro-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (2) from 4-chloro-1,8-

naphthalic anhydride (1) is drawn from work by K. N. de Oliveira et al.126 The implementation of the 

short and long linker lengths occurs at the beginning of the synthesis route, before the threoninol sugar 

mimic is added.  
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Scheme 3.1: Synthetic route for the production of the phosphoramidites, NaphA
Short and NaphA

Long. 
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3.1.2.1. Preparation of the Diol Monomer Units 

 

The chloro-substituent at the 4-position is a sufficiently good leaving group to allow for a nucleophilic 

aromatic substitution reaction (SNAr) to occur directly with the amine group of threoninol (L or D) to 

form compounds 3L and 3D, or with the amine group of 3-amino propanoic acid to form compound 6 

(Scheme 3.2). For ease, products synthesised from D or L threoninol are labelled as D or L, denoting the 

SS (D) and RR (L) configuration of the resulting phosphoramidites. The formation of compounds 3L and 

3D was relatively slow and low yielding (31% and 25% respectively). This could be due to the increased 

steric hinderance between the amine in the threoninol and naphthalene groups, in comparison to the 

amine in 3-amino propanoic acid. The purification of these compounds via column chromatography 

on silica was also problematic, owing to the polar nature of the compounds, and this could have also 

contributed to the low yields. 

 

Scheme 3.2: Nucleophilic aromatic substitution at the 4-position at the naphthalimide core. 

 

Subsequent amide coupling between the carboxylic acid group of 6 with threoninol (L or D) via a 

condensation reaction afforded compounds 7 in good yield (Scheme 3.3).  
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Scheme 3.3: Condensation reaction between the carboxylic acid and amine to afford the amide. 

 

Solid-phase DNA synthesis requires protection of the primary hydroxyl group (comparable to the 5’-

hydroxyl group of a nucleotide) with an acid labile protecting group, such as dimethoxytrityl (DMT). 

The method for hydroxyl protection is shown in Scheme 3.4 and was adapted from the procedure by 

Houlton et al.127 The reaction was performed at room temperature to aid the sole formation of the 

mono-substituted product and to prevent the formation of the thermodynamic bis-substituted 

product. The work up and purification steps were performed in the absence of acid due to the acid-

lability of the protecting group. This was achieved by neutralising the silica in column chromatography 

purification by the addition of triethylamine. The DMT-products (4 and 8) were formed with yields of 

35%, 44%, 42%, 45% for 4L, 4D, 8L and 8D respectively. The low yields can be explained by the mild 

reaction conditions and the controlled equivalents of DMT used, which were required to prevent the 

formation of the bis substituted product. 
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Scheme 3.4: Reaction of the primary hydroxy group with DMT-Cl to produce the mono-protected product. 

 

Phosphitylation occurred by reaction of the remaining hydroxyl group of the mono-DMT protected 

products (4 and 8) with 2-cyanoethyl N,N-diisopropylchlorophosphoramidite and N,N-

diisopropylethylamine in anhydrous dichloromethane (Scheme 3.5). The phosphitylation requires 

anhydrous reaction conditions due to the unstable nature of the phosphitylating reagent and the 

subsequent phosphoramidite product. The phosphorous centre can be readily oxidised from P(III) to 

P(V) in the presence of air or H2O. This is an unwanted side reaction as P(V) is incompatible with DNA 

synthesis and reduces the overall yield of the reaction. As in the previous step, the reaction, work up 

and purification steps were performed in the absence of any acid because of the acid-labile DMT group. 

The phosphoramidite products (5 and 9) were characterised by mass spectrometry, 1H NMR and 31P 

NMR spectroscopy. 13C NMR spectra were not recorded due to the long run times of the scans and the 

unstable nature of the compounds. The phosphorus centre is chiral, leading to diastereomeric 

products. This is shown in the 31P NMR spectra of compounds 5 and 9 as two peaks around the 147 
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ppm region. Any peaks in the higher field region of the 31P NMR spectrum (> 20 ppm) are due to the 

formation of oxidised products containing P(V). 

 

Scheme 3.5: Reaction of the remaining hydroxyl group with chlorophosphitylating reagent. 
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3.1.3. Synthesis of NaphI
Dimethyl and NaphI

Amine 

 

The synthetic route for the 1,8-naphthalimide tags in which the phosphoramidite groups are added 

at the imide side of the naphthalimide is shown in Scheme 3.6. 

 

Scheme 3.6: Synthetic route for the formation of NaphI
Dimethyl and NaphI

Amine. 
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The method for the formation of compound 11 from 4-bromo-1,8-naphthalic anhydride (10) is drawn 

from work by X. Zhou et al.122 The donor groups were then introduced to the naphthalimide core at 

the 4-position, to substitute the bromo group.  

To synthesise compound 12, a nucleophilic aromatic substitution (SNAr) reaction occurs between the 

dimethylamine and compound 11 which is catalysed by copper (II) sulfate (Scheme 3.7). This procedure 

was adapted from work by P. J. Dyson et al. and is shown in Scheme 3.7.128 

 

Scheme 3.7: Addition of NMe2  to the naphthalimide aromatic core. 

 

For the synthesis of compound 16, the formation of the NH2 group is achieved through an azide 

intermediate. In one step, the azide is formed at the 4-position and is reduced to an amine (Scheme 

3.8).122 This procedure was followed from work reported by X. Zhou et al.122 The reaction was 

monitored by IR and reaction completion determined via the disappearance of the azide peak in the 

IR spectrum at ca. 2165 cm-1. Following the procedure, purification was achieved by column 

chromatography on silica.  However, this proved arduous and very forcing conditions were required 

due to the polar nature of the compound and the presence of the amine functional group. 
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Scheme 3.8: Formation of the NH2 group through the azide intermediate. 

 

The amine was then protected with an acetyl group for compatibility with DNA synthesis (Scheme 

3.9).124 The acetyl protecting group is base sensitive, so it was important to ensure that the remaining 

synthesis steps did not involve the use of any strong bases. The acetyl group is a good choice of 

protecting group as it is not as base sensitive as the other protecting groups employed in DNA 

synthesis, and thus can withstand subsequent synthesis steps. Other milder protecting groups, such as 

4-isopropyl phenoxyacetyl, were tested. However, they did not withstand the following reaction with 

threoninol and purification steps. It was decided to protect the amine at this stage in the synthesis and 

not later, as it was thought this would make the subsequent purification steps simpler due to the 

reduced hydrophilicity of the NH2 group. Confirmation of successful amine protection was shown in 

the 1H NMR spectrum by the appearance of a singlet peak at around 2.1 ppm corresponding to the 

methyl moiety of the acetyl group, with this peak remaining in subsequent products.  

 

Scheme 3.9: Protection of the NH2 group with an acetyl group. 
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3.1.3.1. Preparation of the Diol Monomer Units 

 

Amide coupling between the carboxylic acid group of 12 and 17 with threoninol (L or D) via a 

condensation reaction afforded compounds 13 and 18, respectively (Scheme 3.10).  

 

Scheme 3.10: Coupling of threoninol to the carboxylic acid functional group. 

 

As before, hydroxyl protection using the dimethoxytrityl group was adapted from the procedure by 

Houlton et al.127 Again, the reaction was performed at room temperature to aid the sole formation of 

the mono-substituted product. The work up and purification steps were performed in the absence of 

acid due to the acid-labile protecting group. This involves neutralising the silica in column 

chromatography purification by the addition of triethylamine. The DMT protection of compounds 18L 

and 18D was very slow and did not go to completion. To force the reaction to proceed, the reaction 

was heated to 40 °C after 14 h and another 0.5 eq of DMT-Cl was added and left for another 4 h. This 

helped but the reaction was stopped before reaching completion, which accounts for the very low 
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yields for compounds 19L and 19D. The low yields (14L, 77%; 14D 61%; 19L, 41%; 19D, 34%) can be 

explained by the mild reaction conditions and the controlled equivalents of DMT used, which were 

required to prevent the formation of the bis-substituted product.  

 

Scheme 3.11: Reaction of the primary hydroxy group with DMT-Cl to produce the mono-protected product. 

 

As described previously, phosphitylation occurred by reaction of the remaining hydroxyl group of the 

mono-DMT protected products (14 and 19) with 2-cyanoethyl N,N-diisopropylchlorophosphoramidite 

and N,N-diisopropylethylamine in anhydrous dichloromethane (Scheme 3.12). The low yield for the 

synthesis of 20L (11%) was due to a problematic work up and purification. The high retention of the 

product on the silica column resulted in a significant amount of oxidised product (P(V)). The oxidised 
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product was removed by trituration of the product in ethyl acetate with hexane. The phosphoramidite 

products (15 and 20) were characterised by mass spectrometry, 1H NMR and 31P NMR spectroscopy. 

Again, two peaks are observed in the 31P NMR spectra of compounds 15 and 20 at around the 147 ppm 

region. There were small peaks around 8 ppm in the 31P NMR spectra, which correspond to the 

formation of oxidised products containing P(V).  

 

Scheme 3.12: Reaction of the remaining hydroxyl group with chlorophosphitylating reagent. 
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3.2. Oligo Probe Synthesis 
 

3.2.1. Design Considerations 

 

The prepared 1,8-naphthalimide tags described in the above section were incorporated into DNA using 

automated solid-phase DNA synthesis. This technique is described in more detail in Chapter 2.  This 

method allows for the site-specific incorporation of the 1,8-naphthalimide tag anywhere within a DNA 

sequence. This automated method is reliable and consistent and produces oligo strands in relatively 

high yields. 

The probe sequence chosen, Table 3.1, was based on previous sensing work performed in the Tucker 

group.9, 58, 60, 125 This sequence was chosen as it has been thoroughly studied and is well understood. It 

also allows for comparison between results.  

Table 3.1: Probe sequences. 

 Modification (X) Sequence (5’→3’) 

Probe Strand P1AL L NaphA
Short TGG ACT CXC TCA ATG 

Probe Strand P1AD D NaphA
Short TGG ACT CXC TCA ATG 

Probe Strand P1BL L NaphA
Long TGG ACT CXC TCA ATG 

Probe Strand P1BD D NaphA
Long TGG ACT CXC TCA ATG 

Probe Strand P1CL L NaphI
Dimethyl TGG ACT CXC TCA ATG 

Probe Strand P1CD D NaphI
Dimethyl TGG ACT CXC TCA ATG 

Probe Strand P1DL L NaphI
Amine TGG ACT CXC TCA ATG 

Probe Strand P1DD D NaphI
Amine TGG ACT CXC TCA ATG 

Probe Strand P1 Unmodified TGG ACT CGC TCA ATG 

 

The probe sequence comprises 15 monomer units (15-mer), with the naphthalimide tag inserted at 

the centre of the strand. An oligo strand with a length of 15 bases is long enough to allow binding with 

its complementary target with high specificity, while still being simple enough to synthesise and purify. 

The strand length also ensures that more complex secondary structures are not formed, such as hairpin 

loops. This is also prevented by the choice of bases within the sequence, of which there is roughly 

equal amounts of each nucleobase at regular intervals. The decision to place the 1,8-naphthalimide 
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tag at the centre of the probe strand ensures that a stable duplex is formed, with a melting 

temperature well above room temperature. It was hypothesised that the 1,8-naphthalimide tag would 

reduce the duplex melting temperature slightly, but not to the extent that duplex formation would not 

occur at room temperature.  

In addition to the modified probe, an unmodified probe was synthesised for comparison. In this 

sequence, the 1,8-naphthalimide tag modification site (X) is replaced with a guanine (G). The 

unmodified probe sequence is shown below.  

3.2.1.1. Base-Opposite Sensing  

 

To investigate the ability of the probe to sense and distinguish between various bases opposite the 

modification site, target oligos in which the site opposite the 1,8-naphthalimide tag was varied were 

synthesised. These target strands are shown in Table 3.2 and are named accordingly.  

Table 3.2: Target sequences for base-opposite sensing. 

 Sequence (5’→3’) 

GCG Target; T1C CAT TGA GCG AGT CCA 

GGG Target; T1G CAT TGA GGG AGT CCA 

GTG Target; T1T CAT TGA GTG AGT CCA 

GAG Target; T1A CAT TGA GAG AGT CCA 

 

The sensing mechanism is shown schematically in Figure 3.3. 

 

Figure 3.3: Schematic showing base-opposite sensing design. Where B = A, G, C or T. The fluorescent signal produced from 
the reporter group (star) is monitored upon duplex formation of the probe with the target.  
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3.2.1.2. Base-Adjacent Sensing  

 

In previous work by the Tucker group, it has been shown that a similar system involving anthracene 

was particularly effective at sensing the environment of the base adjacent to the modification site, 

when a relatively short linker sequence was used.9, 129 Modifying at this site produces a ‘match’ versus 

‘mismatch’ sensing system. Based on previous work, it was decided to vary the base in the target 

sequence upstream of the 1,8-naphthalimide modification from a guanine (G) to an adenine (A) to 

create the ‘mismatch’ sequence as this sequence produced the best sensing results for the anthracene 

system, as demonstrated in Table 3.3. 

Table 3.3: Target sequence for base-adjacent sensing. 

 Sequence (5’→3’) 

Mismatch Target; T1MM CAT TGA GAA AGT CCA 

Matched Target; T1A CAT TGA GAG AGT CCA 

 

This sensing mechanism is shown schematically in Figure 3.4. 

 

Figure 3.4: Schematic showing base adjacent, 'match' vs 'mismatch’ sensing. The fluorescent signal produced from the 
reporter group (star) is monitored upon duplex formation of the probe with the target. 
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3.2.1.3. Epigenetic Sensing 

 

The ability of the probes to sense the epigenetic marker, 5-methylcytosine (mC), was investigated. In 

a similar way to the base-opposite sensing, the site opposite the 1,8-naphthalimide modification site 

was altered with the epigenetic marker. The strand that was synthesised is shown in Table 3.4. 

Table 3.4: Target sequence for the epigenetic sensing. 

 Sequence (5’→3’) 

GmCG Target; T1mC CAT TGA GmCG AGT CCA 

 

3.2.1.4. Sensing Biomarkers – BRAF V600E 

 

A ‘real-life’ single point variation associated with cancers, BRAF V600E, was also investigated. As 

described in Chapter 1, this is a T (WT) > A (Mut) mutation. The sequence is known, and so short target 

sequences were synthesised for initial sensing purposes, Table 3.5. Sensing results obtained from these 

short targets would provide a good proof-of-concept for the probe system as a mutation detection 

assay. 

Table 3.5: Target sequences for BRAF V600E sensing. 

 Sequence (5’→3’) 

BRAF WT Target; T2WT GCT ACA GTG AAA TCT 

BRAF Mut Target; T2Mut GCT ACA GAG AAA TCT 

 

A probe was accordingly designed that was complementary to the target sequence of interest. The 

1,8-naphthalimide modification was positioned directly opposite the point variant site. The probe 

synthesised is shown in Table 3.6 and is also a 15-mer, with the modification directly at the centre of 

the strand. The oligo length and positioning of the modification was chosen for similar reasons to those 

mentioned for P1X. In addition to the 1,8-naphthalimide tag, the previously studied anthracene 5L tag 

was also incorporated into the BRAF probe.130 This is discussed in more detail in Chapter 5. 
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Table 3.6: Probe sequences for BRAF V600E sensing. 

 Modification (X) Sequence (5’→3’) 

BRAF Probe Strand; P2AL L NaphA
Short AGA TTT CXC TGT AGC 

BRAF Probe Strand; PAD D NaphA
Short AGA TTT CXC TGT AGC 

BRAF Probe Strand; P2Anth Anthracene 5L AGA TTT CXC TGT AGC 

BRAF Probe Strand; P2WT Unmodified AGA TTT CAC TGT AGC 

BRAF Probe Strand; P2Mut Unmodified  AGA TTT CTC TGT AGC 

 

Along with the modified probe strands, unmodified probe strands were also synthesised for 

comparison. Two unmodified probe strands complementary to both the wild-type and mutant BRAF 

V600E sequences were synthesised as shown Table 3.6.  

3.2.2. Oligonucleotide Synthesis 

 

Oligos were synthesised using solid-phase DNA synthesis performed on an Applied Biosystems ABI 394 

DNA/RNA synthesiser. There are two different sets of conditions that can be employed for DNA 

synthesis; standard conditions and ultramild conditions. Standard synthesis is the most commonly 

used method and was used to synthesise all unmodified oligonucleotides. This method is the highest 

yielding, but it uses relatively harsh chemical conditions and any modifications must be able to 

withstand them. On the other hand, ultramild synthesis provides a milder alternative for any 

modifications that are particularly sensitive. However, this method slightly reduces the overall yield as 

less-forcing conditions are used, whilst the ultramild reagents are more costly.  

To determine whether the 1,8-napthalimide modifications could withstand standard DNA 

deprotection conditions, it was decided to test the 1,8-naphthalimide diol monomer 3L by heating to 

60 °C in aqueous ammonia for 6 h. However, it was found that the compound degraded under these 

harsh conditions, as evidenced by 1H NMR through the emergence of additional peaks. Therefore, it 

was decided to use ultramild DNA synthesis conditions for all 1,8-naphthalimide modified strands. The 

ultramild deprotection method involves agitating the strands in methanolic potassium carbonate 
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solution overnight at room temperature, a much milder approach. This approach is possible due to the 

more labile protecting groups on the ultramild phosphoramidite reagents. 

All 1,8-naphthalimide phosphoramidites (5L, 5D, 9L, 9D, 15L, 15D, 20L, 20D) were successfully 

incorporated into DNA. The stepwise yields for the coupling of the modifications into the DNA strand 

were significantly lower (by around 30-40%) than those achieved when coupling standard DNA 

phosphoramidites. A slight drop in yield may be expected for modifications due to steric hindrance 

that may occur between the modification site and nucleotide, making coupling more difficult. 

However, this large drop in yield could be attributed to the limited solubility of the tag molecules in 

acetonitrile, the solvent used to dissolve phosphoramidites for automated DNA synthesis. Hence 

coupling is reduced because the concentration of the phosphoramidite solution was lower than 

expected (< 0.1 M). To overcome this, a longer coupling time of 15 minutes (as opposed to the standard 

30 second coupling time) was used for the coupling of the modification. This approach was successful 

in improving the overall strand yields for the modified oligonucleotides by up to 10-15%. For detailed 

oligonucleotide synthesis procedures and sequences of the strands synthesised, see Experimental 7.3 

and Appendix 8.1.  

3.2.3. Oligonucleotide Purification 

 

Oligonucleotides were purified by semi-preparative reversed-phase HPLC using a Clarity Oligo column. 

0.1 M triethylammonium acetate buffer was used with an increasing acetonitrile gradient from 5-18% 

acetonitrile over 25 minutes (see Experimental 7.4 for full method). The HPLC detection wavelengths 

were set at 260 nm for DNA and 430 nm for the 1,8-naphthalimide modification. The retention times 

of all purified oligonucleotides using analytical HPLC are demonstrated in Table 3.7. The retention 

times of the unmodified 15-mer oligonucleotides were consistent at around 17-18 minutes, as shown 

in Figure 3.5 (see Appendix 8.1.2 for all other HPLC traces). 
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Figure 3.5: HPLC trace of the purified T1C target strand (unmodified oligo). Detector wavelength at 260 nm for DNA. 

 

Table 3.7: Analytical HPLC retention times and purity of all purified oligonucleotides.*very broad, weak intensity peak 
detected as two peaks – further investigations detected this peak as a single entity.  

Oligonucleotide Modification Retention Time (min) Purity of isolated 

sample (%) 

T1C Unmodified 17.79 99.32 

T1G Unmodified 17.18 98.41 

T1T Unmodified 17.76 96.71 

T1A Unmodified 17.18 98.98 

T1MM Unmodified 17.53 98.32 

T1mC Unmodified 18.00 98.62 

T2WT Unmodified 18.54 100.00 

T2Mut Unmodified 18.01 96.22 

P1AL L NaphA
Short 23.61 100.00 

P1AD D NaphA
Short 24.07 100.00 

P1BL L NaphA
Long 26.57 100.00 

P1BD D NaphA
Long 26.98 100.00 

P1CL L NaphI
Dimethyl 23.66 100.00 

P1CD D NaphI
Dimethyl 24.02 100.00 

P1DL L NaphI
Amine 20.89 100.00 

P1DD D NaphI
Amine 20.75 100.00 

P2AL L NaphA
Short 23.26/23.69* 62.28/23.69* 

P2AD D NaphA
Short 23.72/24.17* 66.43/24.17* 

 

The 1,8-naphthalimide modified strands have a significantly longer retention time than the unmodified 

strands (an example HPLC trace of the purified P1AL probe is given in Figure 3.6 for comparison), 

indicating that the 1,8-naphthalimide modification interacts with the stationary phase to a reasonable 

extent. The retention times of the modified probe varied slightly depending on the modification and 
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stereochemistry (L or D) (see Appendix 8.1.2 for HPLC traces of all modified probes). The probe 

containing the NaphA
Short modification had a retention time at around 24 minutes. In comparison, 

probes containing NaphA
Long had longer retention times of around 27 minutes. This longer retention 

time is due to the aliphatic linker which interacts with the hydrophobic stationary phase. Interestingly, 

for the majority of modifications, the probes with D stereochemistry had slightly longer retention times 

than the L. This suggests that in the single-stranded form, the L modifications are slightly more shielded 

from the external interactions than the D. This observation is consistent with previous work in the 

Tucker group on strands involving anthracene tags.131 The crude HPLC traces also contain a significant 

peak at around 14-18 minutes, which after mass spectrometry analysis equates to the truncated 

oligonucleotide at the modification site (i.e. 5’ - TGG ACT CXC TCA ATG - 3’). This shows that the 

coupling of the 1,8-naphthalimide modification into the oligonucleotide is not 100% effective, which 

correlates with the low stepwise yield observed in DNA synthesis for the modification step.  

 

Following purification, oligos were desalted using a NAP-10 column. Analytical reverse-phase HPLC was 

then performed on the purified samples using the same conditions as above to confirm a purity of 

Figure 3.6: HPLC trace of the purified P1AL probe containing the naphthalimide reporter group. Detection wavelengths 
shown are 260 nm (top) for DNA and 430 nm (bottom) for naphthalimide. 
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>95%. Any strands that did not show a purity of >95% were re-purified using the same semi-preparative 

method above.  

3.2.4. Oligonucleotide Characterisation and Quantification 

 

Oligonucleotide characterisation was achieved via mass spectrometry and UV-Vis spectroscopy. Mass 

spectrometry was carried out using negative mode electrospray methods. The results from these 

agreed with the calculated masses determined via ChemDraw analysis, Table 3.8.  

Table 3.8: Oligonucleotide mass spectrometry results. 

Name Modification 

(X) 

Sequence 

5’ → 3’ 

Calculated 

Mass 

(g mol-1) 

Mass Found 

(m/z) 

P1AL L NaphA
Short TGG ACT CXC TCA ATG 4642.84 4642.8 

P1AD D NaphA
Short TGG ACT CXC TCA ATG 4642.84 4642.5 

P1BL L NaphA
Long TGG ACT CXC TCA ATG 4725.91 4726.02 

P1BD D NaphA
Long TGG ACT CXC TCA ATG 4725.91 4726.03 

P1CL L NaphI
Dimethyl TGG ACT CXC TCA ATG 4697.88 4698.0 

P1CD D NaphI
Dimethyl TGG ACT CXC TCA ATG 4697.88 4697.98 

P1DL L NaphI
Amine TGG ACT CXC TCA ATG 4669.85 4669.96 

P1DD D NaphI
Amine TGG ACT CXC TCA ATG 4669.85 4670.00 

P2AL L NaphA
Short AGA TTT CXC TGT AGC 4655.86 4655.74 

P2AD D NaphA
Short AGA TTT CXC TGT AGC 4655.86 4656.80 

T1G Unmodified CAT TGA GGG AGT CCA 4617.1 4617.0 

T1A Unmodified CAT TGA GAG AGT CCA 4601.1 4600.9 

T1C Unmodified CAT TGA GCG AGT CCA 4577 4576.6 

T1T Unmodified CAT TGA GTG AGT CCA 4592 4591.8 

T1MM Unmodified CAT TGA GAA AGT CCA 4585.1 4587.5 

T1mC Unmodified CAT TGA GmCG AGT CCA 4591.06 4591.0 

T2WT Unmodified GCT ACA GTG AAA TCT 4576 4573.93 

T2Mut Unmodified GCT ACA GAG AAA TCT 4585.1 4582.95 

 

The UV-Vis spectra of the modified probe strands (aqueous solution, Milli-Q, 100 mM NaCl, 10 mM 

sodium phosphate, pH 7.0) show the successful incorporation of the 1,8-naphthalimide tags into DNA 

through the presence of a peak at around 430 nm. The peak at 260 nm mainly corresponds to the 
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absorbance by nucleic acids in DNA. The naphthalimide modification also absorbs in this region and 

contributes to this signal. Figure 3.7 shows the shift of the 1,8-naphthalimide absorbance between the 

P1A vs P1B probe and Figure 3.8 shows the absorbance of the P1C and P1D probes. 

 

Figure 3.7: UV-Vis spectra of NaphA
Short and NaphA

Long probes (P1AL/D and P1BL/D). Aqueous solution, Milli-Q, 100 mM NaCl, 
10 mM sodium phosphate, pH 7.0. 

 

Figure 3.8: UV-Vis spectra of NaphI
Dimethyl and NaphI

Amine probes (P1CL/D and P1DL/D). Aqueous solution, Milli-Q, 100 mM 
NaCl, 10 mM sodium phosphate, pH 7.0. 
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Oligonucleotide quantification was achieved using a BioSpec-nano micro-volume UV-Vis 

spectrophotometer (nanodrop). The optical density (OD) at 260 nm is recorded and can be used 

directly as the absorbance at 260 nm. The nanodrop software converts the OD at 260 nm to 

absorbance using a set path length of 0.2 mm and internal calculations. Knowing the absorbance at 

260 nm, the concentration can be determined using the Beer Lambert law, Equation 7. 

Equation 7: Beer Lambert Law. Where the absorbance at 260 nm, A, is equal to the product of the molar extinction coefficient, 
ԑ, by the concentration, c, and path length, l.  

𝐴 =  𝜀𝑐𝑙 

The molar extinction coefficients of the unmodified oligonucleotides were determined from Integrated 

DNA Technologies’ online web tool, OligoAnalyzer.109 The 1,8-naphthalimide tag molar extinction 

coefficients were determined by recording the absorbance of the 1,8-naphthalimide diol monomer 

units (3, 7, 13, 18) at 260 nm at various known concentrations in 85:15 water/acetonitrile. This 

information can be found in the Appendix 8.1.3. 

Following synthesis and characterisation, the use of the naphthalimide modified probes were explored 

for sensing applications, as detailed in the following chapters.  
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4. Exploring the Photophysical Properties of 1,8-

Naphthalimide Reporter Groups and Their Ability as 

Base Discrimination Probes 
 

This chapter describes the investigation of the photophysical properties of the naphthalimide reporter 

group monomers synthesised in the previous chapter. In particular, the solvatochromic properties 

were studied; for a detailed explanation of solvatochromism, see Chapter 1. The photophysical 

properties of the naphthalimide probes were also studied prior to sensing. 

The second part of this chapter focuses on the sensing ability of the naphthalimide probes to detect 

single point variations within short complementary targets. The sensing systems explored are those 

synthesised in Chapter 3 and include the sensing of all four canonical nucleobases, 5-methylcytosine 

and the BRAF V600E mutation.  

4.1. Photophysical Properties of the 1,8-Naphthalimide Tags as Monomers and 
When Incorporated Into DNA Probes 

 

4.1.1. UV-Vis Absorption Studies 

 

4.1.1.1. UV-Vis Absorption Studies of the 1,8-Naphthalimide Tag Monomers 

 

The absorption profiles of the 1,8-naphthalimide tag monomers in 85:15 water/acetonitrile exhibited 

broad peaks in the region of 450 nm (see Figure 4.1 for the absorption spectrum of D NaphA
Short 

monomer and Appendix 8.2.1 for others). The broad peak can be attributed to the π-π* transition 

(S0→S1).123, 132 
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Figure 4.1: Absorption spectrum of D NaphA
Short tag monomer (44 µM) in 85:15 water/acetonitrile. 

 
The position of the peak at ~450 nm is sensitive to the polarity of the surrounding environment. Figure 

4.2 and Table 4.1 demonstrate the bathochromic shifts observed in the absorption spectrum of the D 

NaphA
Short tag monomer in a range of solvents. This is caused by a change in solvent polarity from 

toluene to water (see Appendix 8.2.2 for other tags). These bathochromic shifts are typical for a 

charge-transfer (CT) transition and arise due to changes in the dipole moment of the naphthalimide 

molecules upon excitation.  
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Figure 4.2: Absorption of D NaphA
Short tag monomer in solvents of varying polarity. 

 

Table 4.1: Maximum absorption wavelength of D NaphA
Short tag monomer in solvents of varying polarity. ET(30) is the Dimroth-

Reichardt solvent polarity parameter. 

Solvent λmax / nm ET(30) / kcal mol-1 

Water 443 63.1 

Methanol 433 55.4 

Ethanol 432 51.9 

Acetonitrile 425 45.6 

Acetone 425 42.2 

DCM 424 40.7 

Ethyl acetate 421 38.1 

THF 422 37.4 

Toluene 417 33.9 

 

Upon excitation, the dipole moment of the molecule increases and a more polar solvent (indicated by 

increasing ET(30) value, a solvent polarity parameter described in further detail in Section 4.1.2.1.1) 

stabilises the excited state more than the ground state. This results in emission profiles shifting to 

longer wavelengths, in what is described as positive solvatochromism.63 All four of the naphthalimide 

tag monomers (NaphA
Short, NaphA

Long, NaphI
Dimethyl, NaphI

Amine) demonstrate this solvatochromic effect, 

albeit to differing extents, owing to their different structures and the extent of ICT within each 
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molecule. The NaphA
Long tags showed the largest range in spectral shifts of the absorption spectra when 

present in the various solvent environments. On the other hand, the NaphI
Amine tags demonstrated the 

smallest range. This may be attributed to the interactions of the NH2 group with the various solvents, 

an effect which is described further below when considering the fluorescence emission. The proposed 

ICT within the naphthalimide molecules is from the donor amine group to the acceptor imide group, 

as illustrated in Figure 4.3. 

 

Figure 4.3: Proposed intramolecular charge transfer within 1,8-naphthalimide tag monomers. 

 

The solvatochromic nature of naphthalimide molecules is also evident in their fluorescence emission 

profiles, which is more marked than the changes in absorption profiles. This is described in more detail 

in the following sections.  

As well as the solvent, the electron-donating power of the substituent at the 4-position on the aromatic 

ring can affect the absorption profiles of the naphthalimide tag monomers. Work by Brittain et al. 

provided an extensive library of 1-8-naphthalimides and an examination of how varying the substituent 

at the 4-position affected their absorption spectra (in ethanol).123 The results reported show similar 

trends to the naphthalimide tag monomer variants discussed here. The absorption maxima of the 

different naphthalimide tag monomers (in ethanol for comparison with literature examples) are 

presented in Table 4.2.  
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Table 4.2: Maximum absorption wavelengths of the different naphthalimide tag monomer variants in ethanol. L and D isomers 
of the reporter groups gave the same λmax,abs so only one value is shown. 

  λmax, abs / nm 

NaphA
Short 

 

432 

NaphA
Long 

 

442 

NaphI
Dimethyl 

 

421 

NaphI
Amine 

 

436 

 

In the case of the NaphI
Dimethyl, tag monomers, a slightly lower absorption maximum (λmax, abs) could be 

attributed to steric interactions between methyl groups of the 4-dimethylamino substituent group and 

the hydrogen at the 5-position; a so-called peri effect. These steric interactions with the peri hydrogen 

cause a reduction in the planarity of the 4-amino substituent with the aromatic ring system. This in 

turn inhibits the intramolecular charge transfer, destabilising the excited state, and resulting in a 

shorter maximum absorption wavelength. This effect was also observed by Brittain et al.123 The peri 
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effect is lessened in the other tag compounds which substitute a methyl group on the 4-amino group 

for a hydrogen. This allows the alkyl group to align away from the peri hydrogen, as demonstrated in 

Figure 4.4. In particular, the nitrogen substituents of the NaphA
Long compounds are less bulky around 

the amine nitrogen compared to the NaphA
Short counterparts, allowing for less of a steric interaction 

with the peri hydrogen and a longer maximum absorption wavelength.  

 

Figure 4.4: Steric hinderance between the 4-amino groups and hydrogen at the 5-position (the peri effect). There is increased 
steric hindrance for the NaphI

Dimethyl tags. 

 
Based on sterics alone, the predicted order of naphthalimide molecules with increasing maximum 

absorption wavelength is demonstrated in Figure 4.5. NaphI
Dimethyl is expected to experience the 

greatest steric interactions and thus have the shortest maximum absorption wavelength out of all the 

naphthalimide tag variants. In comparison, NaphI
Amine is expected to experience the least steric 

interactions and have the longest maximum absorption wavelength. However, this is not what is 

observed, and the highest maximum absorption wavelength is NaphA
Long, Table 4.2.  
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Figure 4.5: Naphthalimide reporter groups in order of predicted increasing maximum absorption wavelength based on steric 
interactions alone.  

 
As mentioned earlier, the electron donating power of the substituent also contributes to the 

absorption properties.133, 134 Based only on the inductive effect of the substituents, a different order of 

naphthalimide molecules with increasing maximum absorption wavelength can be predicted, Figure 

4.6. The presence of methyl substituents (as in NaphI
Dimethyl reporter groups) or an R group 

(hydrocarbon chain) creates a positive inductive effect to the nitrogen atom at the 4- position. This 

positive inductive effect increases the electron donating power of the substituent, resulting in higher 

wavelength absorption profiles. This inductive effect is reduced for the NaphI
Amine reporter group. The 

balance of steric interactions and the electron donating power of the substituents at the 4-position 

explains the differing absorption profiles for the various reporter groups. 

  

Figure 4.6: Naphthalimide reporter groups in order of predicted increasing maximum absorption wavelength based on 
substituent inductive effect alone. 
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4.1.1.2. Changes in the 1,8-Naphthalimide Absorption Profile Upon DNA Incorporation and 
Duplex Formation 

 

 

Figure 4.7: Absorption spectra of D NaphA
Short diol monomer and D NaphA

Short probe strand (P1AD). Showing the bathochromic 
shift in the absorption maximum upon DNA incorporation. 

 
A significant bathochromic shift in the naphthalimide absorption band was observed upon 

incorporation of all the naphthalimide tag monomers into the DNA probe strands. While all the data 

can be found in the Appendix 8.2.3, a representative example is presented in Figure 4.7, showing the 

effect for the D NaphA
Short system. Similar trends were observed in previous work by the Tucker group 

involving the incorporation of anthracene into DNA.131 Other groups have also reported similar 

bathochromic shifts upon the incorporation of various aromatic molecules into DNA. For example, 

Sarkar et al. have attributed the bathochromic shift to the change in the local polarity around the 

fluorophore,135 with DNA incorporation resulting in a decrease in the local polarity of the fluorophore 

compared to the ‘free’ fluorophore in solution. This reduces the energy gap between the HOMO and 

LUMO of the fluorophore, hence giving rise to the bathochromic shift, Figure 4.8. As naphthalimide 

molecules have been shown to be very sensitive to their microenvironment,123, 136, 137 this is a 

reasonable explanation. In contrast, Asanuma has ascribed the bathochromic shift observed upon 

fluorophore incorporation into DNA to exciton coupling of the intercalated molecule with the 
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surrounding natural nucleobases.138 Although this explanation can be applied to the previously studied 

anthracene system,131 owing to the well-known intercalation of anthracene derivatives into DNA, this 

reasoning might not apply as readily to the naphthalimides as their DNA intercalating ability is not as 

well studied.  

 

Figure 4.8: Energy level diagram explaining the observed shift of the naphthalimide absorption maximum to a longer 
wavelength upon DNA incorporation. D NaphA

Short probe (P1AD) used. Where E is energy, h is Plank’s constant and ν is 
frequency. 

 
Interestingly, the NaphA

Short probes display differences in the naphthalimide maximum absorption 

wavelengths between the L and D stereochemistry. The D NaphA
Short probe exhibits a larger 

bathochromic shift (+8 nm to 450 nm) in comparison to the L NaphA
Short probe (+ 5 nm to 447 nm), 

which implies different environments for each fluorophore. It would be expected that this effect would 

be more apparent for tags with shorter and more inflexible linkers to the chiral threoninol units.  

Indeed, a change in threoninol stereochemistry for the longer linker probe systems (L NaphA
Long and D 

NaphA
Long probes) does not affect the maximum absorption wavelength, as the more flexible tether 

allows each tag to move into a similar position within the DNA stack. Similar trends are also observed 

in the fluorescence sensing and duplex melting studies, which are discussed further in later sections. 

 

 

HOMO 

LUMO 

ΔE = hν 

1,8-naphthalimide 

tag monomer 

1,8-naphthalimide 

probe 



104 
 

4.1.2. Fluorescence Studies 

 

4.1.2.1. Fluorescence Profiles of the 1,8-Naphthalimide Monomers  

 
Fluorescence emission is the most commonly studied method for the detection of single point 

variations using fluorescently-modified DNA probes. It is therefore of great importance to investigate 

the fluorescence properties of the naphthalimide reporter groups to demonstrate their suitability for 

sensing applications. 

The naphthalimide emission profiles are shifted towards higher wavelengths compared to many other 

fluorescent DNA probes in the literature.125 This is advantageous for sensing applications as it 

minimalises the background emission from biological environments. The fluorescence spectra of the 

naphthalimide tag monomers exhibit broad bands at around 540 nm (upon excitation at 450 nm); an 

example of D NaphA
Short tag monomer in Milli-Q water is given in Figure 4.9 (see Appendix 8.2.4 for the 

emission profiles of the other tag monomers). These broad and intense bands are typical of ICT within 

the fluorophore. The ICT within naphthalimides has been ascribed as a π-π* transition occurring from 

the nitrogen to the carbonyl group.123, 136, 139  

 

Figure 4.9: Fluorescence emission spectrum of D NaphA
Short tag monomer in Milli-Q water. λex = 450 nm, 298 K.  
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As mentioned earlier, the solvatochromic effect is relevant to both the naphthalimide absorption and 

emission spectra.  The solvatochromic effect on the absorption spectra was shown above and now the 

effect on the emission spectra is explored. The naphthalimide tag monomers exhibit positive 

solvatochromism as demonstrated by the bathochromic shift in naphthalimide emission when placed 

in more polar solvents. Figure 4.10 shows the fluorescence emission profiles of the D NaphA
Short tag 

monomer in solvents of varying polarity (data shown in Table 4.3). See the Appendix 8.2.5 for the other 

naphthalimide tag monomers. 

 

Figure 4.10: Fluorescence emission profiles of D NaphA
Short tag monomer in solvents of varying polarity. The naphthalimide 

emission is shifted to longer wavelengths in more polar solvents. 

 
Table 4.3: Fluorescence emission data for the D NaphA

Short tag monomer in a variety of solvents with varying polarity. Solvent 
polarity indicated using the ET(30) solvent polarity parameter. 
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Water 534 63.1 

Methanol 522 55.4 

Ethanol 517 51.9 

Acetonitrile 512 45.6 

Acetone 507 42.2 

DCM 501 40.7 

Ethyl acetate 498 38.1 

THF 496 37.4 

Toluene 478 33.9 
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As described in detail in Chapter 1, this positive solvatochromic effect is due to the stabilisation of the 

excited state in more polar solvents and solvent relaxation effects. During excitation, there is a change 

in the dipole moment throughout the naphthalimide molecule. In its excited state, charge separation 

between the nitrogen at the 4-position and the carbonyl groups is more prominent in comparison to 

the ground state, as shown Figure 4.3. Therefore, naphthalimides experience a larger dipole moment 

in their excited state compared to their ground state. Surrounding solvent molecules are able to 

reorient to stabilise this excited state dipole moment, with more polar solvents causing stronger 

solvent-solute interactions and increased solvent relaxation effects. An increase in solvent relaxation 

results in a longer wavelength emission profile. Solvent relaxation effects are the reason more 

prominent solvatochromic effects are observed in the naphthalimide emission profiles compared to 

their absorption profiles. 

4.1.2.1.1. Using the Dimroth-Reichardt Parameter to Assess the Extent of Solvatochromism 

of the 1,8-Naphthalimide Tag Monomers 

 
 
The inadequacy of defining solvent polarity has led to the development of various models and 

empirical solvent polarity scales. In 1963, Dimroth, Reichardt and co-workers proposed the use of 

pyridinium N-phenoxide betaine indicator dyes as UV-Vis probes for solvent polarity.140, 141 This betaine 

dye (4-(2,4,6-triphenylpyridinium)-2,6-diphenylphenoxide, ET-30) was used to develop the ET(30) scale 

of solvent polarity. This solvent polarity scale gives an indication of dipolarity and hydrogen bond 

donating acidity of the solvent.140 The normalised values, ET
N, provide a polarity scale of 0 – 1, where a 

value of zero defines the shift of ET-30 in tetramethylsilane and a value to one in water. The ET
N values 

employed in this section are defined as ‘a measure of the ionising power of a solvent based on the 

maximum wavenumber of the longest-wavelength electronic absorption band of a zwitterion in the 

given solvent’.142 
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To demonstrate and assess the solvatochromic nature of the naphthalimide tag monomers, the 

normalised Dimroth-Reichardt parameter (ET
N) for a variety of solvents, depicted in Table 4.4, was 

plotted against the maximum emission wavelength of the naphthalimide tag monomers in the given 

solvent. Figure 4.11 and Figure 4.12 demonstrate the relationship between the two parameters for the 

different naphthalimide tag monomers. The NaphA
Long molecules correlate well between the two 

parameters, with a linear relationship observed. The NaphA
Short and NaphI

Dimethyl compounds show a 

weaker correlation, and this is weaker still for the NaphI
Amine tag monomers. Considering the NaphI

Amine 

tag, the extent of hydrogen bonding in this system may change more as the solvent changes because 

the NH2 group is both a hydrogen bond donor and acceptor. This may be causing the reduction in the 

correlation between the two parameters as the NH2 group interacts differently with each solvent. This 

reduction in the solvatochromic nature is also evident in DNA sensing observations, as discussed later 

in the chapter.  

Table 4.4: Normalised Dimroth-Reichardt values (ET
N) of given solvents. 

Solvent Normalised Dimroth-

Reichardt Solvent 

Polarity Parameter (ET
N) 

Acetonitrile 0.460 

Acetone 0.355 

DCM 0.309 

Ethyl acetate 0.228 

THF 0.207 

Toluene 0.099 
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Figure 4.11: Relationship between the maximum fluorescence emission wavelength of NaphA
Short and NaphA

Long monomer tags 
in different solvents of varying polarity. 

 

Figure 4.12: Relationship between the maximum fluorescence emission wavelength of NaphI
Dimethyl and NaphI

Amine monomer 
tags in different solvents of varying polarity. 
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4.1.2.2. Changes to the Naphthalimide Fluorescence Profiles Upon Incorporation into DNA 
Probe Strands and Duplex DNA 

 

The high sensitivity of the naphthalimide molecules to their microenvironment enables the detection 

of various interactions that take place once incorporated into a DNA probe and upon duplex formation. 

As a free monomer, the naphthalimide is fully exposed to the external environment (solvent). 

However, upon incorporation into the DNA probe strands, it experiences a more hydrophobic 

environment, shielded from the polar external aqueous environment by neighbouring nucleobases. 

This produces a shift in the naphthalimide fluorescence emission profile to a lower wavelength, as 

shown in Figure 4.13. This effect is seen to a larger extent upon duplex formation where the 

naphthalimide experiences an even more hydrophobic environment, owing to the formation of a 

hydrophobic core through stacking base pairs. Furthermore, in this helical duplex structure, the 

naphthalimide reporter groups have the potential to intercalate or position themselves within the 

major or minor grooves of the DNA helix. Figure 4.13 demonstrates this effect for the D NaphA
Short 

reporter group, which is also observed for all NaphA
Short and NaphA

Long reporter groups. However, the 

NaphI
Dimethyl and NaphI

Amine reporter groups do not reliably follow this trend in that shifts to lower 

emission wavelengths are not always observed with duplex formation, as demonstrated later in this 

chapter. This may be a result of the different orientations of these tags within the probe structures 

and the extent to which they can intercalate within the duplex.  
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Figure 4.13 Fluorescence emission profiles of the D NaphA
Short reporter group as a monomer (bold line), single probe strand 

(P1AD) (dashed line), and upon duplex formation (P1AD:T1G) (dotted line); showing shifts in the maximum emission 
wavelengths between the different forms. The duplex example given is with the base opposite T target (T1T). Samples 
prepared in aqueous solution of 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0. 

 

4.1.3. Fluorescence Quantum Yields 

 

4.1.3.1. Fluorescence Quantum Yield of Naphthalimide Diol Monomers  

 

The fluorescence quantum yields (Φ) of the naphthalimide tag monomers in various solvents are 

shown in Table 4.5 and were measured using the relative method, with Coumarin 153 as a reference 

standard. The quantum yields are comparable to similar naphthalimide derivatives reported in the 

literature.123, 136, 143 The naphthalimide tag monomers, with the exception of NaphI
Dimethyl, have a higher 

quantum yield value compared to the anthracene diol monomer previously studied in the Tucker 

group, which has a quantum yield of 0.08 in 90:10 water/methanol.9, 131 This  demonstrates the 

improved fluorescence efficiency of the naphthalimide derivatives as reporter groups for sensing 

applications. 
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The very low quantum yield of the NaphI
Dimethyl diol monomers is presumably caused by the steric 

interactions between the methyl groups of the 4-dimethylamino substituent and the peri hydrogen at 

the 5-position, as discussed in Section 4.1.1.1. 

Table 4.5 also reveals the effect of solvent on the quantum yield. The highest values are seen in the 

aprotic solvent acetonitrile, with lower values in ethanol and then water.  

Table 4.5: Fluorescence quantum yields of naphthalimide monomer tags (±10%). 

Sample Fluorescence Quantum Yield (Φ)  

Water Ethanol Acetonitrile 

L NaphA
Short 0.29 0.53 0.63 

D NaphA
Short 0.30 0.53 0.64 

D NaphA
Long 0.16 0.46 0.55 

L NaphA
Long 0.17 0.44 0.56 

D NaphI
Dimethyl 0.00065 0.0057 0.015 

L NaphI
Dimethyl 0.00078 0.0077 0.012 

D NaphI
Amine 0.11 0.33 0.52 

L NaphI
Amine 0.10 0.35 0.48 

 

The lower quantum yield values in polar and/or protic solvents are due to increased efficiencies of 

non-radiative pathways, although there are different explanations in the literature as to why this is the 

case for naphthalimides.137, 144, 145 Internal motion effects, such as nitrogen inversion, has been 

proposed as one explanation.145 On the other hand, this effect has been ascribed to strong interactions 

with solvent molecules.144 To explore this effect further, glycerol was titrated into an ethanol solution 

of the NaphI
Dimethyl monomer sample, the monomer variant with the lowest quantum yield. Glycerol is 

a viscous liquid and should hinder any internal motion effects. However, the data displayed in Table 

4.6 shows that the addition of glycerol has no significant effect, which suggests against internal motion 

effects. Therefore, the increase in solvent interactions (e.g. through H-bonding) is a more plausible 

explanation and correlates well with the red shifts in emission profiles of the naphthalimide tag 

monomers in more polar solvents (as previously discussed). 
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Table 4.6: Exploring the effects of non-radiative emission processes on the fluorescence quantum yield. Titration of glycerol 
into NaphI

Dimethyl tag monomer sample to explore the effects of internal motion. 

 Solvent 

100% 

Ethanol 

90% Ethanol : 

10% Glycerol 

70% Ethanol : 

30% Glycerol 

50% Ethanol : 

50% Glycerol 

L NaphI
Dimethyl 0.008 0.007 0.007 0.01 

 

4.1.3.2. Fluorescence Quantum Yield of the Naphthalimide Probes 

 
The fluorescence quantum yields of the naphthalimide probes in aqueous solution (Milli-Q water, 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0) are shown in Table 4.7 and obtained using the 

relative method, with Coumarin 153 as a reference standard. The quantum yields go down upon DNA 

incorporation due to quenching effects from proximal bases. However, the quantum yields of the 

probes are still an improvement on the previously studied anthracene system,9 once again illustrating 

the advantages of employing naphthalimides as reporter groups for sensing applications.  

Table 4.7: Fluorescence quantum yield of naphthalimide probes (±10%). 

Sample Fluorescence Quantum Yield (Φ) 

Aqueous solution 

(Milli-Q water, 100 mM NaCl, 10 mM sodium phosphate buffer, pH 7.0) 

P1AL (L NaphA
Short) 0.035 

P1AD (D NaphA
Short) 0.032 

P1BL (L NaphA
Long) 0.032 

P1BD (D NaphA
Long) 0.033 

P1CL (L NaphI
Dimethyl) 0.0017 

P1CD (D NaphI
Dimethyl) 0.0017 

P1DL (L NaphI
Amine) 0.013 

P1DD (D NaphI
Amine) 0.020 

 

 

4.2. Duplex Formation and Stability 
 

Successful duplex formation and stability is a key factor in ensuring that the read-out detection signals 

are reliable, reproduceable, and that the maximum signal output is achieved. Internal DNA 

modifications, such as the insertion of naphthalimide reporter groups as described here, reduce duplex 
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stability by removing base pairing interactions and associated stacking interactions. Any disruption to 

duplex stability must be minimised to ensure the effectiveness of the modified DNA as a probe system. 

The naphthalimide modifications were designed to minimise disruptions to duplex stability, through 

the use of a threoninol linker that has the same phosphate spacing in the backbone as a sugar unit.  

Furthermore, the naphthalimide core unit itself is of a comparable size to a nucleobase and has the 

ability to π-stack within the duplex. 

4.2.1. Duplex Melting Temperatures 

 

Melting temperature (Tm) studies were performed on the naphthalimide-modified probe: target 

duplexes, with the melting temperatures of the unmodified duplexes also recorded for comparison (10 

μM probe, 10 μM target; aqueous solution, 100 mM NaCl, 10 mM sodium phosphate buffer, pH 7.0; 

see Experimental 7.6.3 for detailed method). The duplex melting temperatures were recorded using 

the DNA intercalating dye, SYBR Green. As mentioned in Chapter 2, SYBR Green is known to affect the 

Tm values by raising the melting temperatures by roughly 10 °C.107 This must be considered when 

comparing the melting temperatures reported here to other literature values which may have been 

determined using different methods. The melting temperature data is shown in Table 4.8. 

All duplexes have Tm values well above room temperature (25 °C) meaning that all probe DNA strands 

should hybridise with their targets efficiently at room temperature. This room temperature sensing is 

highly beneficial for sensing applications as it removes the need for a heating step that slows down the 

testing procedure. The relatively high melting temperatures of all the modified duplexes should, in 

theory, allow optimal binding to occur with equal equivalents of probe and target DNA.  

The naphthalimide modification replaces the site of a base pairing nucleotide, which causes a 

reduction in Tm values for all modified duplexes in comparison to the unmodified duplexes.  This was 

also observed for the anthracene duplexes, despite its ability to provide stability via intercalation into 

the duplex and π-stack with adjacent bases.131  
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Table 4.8: Duplex melting temperatures (Tm) for all unmodified and naphthalimide-modified duplexes. 10 μM probe: 10 μM 
target, 100 mM NaCl, 10 mM sodium phosphate, pH 7.0, Milli-Q water, 1X SYBR Green. The values reported are the average 
Tm value from triplicate repeats, with the errors shown in brackets (). Values reported to the nearest 0.5 °C. 

 
Tm 

/°C 

Unmodified Duplex 67.5 (± 1.0) 

  NaphA
Short NaphA

Long 

L Probe : GGG Target (T1G) 57.5 (± 0.0) 56.5 (± 0.5) 

L Probe : GAG Target (T1A) 57.0 (± 0.5) 56.5 (± 0.5) 

L Probe : GCG Target (T1C) 59.0 (± 1.0) 56.5 (± 0.5) 

L Probe : GTG Target (T1T) 57.5 (± 0.5) 56.0 (± 1.0) 

L Probe : GAA Target (T1MM) 45.0 (± 1.0) 45.0 (± 0.5) 

L Probe : GmCG Target (T1mC) 57.5 (± 0.5) 56.0 (± 0.0) 

 

D Probe : GGG Target (T1G) 55.0 (± 1.5) 57.5 (± 0.5) 

D Probe : GAG Target (T1A) 56.0 (± 1.0) 57.0 (± 0.0) 

D Probe : GCG Target (T1C) 58.5 (± 0.5) 57.0 (± 1.0) 

D Probe : GTG Target (T1T) 56.0 (± 1.0) 56.5 (± 0.0) 

D Probe : GAA Target (T1MM) 44.0 (± 1.0) 47.0 (± 0.5) 

D Probe : GmCG Target (T1mC) 53.5 (± 0.5) 56.5 (± 1.0) 

  NaphI
Dimethyl NaphI

Amine 

L Probe : GGG Target (T1G) 62.5 (± 0.0) 62.5 (± 0.0) 

L Probe : GAG Target (T1A) 60.5 (± 1.0) 61.5 (± 0.5) 

L Probe : GCG Target (T1C) 57.0 (± 0.5) 60.5 (± 1.5) 

L Probe : GTG Target (T1T) 60.0 (± 1.0) 60.5 (± 1.5) 

L Probe : GAA Target (T1MM) 46.0 (± 0.5) 48.0 (± 0.5) 

L Probe : GmCG Target (T1mC) 56.0 (± 0.5) 62.0 (± 0.5) 

 

D Probe : GGG Target (T1G) 62.5 (± 0.5) 64.0 (± 1.0) 

D Probe : GAG Target (T1A) 60.0 (± 0.5) 63.0 (± 0.5) 

D Probe : GCG Target (T1C) 61.0 (± 0.5) 63.0 (± 0.5) 

D Probe : GTG Target (T1T) 61.0 (± 0.5) 62.5 (± 0.5) 

D Probe : GAA Target (T1MM) 48.0 (± 0.5) 48.5 (± 1.0) 

D Probe : GmCG Target (T1mC) 59.0 (± 3.5) 62.0 (± 1.0) 
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4.2.2. Explaining the Differences in Duplex Melting Temperatures Between the Various 
Naphthalimide Reporter Groups  

 

The different naphthalimide reporter groups have varying effects on the duplex stability due to their 

different orientations and interactions within the duplex. These effects are discussed below. 

4.2.2.1. Comparing Melting Temperatures Between NaphA
Short and NaphA

Long Duplexes 

 

The differences in the duplex melting temperatures are dependent on both the linker length between 

the naphthalimide unit and the threoninol sugar analogue and the stereochemistry of the threoninol. 

In the case of the NaphA
Short duplexes, the L duplexes having higher melting temperatures overall in 

comparison to the D duplexes, which can be explained by the positioning of the reporter group 

imposed by the threoninol stereochemistry. Due to the short linker length between the threoninol and 

the naphthalimide, the system is quite rigid and therefore the threoninol stereochemistry may have a 

greater impact on where the reporter group resides within the duplex.  

Interestingly, a similar trend was observed with the anthracene with a n=1 linker length system (a 

comparable linker length to NaphA
Short) shown in Figure 4.14, with the L threoninol systems having 

higher melting temperatures than the D.6 This effect was explained through the use of molecular 

dynamics simulations of the L and D anthracene n=1 modified duplexes. Figure 4.15 highlights the 

structural effects that the threoninol stereochemistry has on the positioning of the anthracene moiety 

within the duplex, and the effect that this poses to the stability of the duplex. The model on the left, 

Figure 4.15, shows the L threoninol isomer, where the anthracene is directed towards the major groove 

of DNA. In this position the anthracene is able to intercalate effectively into the duplex with minimal 

disruption, which is consistent with the higher Tm values observed. In comparison, the model on the 

right, Figure 4.15, shows the D threoninol isomer, where the anthracene is now directed towards the 

minor groove of DNA. This more external anthracene positioning appears to disrupt the DNA helical 

structure by kinking the DNA, which would explain the lower Tm values. Owing to the similarity in size 
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and linker length of the anthracene and naphthalimide systems, it is reasonable to infer that the 

naphthalimide tags in the NaphA
Short duplexes experience a similar positioning to those in the 

anthracene systems, given the similarity in trends of the Tm values for these systems. 

 

Figure 4.14: Anthracene reporter group with short linker length, comparable to NaphA
Short, where n = 1. 

 

Figure 4.15: AMBER computational models of anthracene n=1 (circled in red) duplexes with L threoninol stereochemistry (left) 
and D stereochemistry (right). Figure taken from J. -L. H. A. Duprey Thesis, 2010.6 

 
The NaphA

Long duplexes have Tm values that are fairly similar between the two threoninol isomers, see 

Table 4.8. This can be explained by the longer linker creating space between the threoninol unit and 

naphthalimide reporter group, giving more flexibility in the movement of the naphthalimide within the 
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duplex. This would result in the threoninol stereochemistry no longer dictating the positioning of the 

naphthalimide unit.  

4.2.2.2. Comparing Melting Temperatures Between the NaphA
 and NaphI

 Duplexes 

 
The NaphI

 duplexes have slightly higher melting temperatures than the NaphA duplexes, as shown in 

Table 4.8. This is most probably due to the differences in the orientation of the naphthalimide reporter 

group within the DNA probe strand. The NaphA probes have an alkyl chain at the imide position, which 

may protrude into the duplex and cause a slight disruption to duplex stability. In addition, when 

considering the NaphI duplexes, the naphthalene unit is in a better orientation to maximise any π-

stacking interactions with neighbouring bases. This minimal disruption to duplex stability for the NaphI 

duplexes accounts for the slightly higher Tm values. The linker also creates space and flexibility between 

the naphthalimide reporter group and the backbone which allows for a more favourable positioning 

of the tag within the duplex.  

Furthermore, duplexes formed with mC targets show lower Tm values when compared to duplexes 

formed with C targets (in the majority of cases), Table 4.8. This implies that the addition of the methyl 

group in mC targets destabilises the duplex and may have an effect on reporter group positioning. A 

similar observation was also reported with the anthracene system.11 

4.2.3. Duplex Melting Temperatures for the BRAF V600E Duplexes 

 

The BRAF duplexes have slightly lower melting temperatures compared to the duplexes above; a result 

of differences in the DNA sequence, see Table 4.9. Although all duplexes are identical in length, the 

BRAF sequence contains fewer CG base pairs in comparison to the other duplexes, which leads to a 

reduction in hydrogen bonding interactions between the probe and target strands. However, as the 

BRAF duplex Tm values are all well above room temperature, this slight reduction in Tm value is not 

significant enough to affect the sensing results. Interestingly, similar trends are observed here as with 
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the duplexes above, in that the D probe/target duplexes have lower Tm values than the L probe/target 

duplexes, again demonstrating the influence of the threoninol stereochemistry on the overall 

positioning of the naphthalimide tag within the duplex. 

Table 4.9: Duplex melting temperatures (Tm) for the BRAF NaphA
Short duplexes. 10 μM probe: 10 μM target, 100 mM NaCl, 10 

mM sodium phosphate, pH 7.0, Milli-Q water, 1X SYBR Green. Values reported to the nearest 0.5 °C. Repeats could not be 
performed due to limited sample.  

 Tm 

/°C 

Unmodified Duplex 63.0 

BRAF NaphA
Short  

L Probe : A Target 54.5 

L Probe : T Target 56.5 

D Probe : A Target 51.5 

D Probe : T Target 53 

 

4.3. Fluorescence Sensing of 1,8-Naphthalimide Modified Duplexes and Their 
Ability to Base Discriminate 

 

Previous work in the Tucker group has involved the sensing of anthracene probes upon hybridisation 

with complementary DNA targets via monitoring changes in fluorescence emission intensities.6, 11, 17 

The work described in this section demonstrates the additional benefits that solvatochromic 

fluorophores, such as naphthalimides, provide to the sensing read-out signals by not only displaying 

changes in the emission intensity but also shifts in their emission profiles upon duplex formation with 

a target strand. The aim of this work has been to discriminate between different base variants in the 

target strand via monitoring changes in the fluorescence emission of the naphthalimide reporter group 

in the probe strand.  

The following sections describe the sensing results obtained from the various duplex systems 

introduced in Chapter 3; base-opposite sensing, base-adjacent sensing, epigenetic sensing and sensing 

of the BRAF V600E mutation. For each system, the resulting sensing read-outs (both intensity changes 

and spectral shifts) will be discussed. Drawing on some similarities in the molecular structure of the 
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naphthalimide tags, the NaphA
Short and NaphA

Long probes have been discussed and compared separately 

to the NaphI
Dimethyl and NaphI

Amine probes.  

4.3.1. Sensing Conditions 

 
Throughout the sensing experiments, the excitation wavelength remained constant at 450 nm so that 

comparisons could be made between the different naphthalimide systems.   

For the DNA hybridisation studies, at first equal equivalents of probe and target DNA were used at 

micromolar concentrations as it was anticipated that these conditions should result in all probe strands 

binding sufficiently to their targets, owing to their relatively high duplex melting temperatures (see 

Section 4.2.1 for a detailed discussion of duplex melting temperature experiments). However, as seen 

with previous work,6 in reality higher equivalents of target were required to reach the optimal 

fluorescence signal upon duplex formation. For this reason, a 1:3 probe: target ratio was used for 

sensing experiments to ensure that all the probe strands were bound in solution to achieve an optimal 

read-out. These results are accordingly shown in the following sections (for the 1:1 sensing results, see 

Appendix 8.2.6).  

All sensing experiments were carried out using 0.5 μM probe DNA and 1.5 μM target DNA in an 

aqueous solution of 100 mM NaCl and 10 mM sodium phosphate buffer, pH 7.0 at 298 K. 

4.3.2. Fluorescence Sensing of Probes in the Base-Opposite Sensing System 

 
Base-opposite sensing describes the sensing of base variants in a target strand at a site directly 

opposite the naphthalimide modification site in the probe strand. In this system, the base opposite the 

modification site cannot base pair with the naphthalimide reporter group but may interact with it.  

4.3.2.1. Fluorescence Sensing Using NaphA
Short and NaphA

Long Probes 

 
Figure 4.16 to Figure 4.19 show the emission profiles of the NaphA

Short and NaphA
Long reporter groups 

upon duplex formation with complementary targets. The figures demonstrate the intensity changes 
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and Table 4.10 summarises the shifts in maximum emission wavelength upon duplex formation. Due 

to the solvatochromic nature of the naphthalimide reporter groups and their sensitivity to their local 

environment, significant shifts in the maximum emission wavelength between the different base 

variants are observed. These shifts in emission provide a new dimension to sensing read-outs that was 

not previously seen with the anthracene sensing systems, whereby only intensity changes were 

observed.  

Shifts in the fluorescence emission maximum between the various target strands allow a detection 

wavelength to be selected where the most significant changes in fluorescence intensities are observed. 

Taking the D NaphA
Short system as an example, Figure 4.17, by changing the detection wavelength from 

the maximum emission of the probe (527 nm) to 509 nm we can detect a A > C point variation via a 

signal enhancement of 37% upon binding of the C target variant. This compares to a smaller signal 

enhancement of 21 % at the maximum emission of the probe (527 nm). This allows for effective base 

discrimination owing to the differences in the emission profiles upon binding each target variant, and 

the selection of the detection wavelength that provides the largest change in fluorescence intensity. 

 

Figure 4.16: Sensing results of L NaphA
Short (P1AL) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.17: Sensing results of D NaphA
Short (P1AD) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 

Figure 4.18: Sensing results of L NaphA
Long (P1BL) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.19: Sensing results of D NaphA
Long (P1BD) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
As expected from previous work involving anthracenes, the linker length, short vs long, has a 

pronounced effect on the sensing results. The NaphA
Short probes, Figure 4.16 and Figure 4.17, are overall 

more sensitive to base discrimination than the NaphA
Long probes, Figure 4.18 and Figure 4.19. In 

addition to linker length, stereochemistry may also contribute to differences in sensing read-outs. For 

the NaphA
Long probes, the threoninol stereochemistry does not seem to affect the sensing results, 

whereas it plays a more important role with the NaphA
Short probes, with differences observed in the 

sensing read-outs between the L and D probes. Differences in sensing read-outs for the different tag 

types can be explained by the positioning of the naphthalimide fluorophore within the duplex. The 

NaphA
Short probes hold the naphthalimide fluorophore in close proximity to the sugar-phosphate 

backbone as it is attached directly to the threoninol sugar analogue, producing a rigid sensing system. 

In such a system, the fluorophore is held close to the base opposite in the target strand, resulting in 

stronger interactions between the two, and more sensitive base discrimination. On the other hand, 

the NaphA
Long probes introduce a flexible tether between the naphthalimide fluorophore and the 

threoninol sugar mimic, and produces a flexible sensing system. This system allows the free movement 

of the naphthalimide reporter group in and out of the duplex structure. Consequently, there are fewer 
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and/or weaker interactions between the reporter group and the base opposite in the target strand, 

and thus there are less definitive intensity and shift changes between the base variants using these 

systems. These observations correlate well with duplex melting temperature results discussed above. 

Table 4.10 summarises the effect of the linker length on the shifts between the base variants. The data 

demonstrates the increased sensitivity in base discrimination of the NaphA
Short probes by displaying 

greater shifts in λmax between the different base variants compared to the various NaphA
Long duplexes. 

This observation supports the explanation that the NaphA
Long system is more flexible and therefore the 

naphthalimide is free to move in and out of the duplex and experience more varied changes in its local 

environment; this is turn produces more averaged shifts in the λmax of the fluorescence emission 

between the various duplex variants.  

Table 4.10: Shifts in maximum emission wavelength of NaphA
Short (P1AL/D) and NaphA

Long (P1BL/D) probes between the target 
variants. 0.5 μM probe: 1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q, 298 K, λex = 450 nm. 

  NaphA
Short NaphA

Long 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

λmax  

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

L Probe  527 - 534 - 

L Probe : GGG Target (T1G) 521 -6 529 -5 

L Probe : GAG Target (T1A) 519 -8 530 -4 

L Probe : GCG Target (T1C) 517 -10 527 -7 

L Probe : GTG Target (T1T) 516 -11 527 -7 

D Probe  527 - 534 - 

D Probe : GGG Target (T1G) 523 -4 532 -2 

D Probe : GAG Target (T1A) 516 -11 533 -1 

D Probe : GCG Target (T1C) 519 -8 529 -5 

D Probe : GTG Target (T1T) 516 -11 529 -5 
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The size of the base opposite in the target strand also seems to influence the signal read-outs obtained 

with the NaphA
Long system. The larger bicyclic purine bases, adenine and guanine, provide similar 

intensity read-outs to the probe alone, whereas the smaller monocyclic pyrimidines, cytosine and 

thymine, show an increase in fluorescence intensity. The increase in fluorescence intensity upon 

binding the C and T targets, in addition to the larger shifts in λmax to lower wavelengths, implies that 

the naphthalimide reporter groups in these duplexes experience a more hydrophobic environment, 

shielded from any quenching effects from the external aqueous environment. This increased 

hydrophobic environment could be a result of the additional space created in the base-opposite 

system when the smaller pyrimidine bases are present, creating a ‘pocket’ in which the naphthalimide 

reporter group can reside. The flexibility of the NaphA
Long system allows the naphthalimide to fill the 

additional space created by the pyrimidine bases and the ability of the naphthalimide to π-stack with 

the surrounding bases makes the positioning favourable. In contrast, the NaphA
Short probes have a much 

more fixed positioning of the reporter groups and the additional space provided by the smaller 

pyrimidine bases has little effect as the reporter group may not be free to adopt this space. The ability 

of the NaphA
Long probes to distinguish between purine and pyrimidine bases via the enhancement of 

the fluorescent signal, makes them promising probe systems for the detection of point variations 

involving the change from purines to pyrimidines by providing ‘on/off’ sensing read-outs.  

4.3.2.2. Fluorescence Sensing Using NaphI
Dimethyl and NaphI

Amine Probes 

 
Changing the orientation at which the naphthalimide reporter group is incorporated into DNA has a 

consequent effect on the sensing read-outs. The NaphI
Dimethyl and NaphI

Amine probes hold the 

naphthalimide in the opposite orientation compared to the NaphA
Short and NaphA

Long probes, with the 

naphthalene aromatic core in a position furthest away from the sugar-phosphate backbone. This 

enables different interactions to occur between the reporter group and the base opposite in the target 

strand. The different sensing read-outs produced as a result of this will now be discussed.  
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Figure 4.20 to Figure 4.23 shows the fluorescence emission read-outs obtained from the NaphI
Dimethyl 

and NaphI
Amine probes upon duplex formation with the complementary targets. Once again, 

fluorescence emission intensity changes are observed upon duplex formation with the various target 

variants, in addition to shifts in the λmax of fluorescence emission. This again proves that the 

solvatochromic nature of the naphthalimide reporter groups are providing an additional dimension to 

the sensing read-outs that were not observed with the anthracene sensing systems.  

Interestingly, significantly large increases in fluorescence emission intensity were observed upon 

target binding with the NaphI
Dimethyl probes (in the majority of cases), despite the naphthalimide probes 

being weakly fluorescent in their single-stranded forms. This significant increase in fluorescence 

intensity could be attributed to an increase in planarity of the NaphI
Dimethyl tag upon duplex formation. 

As monomer units, the interaction of the methyl group in the 4-dimethylamino substituent with the 

hydrogen at the 5-position causes a reduction in molecular planarity and leads to a diminution of the 

fluorescence intensity, as discussed in Section 4.1.3. However, once duplexed and interacting with the 

base stack, the NaphI
Dimethyl may experience a more restricted position within the duplex, which would 

restrict rotation of the 4-dimethylamino group. This in turn would cause an increase in planarity 

throughout the molecule as the nitrogenous lone pairs are optimally aligned for the intramolecular 

charge transfer that occurs throughout the molecule. This ‘switch on’ or ‘light up’ sensing of a DNA 

binding event is particularly useful for DNA PAINT applications and is explored further in Chapter 6.  

The signal enhancement effect upon DNA binding is seen to a greater extent for the L NaphI
Dimethyl 

probe, indicating that threoninol stereochemistry plays a role in the positioning of the naphthalimide 

reporter group within the duplex and the environment the reporter group experiences. The results 

suggest that the L NaphI
Dimethyl tag intercalates quite well upon duplex formation with all target variants, 

as demonstrated by the fluorescence intensity increases for all duplex variants.  
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With the D NaphI
Dimethyl probes, varying the base opposite the tag has a greater effect on the tag 

positioning, with large increases in fluorescence only observed with the pyrimidine (cytosine and 

thymine) target variants. A possible explanation for this may be that the larger purine bases, adenine 

and guanine, ‘push’ the naphthalimide reporter group further out of the duplex, and into the more 

polar external environment. This external, more polar environment is reflected by the reduced 

fluorescence emission intensity in duplexes formed with A and G targets and the shift in the λmax 

fluorescence emission to a higher wavelength for these duplexes. These results indicate that the D 

NaphI
Dimethyl probes may also be particularly effective at sensing point variations involving a change 

from a purine to pyrimidine, resulting in an ‘on/off’ sensing system.  

 

Figure 4.20: Sensing results of L NaphI
Dimethyl (P1CL) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.21: Sensing results of D NaphI
Dimethyl (P1CD) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 

Figure 4.22: Sensing results of L NaphI
Amine (P1DL) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.23: Sensing results of D NaphI
Amine (P1DD) probes with base-opposite system; T1C, T1G, T1T, T1A targets. 0.5 μM 

[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
In contrast, the NaphI

Amine probes exhibit a significant reduction in the fluorescence emission intensity 

upon DNA binding, Figure 4.22 and Figure 4.23. The nature of the 4-amino group and its ability to form 

hydrogen bonds with the aqueous external environment, may provide a more favourable interaction 

over the intercalation of the naphthalimide reporter group within the duplex. This may result in the 

naphthalimide reporter group residing in a position outside of the duplex, with H-bonding between 

the NH2 group and the surrounding water molecules causing a quenching in the fluorescence signal. 

Such interactions may also stabilise the excited state, which subsequently causes a shift in the λmax of 

the fluorescence emission towards higher wavelengths, as shown in Table 4.11. As the reporter group 

is further removed from the base opposite in the target strand, it does not interact effectively, hence 

base discrimination is difficult. The effect of threoninol stereochemistry is also minimal, with both 

isomers of the probe giving similar results.  
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Table 4.11: Shifts in the maximum emission wavelength of NaphI
Dimethyl (P1CL/D) and NaphI

Amine (P1DL/D) probes between the 
target variants. 0.5 μM probe: 1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q, 298 K, λex = 450 
nm. 

   NaphI
Dimethyl NaphI

Amine 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

L Probe  536 - 533 - 

L Probe : GGG Target (T1G) 530 -6 533 0 

L Probe : GAG Target (T1A) 529 -7 534 1 

L Probe : GCG Target (T1C) 531 -5 533 0 

L Probe : GTG Target (T1T) 531 -5 534 1 

D Probe  536 - 531 - 

D Probe : GGG Target (T1G) 541 5 534 3 

D Probe : GAG Target (T1A) 537 1 532 1 

D Probe : GCG Target (T1C) 536 0 534 3 

D Probe : GTG Target (T1T) 536 0 533 2 

 

4.3.3. Fluorescence Sensing of Probes in the Base-Adjacent Sensing System 

 
The base-adjacent sensing system involves the detection of a base variation in the target strand at the 

site adjacent (3’ end) to the modification site in the probe strand and creates ‘match’ and ‘mismatch’ 

duplexes, see Chapter 3 for a detailed explanation. Based on previous work,6 the G > A point variation 

at the site adjacent to the modification site, towards the 3’ end of the target strand was sensed and 

the results are shown below.  
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4.3.3.1. Fluorescence Sensing Using NaphA
Short and NaphA

Long Probes 

 

Figure 4.24 to Figure 4.27 demonstrate the sensing results obtained from the ‘match’ vs ‘mismatch’ 

sensing using the NaphA
Short and NaphA

Long probes. Fluorescence intensity changes and shifts in the λmax 

emission, Table 4.12, are observed upon binding target strands, once again proving the sensitivity of 

the naphthalimide reporter groups to their local environment.  

The ‘match’ duplexes produce a weaker fluorescent signal in comparison to the ‘mismatch’ duplexes, 

Figure 4.24 to Figure 4.27. In the ‘mismatch’ duplex, the base pair adjacent to the naphthalimide 

reporter group does not form a hydrogen bonding base pair. This creates some space within the duplex 

as the strands are not held tightly together at this position. This may allow the naphthalimide reporter 

group to insert into the duplex to a greater extent (more hydrophobic) and could explain why a slight 

increase in fluorescence emission is observed for the ‘mismatch’ target in comparison to the ‘match’ 

target. This would also explain why a smaller hypsochromic shift in λmax emission is observed for some 

of the ‘mismatch’ duplexes. 

The NaphA
Long probes have a more flexible linker which allows the naphthalimide reporter group to 

move more freely. The additional space created by the ‘mismatch’ target within the duplex, combined 

with the more flexible movement of the reporter group, may result in the positioning of the 

naphthalimide within this free space. Thus, the reporter group experiences a more shielded 

environment in this inserted position, away from quenching effects experienced in the surrounding 

aqueous environment and may be a plausible explanation for the observed increase in fluorescence 

intensity of the NaphA
Long probes upon binding the ‘mismatch’ target. 

In particular, the D NaphA
Long probe is effective for sensing the ‘mismatch’ target from the ‘matched’ 

target via an increase in fluorescence emission of 31% when monitored at 534 nm, Figure 4.27. Thus, 

providing a ‘switch on’ sensing read-out.  
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Figure 4.24: Sensing results of L NaphA
Short probes (P1AL) with base-adjacent system; T1A, T1MM targets. 0.5 μM [Probe], 1.5 

μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 

Figure 4.25: Sensing results of D NaphA
Short (P1AD) probes with base-adjacent system; T1A, T1MM targets. 0.5 μM [Probe], 1.5 

μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.26: Sensing results of L NaphA

Long (P1BL) probes with base-adjacent system; T1A, T1MM target. 0.5 μM [Probe], 1.5 
μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm.  

 
Figure 4.27: Sensing results of D NaphA

Long (P1BD) probes with base-adjacent system; T1A, T1MM target. 0.5 μM [Probe], 1.5 
μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Table 4.12: Shifts in the maximum emission wavelength of NaphA
Short (P1AL/D) and NaphA

Long (P1BL/D) probes between 
‘match’ (P1A) and ‘mismatch’ (P1MM) targets. 0.5 μM probe: 1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate 
buffer pH 7.0, Milli-Q, 298 K, λex = 450 nm. 

 NaphA
Short NaphA

Long 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison to 

probe alone) 

/nm 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison to 

probe alone) 

/nm 

L Probe 527 - 534 - 

L Probe : GAG Target (T1A) 519 -8 530 -4 

L Probe : GAA Target (T1MM) 519 -8 532 -2 

D Probe 527 - 534 - 

D Probe : GAG Target (T1A) 516 -11 533 -1 

D Probe : GAA Target (T1MM) 524 -3 533 -1 

 

 

4.3.3.2. Fluorescence Sensing Using NaphI
Dimethyl and NaphI

Amine Probes 

 

Figure 4.28 to Figure 4.31 show the sensing results of the NaphI
Dimethyl and NaphI

Amine probes to 

distinguish between a ‘match’ and ‘mismatch’ target.  

As previously mentioned during the base-opposite sensing section, the L NaphI
Dimethyl probes observe 

vast increases (up to 10-fold) in fluorescence emission intensity upon binding a target. However, the 

increase in fluorescence emission intensity upon binding the ‘mismatch’ target is less significant than 

for any of the ‘matching’ targets, Figure 4.28. As mentioned above, the removal of the hydrogen 

bonding base pair adjacent to the modification site in the ‘mismatched’ duplex creates space within 

the duplex. This additional space may lessen the restricted rotation of the methyl groups in the 4-

dimethylamino substituent when compared to the fully ‘matched’ duplex. The increased 

movement/rotation of the methyl groups disrupts the planarity throughout the naphthalimide 
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molecule and could lead to the observed reduction in fluorescence emission intensity for the 

‘mismatched’ duplex.  

In comparison, the NaphI
Amine probes produce a higher fluorescence emission signal for the ‘mismatch’ 

target in comparison to the ‘matched’ target, Figure 4.30 and Figure 4.31. However, with these probes, 

no distinctive increase in fluorescence signal is observed for ‘match’ or ‘mismatch’ sensing.  

Ideally, for an effective sensing system, a ‘switch on’ or enhancement in fluorescence signal is 

preferred for the detection of a single point variation, owing to the ease of detection and reduction of 

false-positive results. The NaphI
Dimethyl and NaphI

Amine probes do not exhibit a signal enhancement when 

binding the ‘mismatched’ target in comparison to the ‘matched’ target or probe alone, making these 

probe systems less effective for sensing these single point variations.  

 

Figure 4.28: Sensing results of L NaphI
Dimethyl (P1CL) probes with base-adjacent system; T1A, T1MM targets. 0.5 μM [Probe], 

1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.29: Sensing results of D NaphI

Dimethyl (P1CD) probes with base-adjacent system; T1A, T1MM targets. 0.5 μM [Probe], 
1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
Figure 4.30: Sensing results of L NaphI

Amine (P1DL) probes with base-adjacent system; T1A, T1MM targets. 0.5 μM [Probe], 1.5 
μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.31: Sensing results of D NaphI

Amine (P1DD) probes with base-adjacent system; T1A, T1MM targets. 0.5 μM [Probe], 
1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 

Table 4.13: Shifts in the maximum emission wavelength of NaphI
Dimethyl (P1CL/D) and NaphI

Amine (P1DL/D) probes between 
‘match’ (T1A) and ‘mismatch’ (T1MM) targets. 0.5 μM probe: 1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate buffer 
pH 7.0, Milli-Q, 298 K, λex = 450 nm. 

 

 NaphI
Dimethyl NaphI

Amine 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison to 

probe alone) 

/nm 

L Probe 536 - 533 - 

L Probe : GAG Target (T1A) 529 -7 534 1 

L Probe : GAA Target (T1MM) 531 -5 531 -2 

D Probe 536 - 531 - 

D Probe : GAG Target (T1A) 537 1 532 1 

D Probe : GAA Target (T1MM) 542 6 530 -1 
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4.3.4. Fluorescence Sensing of Probes in the Epigenetic Sensing System 

 
The epigenetic biomarker, 5-methylcytosine (mC), consists of only a small structural change from the 

natural cytosine nucleobase and involves the methylation at position 5 on cytosine. This small 

structural change can alter the interactions with surrounding nucleobases. Given previous encouraging 

results with anthracene systems,11 and owing to the high sensitivity of the naphthalimide reporter 

groups to their local environment, it was decided to check whether these naphthalimide-modified 

probes could detect such a small change in the target. The sensing results are discussed in the following 

sections.  

4.3.4.1. Fluorescence Sensing Using NaphA
Short and NaphA

Long Probes 

 

Figure 4.32 to Figure 4.35 show the fluorescence emission read-outs upon hybridisation of the 

NaphA
Short and NaphA

Long probes with C and mC targets.  

The NaphA
Short probes can effectively detect the small structural change in the point variation C > mC 

through changes in fluorescence emission intensity, Figure 4.32 and Figure 4.33, as well as shifts in the 

maximum emission wavelength as shown in Table 4.14. As discussed in the base-opposite sensing 

results section, the stereochemistry of the threoninol in the shorter linker probe systems has an effect 

on the positioning of the naphthalimide reporter group within the duplex, and ultimately affects the 

sensing read-outs. A similar trend is observed here; the L NaphA
Short probe shows a reduction in the 

fluorescence emission signal upon binding both C and mC targets, Figure 4.32, whereas the D NaphA
Short 

probe shows fluorescence enhancements in both cases, Figure 4.33. The L NaphA
Short probe is less 

effective at discriminating between these targets, as only small changes in fluorescence intensity are 

observed, with no changes in the maximum emission wavelength, Table 4.14. However, the D 

NaphA
Short probe shows more promise in demonstrating larger changes between the two targets.  

The NaphA
Long probes are less effective at detecting this small epigenetic change, Figure 4.34 and Figure 

4.35. As discussed earlier, the NaphA
Long reporter groups have a longer flexible linker, which allows freer 
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movement in and out of the duplex, which makes the tag less sensitive to slight modifications between 

closely related variants.  

 
Figure 4.32: Sensing results of L NaphA

Short (P1AL) probes with epigenetic sensing system; T1C, T1mC targets. 0.5 μM [Probe], 
1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
Figure 4.33: Sensing results of D NaphA

Short (P1AD) probes with epigenetic sensing system; T1C, T1mC targets. 0.5 μM [Probe], 
1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.34: Sensing results of L NaphA

Long (P1BL) probes with epigenetic sensing system; T1C, T1mC targets. 0.5 μM [Probe], 
1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
Figure 4.35: Sensing results of D NaphA

Long (P1BD) probes with epigenetic sensing system; T1C, T1mC targets. 0.5 μM [Probe], 
1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Table 4.14: Shifts in the maximum emission wavelength of NaphA
Short (P1AL/D) and NaphA

Long (P1BL/D) probes for epigenetic 
sensing. 0.5 μM probe: 1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q, 298 K, λex = 450 nm. 

 NaphA
Short NaphA

Long 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison to 

probe alone) 

/nm 

L Probe 527 - 534 - 

L Probe : GCG Target (T1C) 517 -10 527 -7 

L Probe : GmCG Target (T1mC) 517 -10 526 -8 

D Probe 527 - 534 - 

D Probe : GCG Target (T1C) 519 -8 529 -5 

D Probe : GmCG Target (T1mC) 512 -15 529 -5 

 

4.3.4.2. Fluorescence Sensing Using NaphI
Dimethyl and NaphI

Amine Probes 

 

Figure 4.36 to Figure 4.39 show the fluorescence emission read-outs of the NaphI
Dimethyl and NaphI

Amine 

probes for epigenetic C > mC sensing, with Table 4.15 listing the shifts in the maximum fluorescence 

emission wavelengths. As discussed earlier, the NaphI
Dimethyl probes show a vast enhancement in their 

fluorescent emission signal upon DNA binding. Once again, similar increases in fluorescence emission 

are observed here, Figure 4.36 and Figure 4.37. The results for the D NaphI
Dimethyl probe are better in 

that larger differences are observed between the two targets.  
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Figure 4.36: Sensing results of L NaphI

Dimethyl (P1CL) probes with the epigenetic sensing system; T1C, T1mC targets. 0.5 μM 
[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
Figure 4.37: Sensing results of D NaphI

Dimethyl (P1CD) probes with the epigenetic sensing system; T1C, T1mC targets. 0.5 μM 
[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.38: Sensing results of L NaphI

Amine (P1DL) probes with the epigenetic sensing system; T1C, T1mC targets. 0.5 μM 
[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
Figure 4.39: Sensing results of D NaphI

Amine (P1DD) probes with the epigenetic sensing system; T1C, T1mC targets. 0.5 μM 
[Probe], 1.5 μM [Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 

On the other hand, the NaphI
Amine probes are relatively poor sensing systems for the C > mC epigenetic 

marker, with similar changes for each target, making discrimination impossible, Figure 4.38 - Figure 

4.39. Similar observations were demonstrated earlier with the base discrimination results, showing 

minimal signal changes between the target variants and the reduction fluorescence intensity upon 

duplex formation with all targets. 
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Table 4.15: Shifts in the maximum emission wavelength of NaphI
Dimethyl (P1CL/D) and NaphI

Amine (P1DL/D) probes for epigenetic 
sensing. 0.5 μM probe: 1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q, 298 K, λex = 450 nm. 

  NaphI
Dimethyl NaphI

Amine 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison 

to probe alone) 

/nm 

L Probe  536 - 533 - 

L Probe : GCG Target (T1C) 531 -5 533 0 

L Probe : GmCG Target (T1mC) 530 -6 532 -1 

D Probe  536 - 531 - 

D Probe : GCG Target (T1C) 536 0 534 3 

D Probe : GmCG Target (T1mC) 534 -2 534 3 

 

4.3.5. Fluorescence Sensing of Probes in the BRAF V600E System 

 

The BRAF V600E biomarker involves a single T > A mutation, with the mutant A variant linked to the 

development of many types of cancer (see Chapter 1 for more information on the BRAF V600E 

mutation).21 The core DNA detection sequence in the BRAF V600E gene, 5’- GA/TG -3’, is similar to the 

core sequence in the base-opposite target strands, 5’- GA/T/G/CG -3’. Consequently, the most 

effective reporter group from the base-opposite sensing results (NaphA
Short) was chosen for 

incorporation into the BRAF V600E probe. As before, an excess of target was used for these sensing 

experiments (1 equivalent of probe and 3 equivalents of target). The sensing results are detailed in the 

following section.  

4.3.5.1. Fluorescence Sensing Using NaphA
Short Probes 

 

Figure 4.40 and Figure 4.41 show the sensing results obtained from the L and D NaphA
Short probes for 

the detection of the BRAF V600E sing point variant and Table 4.16 displays the shifts in λmax emission 

for the different duplex variants. The L and D NaphA
Short probes both exhibit a decrease in fluorescence 
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emission upon binding the A and T targets, Figure 4.40 and Figure 4.41, an observation that correlates 

with the results observed for the base-opposite sensing system, Figure 4.16 and Figure 4.17. This 

demonstrates the reproducibility of the sensing results for various target sequences if the core 

sequence remains the same, implying that only the bases in immediate proximity to the modification 

site would have an effect on the signal produced by the reporter groups. The shifts in the maximum 

emission wavelength for the different target variants also correlates with the previous results, see 

Table 4.16.  

As both probes show a decrease in their fluorescence emission intensity signal upon binding both of 

the target variants, the base discrimination of these probes is not very effective. However, the L 

NaphA
Short probe provides detectable shifts between the maximum emission wavelength between 

different targets, Table 4.16, which could provide a way to detect the mutant target variant. The 

previously studied anthracene sensing system was particularly effective at sensing the BRAF V600E 

mutation, showing much greater fluorescence intensity changes between the Mut and WT target 

variants and this system is explored further in Chapter 5.  

 
Figure 4.40: Sensing results of L NaphA

Short probes (P2AL) with the BRAF V600E sensing system. 0.5 μM [Probe], 1.5 μM [Target], 
100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 
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Figure 4.41: Sensing results of D NaphA
Short probes (P2AD) with the BRAF V600E sensing system. 0.5 μM [Probe], 1.5 μM 

[Target], 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water, 298 K, λex = 450 nm. 

 
Table 4.16: Shifts in the maximum emission wavelength of NaphA

Short probes (P2AL/D) for BRAF V600E sensing. 0.5 μM probe: 
1.5 μM target. 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q, 298 K, λex = 450 nm. 

 NaphA
Short 

λmax 

/nm 

λmax wavelength 

shift 

(in comparison to 

probe alone) 

/nm 

L Probe 526 - 

L Probe : A Target 520 -6 

L Probe : T Target 516 -10 

D Probe 526 - 

D Probe : A Target 517 -9 

D Probe : T Target 517 -9 
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4.4. Conclusions 
 

The fluorescent and solvatochromic nature of the naphthalimide monomers synthesised in Chapter 3 

have been investigated. The naphthalimide reporter groups are sensitive to their local environment, 

as demonstrated by the shifts in their emission spectra being dependent upon the polarity of their 

microenvironment. This is also evident upon incorporation into DNA probe strands and upon duplex 

formation. The spectral shifts in emission spectra, in addition to any fluorescence intensity changes, 

provide a new dimension to DNA sensing which was not observed with the previously studied 

anthracene systems. The advantages of naphthalimide reporter groups over the previously studied 

anthracene systems include longer wavelength absorption and emission profiles and higher quantum 

yields, making them more suitable for imaging experiments (including cellular imaging) which are 

explored in later chapters.  

It has been shown that base discrimination is possible via monitoring changes in fluorescence intensity 

and/or shifts in emission profiles of the naphthalimide-modified probes upon duplex formation with 

their corresponding targets. As expected, the different naphthalimide tag variants and their 

stereochemistry provide different sensing read-outs. For base discrimination using the base-opposite 

sensing system, the NaphA
Short probe variant proves more effective at base discrimination and produces 

promising sensing read-outs, with larger intensity changes and spectral shifts observed upon duplex 

formation with varying target variants. In addition, the NaphA
Short probes are also more effective at 

epigenetic sensing. Interesting comparisons can be made between the NaphA
Short and NaphA

Long probes, 

in terms of the effect of linker length on the positioning of the reporter groups within the duplexes 

and how this affects the subsequent fluorescence read-outs observed.  

 The L NaphI
Dimethyl probes display interesting fluorescence properties, with vast increases in 

fluorescence emission observed upon duplex formation. This discovery of this phenomenon may prove 

useful in DNA PAINT techniques as discussed in Chapter 6.  
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In contrast, the NaphI
Amine probes were shown to be the least effective for DNA sensing purposes, 

displaying limited fluorescence intensity changes and spectral shifts between the target variants. This 

was indicated during initial experiments performed on the reporter group monomers which 

demonstrated that the NaphI
Amine tags possessed limited solvatochromic properties compared to the 

other reporter groups.  

The most promising probes, NaphA
Short, were also tested for the detection of the BRAF V600E mutation. 

Although no distinctive fluorescence intensity changes were observed between the mutant and wild 

type variants, the significant spectral shifts between the variants may provide a way of sensing this 

mutation.  

4.5. Future Work 
 
Future work would include the investigation of the positioning of the fluorescent tags upon duplex 

formation with different targets via computational analysis or X-ray crystallography. This would allow 

more definitive reasoning for the sensing read-outs that are observed. Although current reasoning for 

the varied sensing read-outs are drawn from various sets of data (for example, thermal melting studies, 

fluorescence studies on monomer units, and fluorescence duplex sensing), more structural analysis 

would help to confirm these current explanations. 
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5. The Development of a Fluorescent Nucleic Acid Sensing 

Assay to Detect and Quantify the BRAF V600E Mutation 
 

5.1. Overview 
 
Previous chapters have showcased the ability of fluorescently modified nucleic acid probes to 

discriminate between the canonical DNA bases and demonstrated their potential in the detection of 

single point variations. This chapter details the use of an anthracene-modified nucleic acid probe for 

the detection of the BRAF V600E single point mutation and explores the development of this probe 

technology into a more ‘real-life’ detection assay.  

As mentioned in the introduction to this thesis (Chapter 1), single point variations within the genome 

can be viewed as molecular markers for certain genetic diseases, and the BRAF V600E mutation is 

classed as such. The BRAF V600E mutation occurs in the BRAF gene at codon 600, exon 15 and the 

c.T1799A substitution accounts for 80-100% of all BRAF mutations.1-4 This mutation is a T > A 

transversion and results in an amino acid change from valine (V) to glutamic acid (E), which results in 

the mutation of Raf enzymes (called BRAF) and ultimately causes uncontrolled cell growth.5 The BRAF 

V600E mutation is associated with many types of cancer including malignant melanoma and colorectal 

cancer.6  

The BRAF V600E mutation is a somatic mutation. Somatic mutations occur over the lifetime of an 

individual and differ from germ line mutations, which are inherited genetic alterations that occur in 

the germ cells. The BRAF V600E mutation is homozygous for the wild-type (WT), i.e. displaying T-A, T-

A in both types of allele, and heterozygous for the mutant (Mut), i.e. displaying T-A, A-T in each allele. 

However, cancerous DNA extracted from patient tumour samples may not be a simple 50% T:50% A 

mixture. As the tumour develops, WT DNA is converted to Mut DNA, thus having effect on the overall 

local tumour cell population; which may be different to another local tumour cell population at a 

different site.7 It is therefore of growing interest in clinical diagnostics and medicine to not only detect 
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these single point variations within the genome, but in addition, be able to quantify the amount of 

Mut DNA present within a patient tumour sample.  

The heterogeneity of tumour tissue can be an important indication for prescribing the most effective 

treatment and for the close monitoring of tumour suppression during a course of treatment. Until 

recently, the main focus of mutation detection assays is to simply detect if a mutation is present (i.e. 

qualitative testing). However, knowing how much of a mutated allele is present within a heterogenous 

tumour sample could help guide the course of the patient treatment. Most recent developments in 

the field have started to address this need, such as the emergence of digital polymerase chain reaction 

(dPCR). 

The recent development of dPCR in 2006 has greatly increased the sensitivity of single point variation 

detection assays and has improved experimental reproducibility by allowing direct quantification of 

somatic mutations without the need of external calibrators.8 Droplet digital PCR (ddPCR) is the most 

sensitive and innovative branch of dPCR.8 ddPCR splits DNA molecules into approximately 20,000 

droplets, with each droplet containing roughly 1 copy of DNA. Each droplet is analysed individually 

using PCR and base discriminating probes. Commonly, the mutant specific probe is labelled with a FAM 

fluorophore and the WT specific probe with a HEX fluorophore. Quantification is achieved by counting 

each droplet individually using a droplet reader.9 Both WT and mutant DNA-containing droplets are 

distributed randomly and are counted to provide absolute quantification of somatic mutations within 

the initial sample.10 Due to the nature of dPCR, it is possible to detect the presence of rare mutations. 

The DNA molecules are split into 20,000 droplets and each droplet is amplified and counted 

individually, thus reducing the chances of missing the rare mutation sequence which will be present at 

very low concentrations. This method has great potential for detecting somatic mutations within  

circulating tumour DNA (ctDNA), where very low concentrations of DNA are present.8 



152 
 

Despite these most recent advances, dPCR methods require specialist equipment, thus increasing the 

cost of diagnostic testing. More rapid, inexpensive and versatile methods for quantifying the amount 

of Mut DNA in heterozygous cancer samples, otherwise known as the allelic ratio, are becoming 

increasingly important as scientists begin to understand more about how molecular markers are 

implementing cancer growth and how precision medicine may be used to treat cancer patients more 

effectively and specifically.  

5.2. Previous Work: Anthracene-Modified Nucleic Acid Probes  
 

 

Figure 5.1: Anthracene probe design for detecting the BRAF V600E (T > A) mutation with the anthracene reporter group 
(yellow) at the centre of the strand which interacts with the base opposite in the target strand upon hybridisation. When the 
wild type (WT) target is present, the anthracene signal remains at a similar intensity to that of the probe alone. However, 
when the mutant (Mut) target strand is present, a significant increase in anthracene signal is observed as demonstrated by 
the emission spectra on the right. 

 
The Tucker group previously reported the use of anthracene-modified nucleic acid probes that detect 

single point variations associated with prostate cancer, including a T > A mutation similar to the BRAF 

V600E mutation.11 More recent unpublished work has focussed on developing these anthracene 
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probes to detect the BRAF V600E mutation. The probe design is shown in Figure 5.1 and the anthracene 

tag nucleotide substitution shown in Figure 5.2. The probe strand comprised a 15-mer oligonucleotide 

with the anthracene tag incorporated as a nucleotide substitution at the centre of the strand. Figure 

5.1 demonstrates the method in which a Mut target is detected from the WT. Upon duplex formation 

of the probe with a WT target, there is no significant change in the fluorescence intensity of the 

anthracene reporter group. In comparison, upon duplex formation with the Mut target, a ‘switch on’ 

signal is observed, with the fluorescence intensity of the anthracene reporter group increasing 

significantly when compared to the fluorescence signal of the probe alone. 

 

 

Figure 5.2: Structure of anthracene nucleotide mimic. Showing the anthracene unit (blue), the L threoninol sugar mimic (red) 
and hydrocarbon linker with five carbon units separating the anthracene unit and the amide bond (green). 

 
The sequence of the probe strand is complementary to the genome region of interest where the BRAF 

V600E mutation occurs, with the anthracene tag positioned directly opposite the mutation site. In 

previous work, initial studies have mainly focussed on mutation sensing using short synthetic 

oligonucleotide target strands rather than extracted DNA from patient samples, providing proof-of-

concept studies. The sequences of these target strands are 15 bases long (15-mer) and are identical to 

that found in the genome region of interest. The sequences of the probe and target strands used in 

these initial studies are shown below, Table 5.1.  
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Table 5.1: Probe and 15-mer target oligonucleotide sequences. 

 Sequence 

Anthracene BRAF V600E Probe 5’ - AGATTTCXCTGTAGC – 3’ 

(where X = anthracene tag) 

Wild type (WT) Target (15-mer) 5’ – GCTACAGTGAAATCT – 3’ 

Mutant (Mut) Target (15-mer) 5’ – GCTACAGAGAAATCT – 3’ 

 

The initial results from this sensing system were very promising, with vast enhancement of the 

anthracene fluorescence signal upon duplex formation of the probe and Mut target, compared to very 

small fluorescence intensity changes upon duplex formation with the WT target. Even more exciting 

was the discovery of linear correlation behaviour between the anthracene fluorescence signal and 

percentage of Mut target within a sample of varying ratios of WT and Mut target, as shown in Figure 

5.3.12 This linear correlation effect has the potential to allow for the determination of allelic ratios in 

heterozygous samples. Quantification of Mut DNA can be achieved via generation of a calibration plot 

using samples of known percentages of Mut DNA. Subsequently, by recording the fluorescence 

intensity of a sample of unknown percentage of Mut DNA, the linear calibration plot can be used to 

determine the expected percentage of Mut DNA.  

 
Figure 5.3: Previous work involving initial studies using the anthracene BRAF probe to detect varying percentages of the 
mutant target in a sample (using short synthetic oligonucleotide targets (15-mer) as proof-of-concept). 1 μM probe: 1 μM X% 
A target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution). λex = 350 nm, 298 K.12 
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Unlike many other commercially available mutation detection assays,13 this simplified approach utilises 

only one probe to detect both the Mut and WT targets. This is achieved due to the probe binding with 

equal affinity for both the WT and Mut target, owing to the ‘probe: WT target’ and ‘probe: Mut target’ 

duplexes having similar melting temperatures (Tm), as shown below in Table 5.2. Therefore, unlike 

assays that utilise two probes to sense either the WT or Mut target, such as the TaqMan™ assay 

mentioned in the Chapter 1, this approach does not rely on a difference in binding strength between 

the two probes and their complementary targets, thus eliminating the need for a sensing temperature 

window.14 This  allows for sensing at room temperature to occur, which in turn could reduce the testing 

time of the assay. Once bound to either the WT or Mut target, the anthracene probe provides an 

emission intensity that is indicative of the target variant present within the sample, removing the need 

for the use of different fluorophores/probes to detect each variant. 

Table 5.2: Thermal melting temperatures (Tm) of the BRAF probes hybridised with the 15-mer targets. [DNA] = 5 µM, aqueous 
solution, 100 mM NaCl, 10 mM sodium phosphate buffer, pH 7.0. Data from previous work.12 

 Duplex Melting Temperature (Tm) 

/ °C 

Probe: WT target (15-mer) 45.5 

Probe: Mut target (15-mer) 46.0 

 

This is a very simple method for allelic quantification and does not require any specialist equipment, 

unlike other commercial methods for allelic quantification such as digital PCR.15, 16 Owing to its 

simplicity and functionality, the technology giving rise to this linear correlation effect is the subject of 

a University of Birmingham patent (GB201714068D0) and has been trademarked as BaseSenseTM.  

5.3. Project Aims 
 

Although promising, the initial studies detailed above used only short synthetic oligonucleotide target 

strands (15-mers) as a proof-of-concept, rather than target strands more representative of a patient 

sample. The work described in this chapter builds on these results by testing the sensing ability of the 
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anthracene probe system with longer DNA target sequences, including PCR amplicons derived from 

genomic DNA, which more closely replicate mutation detection assays used in a clinical environment. 

Some initial studies using PCR-amplified DNA targets from genomic DNA of BRAF V600E WT and Mut 

samples were carried out by Dr A. Ali,12 but time constraints forced the preliminary work to conclude 

with inconclusive results. The data obtained from experiments sensing the PCR-amplified target DNA 

did not correlate with what was observed in initial studies using the 15-mer targets, with increases in 

anthracene signal observed for both the WT and Mut samples upon duplex formation (see Appendix 

8.3.1 for data). Consequently, further research was required to investigate these results when sensing 

longer oligonucleotide target sequences, including those generated through PCR amplification.   

Fluorescence sensing using the anthracene BRAF probe was to be tested using long synthetic oligos 

target strands that replicate the targets produced from PCR amplification. Using these longer targets 

would also enable the limits of detection of the anthracene probe to be explored. Moving on, the 

anthracene probe system would then be tested on genomic DNA by developing a protocol for PCR DNA 

amplification followed by probe hybridisation and fluorescence sensing.  

5.4. Synthesis of Anthracene Probe and Target Oligonucleotides 
 

The anthracene tag, as shown above in Figure 5.2, was synthesised using known methods established 

by Dr J. Duprey and as demonstrated in other published work.11, 12, 17, 18 The anthracene tag was 

incorporated into the centre of a 15-mer nucleic acid probe as a nucleotide substitution using solid-

phase DNA synthesis. It was then purified by HPLC and characterised by mass spectrometry using 

methods similar to those described in Chapter 3 and detailed in the Experimental 7.4 and 7.5. Short 

oligonucleotide target strands (15-mers) with sequences identical to that found in the BRAF V600E 

genome region of interest and containing the T (WT) and A (Mut) mutation site at the position opposite 

the anthracene tag were also synthesised. The sequences of these probe and target strands are the 

same as those mentioned in previous studies (see Table 5.1) and their characterisation data can be 
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found in the Appendix 8.3.2. The long synthetic target oligos (173-mers) were purchased from Sigma-

Aldrich (desalted, dried, with no further purification) and their sequences are shown in Table 5.3. 

Table 5.3: Sequences of 173-mer target strands. 

 Sequence 

Wild Type (WT) 
Target (173-mer) 

5’ - 
GCTTGCTCTGATAGGAAAATGAGATCTACTGTTTTCCTTTACTTACTACACTC

AGATATATTTCTTCATGAAGACCTCACAGTAAAAATAGGTGATTTTGGTCTAG

CTACAGTGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTGGA

TCCATTTTGTGG – 3’ 

Mutant (Mut) 
Target (173-mer) 

5’ – 
GCTTGCTCTGATAGGAAAATGAGATCTACTGTTTTCCTTTACTTACTACACTC

AGATATATTTCTTCATGAAGACCTCACAGTAAAAATAGGTGATTTTGGTCTAG

CTACAGAGAAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTGGA

TCCATTTTGTGG – 3’ 

 

 

5.5. BRAF V600E Sensing Studies Using Short (15-mer) Oligonucleotide Targets  
 

With previous work establishing the sensing ability of the probe with synthetic 15-mer oligo targets, 

the work presented herein aims to explore the limits of detection at which the probe will display linear 

correlation behaviour and secondly, to increase the accuracy of the linear correlation plot by 

expanding the number of recorded samples at various percentages of Mut target (i.e. recording the 

fluorescence of samples at 10% increments of Mut Target, rather than every 20% as previously 

recorded in Figure 5.3).  

An advantage of using the anthracene probe system over other commercially available assays is that 

probe hybridisation occurs at room temperature in 5 min, allowing for more rapid results. Standard 

salt and buffer solutions used for the sensing experiments in the previous chapter are used again here 

to aid duplex formation. See Experimental (7.7.1, 7.7.2) for full annealing and sensing parameters. 

5.5.1. Fluorescence Emission Profile of the Anthracene BRAF V600E Probe  

 

The anthracene probe displays a characteristic absorption signal in the region of 330-410 nm, Figure 

5.4. Vibrational structure is observed in the absorption profile owing to the conjugated, planar nature 
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of the polyaromatic anthracene system. The wavelength of 350 nm was selected as the excitation 

wavelength for all sensing experiments in this chapter. Although there are stronger absorbance bands 

in the anthracene absorbance profile, e.g. 357 nm and 374 nm, these alternative wavelengths are not 

ideal as the Raman scattering peak resulting from the aqueous nature of the sample interferes with 

peaks in the fluorescence emission (see Appendix 8.3.3). At 350 nm, the Raman scattering of water is 

minimalised and does not interfere with the fluorescence detection wavelengths.  

 

Figure 5.4: Absorbance spectrum of anthracene BRAF probe. 0.5 μM [DNA], 100 mM NaCl, 10 mM sodium phosphate buffer, 
pH 7.0, Milli-Q water. 

 
Figure 5.5 shows the emission spectra of the anthracene probe. The detection wavelength for the 

sensing experiments discussed in this chapter was selected as 426 nm, where maximum fluorescence 

intensity is observed.  
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Figure 5.5: Fluorescence emission spectrum of anthracene BRAF probe. λex = 350 nm, 298 K. 0.5 μM [DNA], 100 mM NaCl, 10 
mM sodium phosphate buffer, pH 7.0, Milli-Q water. 

 

5.5.2. Fluorescence Sensing With Equimolar Amounts of Probe and Target 

 

The melting temperatures of the ‘anthracene probe: target’ duplexes were sufficiently high, Table 5.2, 

Tm = 46 °C ± 1 °C, 5 μM [DNA], 100 mM NaCl, 10 mM sodium phosphate buffer, pH 7.0) for all probe 

strands to bind efficiently with the target strands at room temperature. In theory, this should enable 

the maximum fluorescence signal output to be achieved when sensing using equivalent concentrations 

of probe and target at room temperature. However in previous work, a slight excess of target had 

typically been used for the sensing experiments to generate the maximum output (i.e. to ensure all 

probe was bound to target). However, as discussed later in this chapter, when using PCR-amplified 

genomic DNA, the target was present in limited concentrations. Therefore, it was deemed important 

to determine the conditions at which the lowest concentration of probe and the lowest ratio of target 

to anthracene probe could be used in generating accurate sensing results. To begin with, the probe 

was tested using equimolar amounts of probe and target. 
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Figure 5.6: Emission spectra of anthracene probe when single-stranded (orange) and when duplexed with WT (green) and Mut 
(grey) 15-mer target. λex = 350 nm, 298 K, 0.5 μM probe: 0.5 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 
7.0, aqueous solution). 

 
Figure 5.6 shows the emission spectra of the anthracene probe and the changes in the fluorescence 

signal upon binding the WT and Mut target variants. For detailed sensing conditions, see Experimental 

7.7.2. The figure shows the fluorescence signals recorded from samples containing equimolar 

concentrations of probe and target strands (0.5 μM). 

There are minimal changes in fluorescence intensity between duplexes containing 100% WT and 100% 

Mut targets, implying that when using equimolar concentrations of probe and target, duplex formation 

is not sufficient. The indistinctive intensity changes between samples containing either the WT or Mut 

target reduces the accuracy and effectiveness of the sensing system. Increasing the target 

concentration relative to the probe concentration should drive duplex formation and lead to more 

distinctive fluorescence intensity changes between WT and Mut samples.  

0

100

200

300

400

500

600

700

800

410 430 450 470 490 510 530 550 570

Fl
u

o
re

sc
en

ce
 I

n
te

n
si

ty
 /

 a
.u

.

Wavelength / nm

Probe alone

Probe : WT Target

Probe : Mut Target



161 
 

5.5.3. Fluorescence Sensing With 1 Equivalent of Probe and 3 Equivalents of Target  

 

Figure 5.7: Emission spectra of anthracene probe when single-stranded (orange) and when duplexed with WT (green) and Mut 
(grey) 15-mer targets. λex = 350 nm, 298 K, 0.5 μM probe: 1.5 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 
7.0, aqueous solution).  

 
Next, studies with an excess of target (three equivalents) were performed. Although this required 

higher target concentrations, the results obtained allow for more accurate sensing due to the more 

significant enhancement in fluorescence signal between samples containing 100% WT (T) target and 

100% Mut (A) target, as shown in Figure 5.7. Figure 5.8 shows a plot between the anthracene 

fluorescence intensity recorded at 426 nm and the percentage of Mut (A) target within samples of 

varying ratios of WT (T)/Mut (A) target. Although data points include samples containing up to 100% 

Mut target, in reality the testing range is 0-50% for a fully cancerous sample as it is heterozygous. The 

data shown in Figure 5.8 demonstrates a good linear correlation effect and confirms the ability of the 

system to detect allelic ratios within unknown samples with reasonable accuracy.  
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Figure 5.8: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. Triplicates were recorded for each data point; error bars are shown, with the data points being 
the mean value. 0.5 μM probe: 1.5 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution). λex 
= 350 nm, 298 K. 

 
As an excess of target was required to produce accurate sensing results, sensing using a lower 

concentration of probe was studied in order to help reduce the required target concentration. The 

correlation plot obtained from sensing at a lower probe concentration of 0.1 µM with a three-fold 

excess of target is depicted in Figure 5.9. However, clearly the correlation plot is less reliable/accurate, 

which indicates that lowering the probe concentration to 0.1 μM or less results in compromised 

sensing ability. The limits of detection of the anthracene sensing system are explored further in the 

following section.  
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Figure 5.9: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 0.1 μM probe: 0.3 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 

 

5.6. BRAF V600E Sensing Using Long (173-mer) Oligonucleotide Targets 
 

Work in the above section confirms prior data reported by the group, demonstrating a good linear 

correlation between the anthracene fluorescence signal and the amount of Mut target within a 

sample. However, although using short oligonucleotide targets (15-mers) demonstrates the potential 

ability of the anthracene probe for use as a clinical detection assay, short oligomer targets are not truly 

representative of commercially available sensing assays. Most commercial mutation detection assays 

of this type involve PCR amplification of known sections of genomic DNA, resulting in target DNA 

strands far greater than 15 nucleotides in length. For this reason, the anthracene sensing system was 

tested using longer DNA fragments. With the ultimate aim of using PCR-amplified DNA targets resulting 

from genomic DNA, a known sequence of the BRAF gene was selected at the region of interest which 

contains the T > A mutation site within the core of this sequence and comprises of 173 nucleobases. 

Oligonucleotide target strands with this selected sequence were purchased from Sigma Aldrich and 

R² = 0.903

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60 70 80 90 100

Fl
u

o
re

sc
en

ce
 in

te
n

si
ty

 a
t 

4
2

6
 n

m
 /

 a
.u

.

% A Target

0.1 uM Probe : 0.3 uM Target

Probe : X% A Target

Probe alone



164 
 

sequences are shown in Table 5.3. A 173-mer target strand was deemed to be sufficiently long enough 

to allow for effective PCR amplification to take place in future experimental steps but not too long to 

compromise the sensing signal.  

5.6.1. Fluorescence Sensing With 1 Equivalent of Probe and 1.2 Equivalents of Target 

 

Initial sensing experiments involved using a slight excess of the long 173-mer target oligos, with probe 

concentrations of 0.5 μM and target concentrations of 0.6 μM.  

Fluorescence sensing of the 173-mer WT and Mut targets was successful, as shown by the increase in 

fluorescence signal observed upon binding the Mut target in comparison to the probe alone and WT 

target, Figure 5.10. However, the fluorescence intensity difference between the WT and Mut targets, 

is not as significant as expected from experiments using the short oligo target strands. As 

demonstrated earlier, this is most likely a result of insufficient duplex formation caused by the use of 

smaller equivalents of target relative to the probe. As shown above, using a larger excess of target will 

aid duplex formation and produce optimal fluorescence signals, conditions which are explored below.  

 

Figure 5.10: Emission spectra of the anthracene probe when single-stranded (orange) and when duplexed to WT (green) and 
Mut (grey) 173-mer targets. λex = 350 nm, 298 K, 0.5 μM probe: 0.6 μM target (100 mM NaCl, 10 mM sodium phosphate buffer 
pH 7.0, aqueous solution). 
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Figure 5.11 shows the correlation between the fluorescence intensity at 426 nm and the amount of 

Mut target within a sample. A fairly linear correlation is observed when sensing with only 1.2 

equivalents of target, however this linear correlation effect is more significant in previous examples. 

This suggests that allelic ratio discrimination may be possible using a slight excess of target, but results 

may not be as sensitive as when using a larger excess of target. 

 

Figure 5.11: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 0.5 μM probe: 0.6 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 

 

5.6.2. Fluorescence Sensing With 1 Equivalent of Probe and 3 Equivalents of Target 

 

With a large excess of target strand relative to the probe established as the optimal sensing conditions, 

fluorescence sensing using the 173-mer synthetic target strands was performed as above. This involved 

a probe concentration of 0.5 μM and target concentration of 1.5 μM, Figure 5.12 and Figure 5.13.  
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Figure 5.12: Emission spectra of the anthracene probe when single-stranded (orange) and when duplexed to WT (green) and 
Mut (grey) 173-mer targets. λex = 350 nm, 298 K, 0.5 μM probe: 1.5 μM target (100 mM NaCl, 10 mM sodium phosphate buffer 
pH 7.0, aqueous solution).  

 
On first inspection, it was shown that the anthracene probe system was effective at sensing 100% WT 

(T) samples from 100% Mut (A) samples containing the 173-mer targets, as evidenced by the 

significantly enhanced fluorescence intensity upon binding the Mut (A) samples, Figure 5.12. 

Additionally, a fairly linear correlation was observed between the anthracene fluorescence signal and 

the percentage of Mut (A) target within a sample, Figure 5.13. While this complements results obtained 

in the previous section using the 15-mer targets, Figure 5.8, the correlation is less linear. In addition, a 

further difference concerned the fluorescence intensity of the probe alone compared with the ‘probe: 

100% WT target’ duplex; data gathered from the 15-mer targets showed a very similar fluorescence 

intensity between the two, whereas the data displayed using the 173-mer targets shows a slight 

increase in fluorescence for the ‘probe: 100% WT target’ duplex when compared to the probe alone. 

This effect is observed for all samples containing the longer targets and is discussed in later sections 

(5.6.3).  
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Figure 5.13: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. Triplicates were recorded for each data point; error bars are shown, with the data points being 
the mean value. 0.5 μM probe: 1.5 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution). λex 
= 350 nm, 298 K. 

  

Subsequently, the sensing system was analysed at various concentrations with the aim of trying to 

reduce the overall amount of target DNA required. Figure 5.14 to Figure 5.18 show the linear 

correlation plots of the anthracene signal at 426 nm for different samples with varying amounts of Mut 

(A) target.  

Firstly, the results indicate that at all concentrations the anthracene probe can effectively discriminate 

between samples containing 100% WT (T) target and 100 % Mut (A) targets, with an enhanced 

anthracene fluorescence signal observed for the 100 % Mut (A) target. However, at a probe 

concentration of 0.1 μM and 0.2 μM (Figure 5.14 and Figure 5.15, respectively) a linear correlation 

between the anthracene fluorescence signal and the amount of Mut (A) target present in the sample 

could not be obtained. There was also a less significant change between the anthracene signal 

observed with the ‘probe: 100% WT target’ duplex and the ‘probe: 100% Mut target’ duplex. This 

reduced sensitivity of the sensing system at these lower concentrations is most likely due to the 
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weakness of the anthracene fluorescence signal and the difficulty in detecting the very small changes 

in fluorescence intensity between the various ‘probe: X% A target’ duplexes.  

 

Figure 5.14: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 0.1 μM probe: 0.3 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 

 

Figure 5.15: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 0.2 μM probe: 0.6 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 
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Moving to higher probe concentrations of 0.3 μM, and 0.4 μM (Figure 5.16 and Figure 5.17, 

respectively) improvements in the linear correlation effect and the sensitivity of detection were 

observed due to the anthracene fluorescence signal being now sufficiently strong enough. 

 

Figure 5.16: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 0.3 μM probe: 0.9 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 

 

Figure 5.17: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 0.4 μM probe: 1.2 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 
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Interestingly, at the highest probe concentration of 1 μM, Figure 5.18, there was again a noticeable 

deviation from linearity, which could be caused by non-specific interactions between probe and target 

strands which become enhanced at higher target concentrations.  

 

Figure 5.18: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is shown in orange and the fluorescence intensity once duplexes are formed with varying ratios of A/T target 
variants are shown in blue. 1 μM probe: 3 μM target (100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous 
solution). λex = 350 nm, 298 K. 

 
Sensing results obtained at these various probe concentrations suggest that there is an optimal probe 

concentration range in which reliable and accurate data can be obtained to produce effective linear 

correlation plots. This range lies somewhere between a probe concentration of 0.3 μM and 0.5 μM for 

the 173-mer targets. A probe concentration of 0.5 μM was chosen for future experiments as at this 

concentration, a good linear correlation effect is observed and there is a steeper gradient between 

samples containing 100% WT and 100% Mut targets allowing for increased accuracy. 

 

 

R² = 0.8969

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 10 20 30 40 50 60 70 80 90 100

Fl
u

o
re

sc
en

ce
 I

n
te

n
si

ty
 a

t 
4

2
6

 n
m

 /
 a

.u
.

% A Target

1 uM Probe : 3 uM Target

Probe : X% A Target

Probe alone



171 
 

5.6.3. Investigating the Increase in Fluorescence Observed Upon Formation of Duplexes 
Containing Long Oligonucleotide Targets 

 

As mentioned above, one of the main differences between the data gathered using the 15-mer and 

173-mer target oligos was the slight differences in the magnitude of fluorescence intensity increases 

upon target binding relative to the unbound probe. Observations using the 15-mer targets showed 

very similar fluorescence signals between those for the probe alone and the ‘probe: 100% WT target’ 

duplex, with an increased fluorescence intensity for the ‘probe: 100% Mut target’ duplex. As for the 

173-mer targets, a slight increase in fluorescence intensity was observed for the ‘probe: 100% WT 

target’ duplex in comparison to the unbound probe and an even larger increase upon binding the 100% 

Mut target.  

To investigate this further, the fluorescence emission profiles of the two unbound 173-mer target 

strands at 1.5 µM were recorded, Figure 5.19.  Although very minimal, some background fluorescence 

was observed at roughly 440 nm, which can explain the slight increase in emission for the WT duplexes 

compared to the probe alone. This may be a result of impurities in the purchased oligo stock samples, 

such as salts/buffers remaining from the DNA synthesis and purification processes. NAP desalting 

columns were used in an attempt to remove any impurities from these samples; however, this only led 

to a loss in sample, while the background fluorescence emission remained.  

 

Figure 5.19: Fluorescence spectra of the 173-mer WT (blue) and Mut (orange) targets. λex = 350 nm, 298 K, 1.5 μM [DNA], 100 
mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution. 
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Overall, since this background fluorescence was very minimal it was concluded that this issue should 

not greatly interfere with the sensing results.  

5.7. BRAF V600E Sensing Using PCR-Amplified DNA From Genomic DNA 
 

Following the promising results obtained when sensing the 15-mer and 173-mer synthetic targets, the 

sensing ability of the anthracene BRAF V600E probe was tested using extracted genomic DNA targets 

from healthy and BRAF V600E mutated cell line samples, with the aim of replicating patient samples 

more closely. PCR amplification of the extracted genomic DNA is required to increase the amount of 

target DNA so that a sufficient amount of anthracene probe can be used to generate a detectable 

fluorescence signal. After PCR amplification it was anticipated that there would be sufficient amounts 

of target for the anthracene probe to bind at a probe concentration that could provide a strong enough 

emission signal.  

5.7.1.1. Producing Single-Stranded DNA Targets From the PCR Amplicon 

 

The development of a sensing protocol using PCR-amplified DNA targets obtained from genomic DNA 

is not straightforward, due to the need of the anthracene probe to bind to single-stranded DNA targets 

only, while standard PCR amplification methods produce double-stranded amplicons. There are many 

known methods for producing single-stranded DNA during PCR amplification, such as asymmetric 

PCR,19-22 or post PCR amplification, such as magnetic bead separation23-25 or enzymatic digestion 

methods.26, 27 Asymmetric PCR methods may seem the simplest way of producing single-stranded DNA 

in one step, but asymmetric PCR methods are often not as specific as other PCR methods. Such 

methods often favour the amplification of one variant over another (this is especially the case if one 

variant has a much lower copy number), which produces amplicon mixtures that do not truly represent 

the allelic ratio in the original sample.20, 22 On the other hand, the use of ‘one-step’ methods for the 

amplification of genomic DNA to single-stranded DNA targets is of high importance for clinical assays 

to reduce the chances of contamination. However, the possibility of unequal amplification of WT and 
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Mut DNA was considered to be too great a risk and therefore post amplification separation methods 

were deemed more appropriate. It was decided that enzymatic digestion methods would be used due 

to the high cost of magnetic bead separation methods, as well as there being previous success within 

the group employing enzymatic digestion methods for this purpose.12 

5.7.2.  PCR Amplification of Genomic DNA  

 

Prior to amplification, the genomic DNA was extracted from colorectal cancer (CRC) cell lines using 

Qiagen DNeasy® Blood and Tissue Kit. The method is outlined in the Experimental 7.7.5. The extracted 

genomic DNA was then amplified at the region of interest using PCR, as outlined below. 

5.7.2.1. Primer Design 

 

Primers were designed specific to the region of the BRAF gene where the T > A point mutation occurs, 

amplifying a region containing 173 base pairs. The primer sequences are shown in Table 5.4 and were 

purchased from Sigma Aldrich. The forward primer contains several phosphorothioate modifications 

at the 5’ end. Post amplification, the presence of these phosphorothioate modifications enables the 

formation of single-stranded DNA targets via the use of a T7 exonuclease DNA polymerase.  Several 

phosphorothioate modifications are required to ensure stability.28 This T7 exonuclease DNA 

polymerase is not able to recognise and digest the strand containing the phosphorothioate 

modifications at the 5’ end of the sequence, resulting in ssDNA formed from the forward primer being 

left intact.  

The melting temperature (Tm) of the primers are important in determining the annealing temperature 

employed during the PCR cycles.29 These are shown in Table 5.4. 
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Table 5.4: PCR primer sequences for the amplification of the region of interest in the BRAF gene containing the point mutation. 
The melting temperature (Tm) of each primer corresponds to the hybridisation of the primers with their complementary 
targets. 

 Sequence Tm (°C) 

Forward Primer 5’ – T*G*C* T*TG CTC TGA TAG GAA AAT G - 3’ 

Where * denotes phosphorothioate modification 

63.1 

Reverse Primer 5’ – CCA CAA AAT GGA TCC AGA CA – 3’ 63.4 

 

PCR amplification using the above primers has been already reported within the group.12 Previously 

reported sequencing results confirm that the primers successfully amplify the selected region of the 

BRAF gene to give sequences identical to those in Table 5.3.12 

5.7.2.2. PCR Reaction Conditions 

 

Starting with 200 ng genomic DNA and 0.5 μM of each primer (a 50 μL scale reaction) and employing 

the optimal conditions shown in Table 5.5, PCR was performed using a Phusion® High-Fidelity PCR Kit 

on a BioRad C1000 Touch Thermal Cycler.  

Table 5.5: PCR cycling conditions used for optimal DNA concentration output. 

Step Temperature (°C) Time Length (s)  

Initial Denaturation 98 30   

Denaturation 98 10   
      35 Cycles Annealing 61 30 

Extension 72 45  

Final Extension 72 600  

Hold 4 ∞  

 

PCR cycling was also performed under a variety of other conditions, shown in the Experimental 7.7.4, 

in order to determine which conditions yielded the amplified DNA in concentrations sufficient for the 

fluorescence sensing experiments. A negative control sample was included with each PCR run, 

consisting of all the PCR reagents and primers whilst not containing any genomic DNA for amplification. 
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The ScreenTape (High Sensitivity D1000 ScreenTape® using Agilent Technologies TapeStation Analysis) 

shown in Figure 5.20 confirms the formation of the expected PCR amplicon, showing a band with the 

expected size of around 173 bp. A ScreenTape is a DNA electrophoresis technique, with higher 

precision and control than gel electrophoresis. Both WT (lanes B1 and C1) and Mut (lanes D1 and E1) 

samples display this band, whereas the PCR negative control (lane F1) does not. There are also bands 

present across all lanes equating to a size of around 20 bp which corresponds to the presence of 

primers remaining in the sample (ScreenTape performed prior to purification steps). 

 

Figure 5.20: High sensitivity ScreenTape showing the successful PCR amplification of Mut and WT genomic DNA from cell lines. 
Lane A1: Ladder (bp); Lane B1: PCR product from WT sample; Lane C1: PCR product from WT sample; Lane D1: PCR product 
from Mut sample. 

 

5.7.3. T7 Exonuclease Digestion of PCR Amplicon 

 

Prior to probe hybridisation and fluorescence sensing, the double-stranded PCR amplicon is digested 

to single-stranded DNA using a T7 exonuclease DNA polymerase enzyme. As outlined earlier, the target 

strand formed from the extension of the phosphorothioate primers remains intact as the enzyme does 

not recognise and digest the phosphorothioate modifications at the 5’ end of the amplified target; 

Figure 5.21 demonstrates this schematically. In contrast, the complementary strand formed from the 

unmodified primer is recognised and subsequently digested by the T7 exonuclease. After clean and 
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purification steps using Monarch PCR & DNA Cleanup Kit, only the single-stranded target (173-mer) 

remains, with sequences identical to those in Table 5.3.  

 

Figure 5.21: Schematic diagram showing the mechanism of action of the T7 exonuclease. The amplified target strands 
extended from the phosphorothioate primers are not digested by the exonuclease and remain intact. The unmodified target 
strands are digested and removed in subsequent wash steps.  

 
The PAGE image, Figure 5.22, shows the effect of the exonuclease digestion of the PCR amplicon to 

produce single-stranded DNA containing the phosphorothioate modified primer. The PCR amplicon 

(prior to the exonuclease digestion step) (Lane 4) is of the expected size when compared to the 

Hyperladder 25 bp (Lane 3 and Lane 6) and contains only one band, indicating that PCR amplification 

has been successful. The product remaining from the exonuclease digestion step (Lane 5) appears 

further down the gel as expected, indicating the presence of the undigested single-stranded DNA 

formed from the phosphorothioate primers during PCR amplification. There are several bands that 

appear in this lane, most probably due to the different folding that can occur within the long target 

strand.  
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Figure 5.22: PAGE image of PCR amplicon and ssDNA product remaining from the exonuclease digestion step. 5% 
polyacrylamide, 100 V, run time = 1 h 15 min. Lane 1-2: empty. Lane 3: Hyperladder 25 bp. Lane 4: ds PCR amplicon (roughly 
0.5 μM). Lane 5: ssDNA product remaining from the exonuclease digestion step (roughly 0.5 μM). Lane 6: Hyperladder 25 bp. 
Lane 7-10: empty. Stained using Diamond™ dye. 

 

5.7.4. Fluorescence Sensing of the Single-Stranded PCR Product 

 

Initial fluorescence sensing studies tested the probe in the simple detection of fully WT and fully Mut 

BRAF samples. It is important to note that the fully Mut BRAF samples are heterozygous, containing 

50% WT (T) variant and 50% Mut (A) variant, rather than consisting of just one nucleobase target 

variant, and this must therefore be considered when comparing fluorescence intensity changes 

between the fully WT and fully Mut samples.  

A single PCR amplification reaction did not produce a high enough concentration of target DNA to carry 

out fluorescence sensing experiments (target concentrations were calculated using a QuBit ssDNA 

Assay Kit), despite efforts to optimise the PCR protocol and cycling conditions. A single PCR reaction, 

involving 38 cycles, yielded roughly 500 ng DNA, or 0.8 μM in 15 μL (after purification steps). The 

relatively large number of PCR cycles increased the time taken for each PCR reaction, a potential 

barrier to the development of a more rapid detection assay. In addition, the amount of DNA produced 

was much lower than the concentration levels required for anthracene sensing. As outlined earlier, 

1  2  3  4  5  6  7  8  9  10 
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anthracene sensing at probe concentrations of 0.3-0.5 μM are required for more accurate results and 

fluorescence sensing was carried out on a 50 μL scale because of limitations on cuvette size. 

Additionally, the purification steps following PCR amplification and exonuclease digestion resulted in 

sample loss, thus further reducing sample concentrations. For this reason, 8-12 individual PCR 

experiments were combined to generate target concentrations that were high enough for fluorescence 

sensing to be conducted.  

Due to limited amounts of target sample being produced, it was initially decided to test the BRAF 

anthracene probe using a very low probe concentration of 0.05 μM. When sensing was performed at 

this lower concentration using the 15-mer targets, the WT and Mut variants could at least be 

discriminated, even if the correlation plot was not linear (Appendix 8.3.4).    

 

Figure 5.23: (Left) Fluorescence emission of anthracene BRAF probe when single-stranded (orange), duplexed with WT PCR 
derived target (green) and Mut PCR derived target (grey). (Right) Bar chart showing fluorescence intensity at 426 nm.  λex = 
350 nm, 298 K. 0.05 μM probe: 0.15 μM target, 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution. 

 
Figure 5.23 displays the fluorescence signal of the anthracene BRAF probe at this lower concentration, 

unbound and when binding a three-fold excess of WT and Mut BRAF target strands derived from PCR-

amplified genomic DNA. A detectable fluorescence intensity change was observed between the WT 

and Mut samples, demonstrating the ability of the probe to detect the BRAF V600E biomarker. As 

observed with the 173-mer synthetic targets described earlier, increases in fluorescence intensity were 
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observed for both duplexed samples. Similarly, this increase results from the background fluorescence 

from the PCR samples as shown in Figure 5.24. Although minimal, this background fluorescence is most 

likely due to small amounts of impurities remaining in the sample from the PCR reaction or subsequent 

wash steps. The buffers used in the various purification kits contain reagents that may be contributing 

to this background fluorescence. It can be very difficult to completely remove all traces of buffers 

within the sample and any trace amounts of buffer may be detected due to the high sensitivity of the 

fluorescence sensing parameters that were employed (fluorescence sensing parameters can be found 

in the Experimental 7.7.2).  

 

Figure 5.24: Background fluorescence emission resulting from the PCR-amplified targets. λex = 350 nm, 298 K, 0.6 μM [DNA], 
100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution. 

 
Probe concentrations of ca. 0.5 μM were shown earlier to produce optimal fluorescence sensing 

outputs and so this concentration was also tested using the 173-mer targets derived from PCR-

amplified genomic DNA, Figure 5.25. An excess amount of target was added once again, however due 

to the limited amounts of target species produced, this amounted to just over a two-fold excess.  
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Figure 5.25: (Left) Fluorescence emission of anthracene BRAF probe when single-stranded (orange), duplexed with WT PCR 
derived target (green) and Mut PCR derived target (grey). (Right) Bar chart showing fluorescence intensity at 426 nm. λex = 
350 nm, 298 K. Probe concentration 0.5 μM, target concentration 1.1 μM, 100 mM NaCl, 10 mM sodium phosphate buffer pH 
7.0, aqueous solution. 

 

At this higher probe concentration, the anthracene signal was more pronounced and again WT samples 

could be distinguished from Mut samples through differences in fluorescence intensity. If limited 

target concentration were not an issue and 3 equivalents rather than 2.2 equivalents of target were 

used, an even greater change in fluorescence intensity between the WT and Mut samples would be 

expected. The use of even fewer molar equivalents of target (1.2 equivalents) was also investigated at 

this concentration of probe. As might be expected, this resulted in reduced changes in the fluorescence 

intensity of the anthracene probe when discriminating between the WT and Mut samples, with the 

results presented in the Appendix 8.3.4. 

5.8. Conclusions 
 

Progress has been made into the development of the anthracene BRAF probe as a point mutation 

detection assay for the BRAF V600E biomarker, with the probe successfully distinguishing between 

Mut and WT targets derived from genomic DNA. A workflow has been established in which the specific 

region of interest in genomic DNA is amplified, digested to form single-stranded DNA targets and then 

hybridised with the probe to allow for the fluorescence sensing experiments to proceed. Furthermore, 

it has been shown that the linear correlation effect between anthracene fluorescence signal and 
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amount of Mut target present within a heterozygous sample is still effective when using longer targets 

(173-mer). This provides good evidence that the allelic ratios of unknown patient tumour samples can 

be accurately determined using the anthracene probe and a linear calibration curve. 

It has also been shown that lower concentrations of probe and target can be employed for the sensing 

experiments and still yield relatively accurate outputs for the allelic ratio quantification. However, the 

concentration of target required for effective fluorescence sensing remains problematic. In particular, 

it is currently not possible to produce a sufficient amount of target DNA in one run from genomic DNA 

as is currently the case for many commercial assays (Cobas, TaqMan™, etc). The work in this chapter 

describes PCR experiments involving many PCR cycles for each run, producing samples with insufficient 

amount of DNA for fluorescent sensing. This led to the assay having increased sensing times and 

reagent costs. These issues would need to be addressed in future work.   

5.9. Future Work 
 

Future work on this project will aim to assess the sensing ability of the anthracene probe when using 

patient samples of unknown allelic ratios and use a linear calibration curve to determine the amount 

of Mut target within the sample. In order to achieve this and perform more tests on patient 

samples/genomic DNA, alternative methods employed for DNA amplification need to be explored. As 

mentioned above, the PCR methods adopted for this work would not be feasible for use as an assay 

due to the limited amount of sample produced, as well as the current ‘open’ workflow of the sensing 

system which introduces potential sample contamination. Other PCR techniques should be tested, 

including LATE PCR with the aim of producing single-stranded target DNA at higher concentrations.30 

In addition, different methods of producing single-stranded DNA from the PCR amplicon could be 

explored. Although the exonuclease digestion worked well for this purpose, there may be more 

effective methods which may help reduce sample loss during this process. Despite their increased cost, 

magnetic beads may be a good alternative choice to be explored. 
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6. The Development of Naphthalimide Nucleic Acid Probes 

for Use in Fluorescence In Situ Hybridisation (FISH) and 

Super-Resolution Imaging Experiments 
 

6.1. Introduction 
 
 

Fluorescently-modified DNA is widely used for probing biological environments in situ using 

microscopy. Progressing from the Tucker group’s initial developments into anthracene modified 

nucleic acid probes, naphthalimide modified probes improve on these first-generation probes owing 

to their longer wavelength absorption and emission profiles which make them more well-suited to 

microscopy imaging techniques. The increased absorption wavelengths allow for the use of a 405 or 

488 nm laser as a source of excitation, which is common in most microscope set-ups. In addition, their 

absorption and emission profiles residing at longer wavelengths (in comparison anthracenes) are 

beneficial to sensing biological environments in situ as the longer wavelengths reduce any background 

fluorescence from cellular environments.  

Work in this chapter focuses on the use of naphthalimide probes in two imaging techniques; 

“fluorescence in situ hybridisation” (FISH) and “DNA points accumulation for imaging in nanoscale 

topography” (DNA PAINT). These techniques will be discussed in more detail in the following sections, 

along with the suitability of the naphthalimide probes for these techniques.  

6.1.1. Fluorescence In Situ Hybridisation (FISH) 

 

Fluorescence in situ hybridisation (FISH) is a molecular cytogenetic technique that enables the specific 

binding of fluorescent probes to complementary nucleic acid sequences within chromosomes to allow 

researchers to locate those specific sequences.1 Since the development of the first FISH techniques in 

1977,2 today there are a variety of FISH procedures that are available which are used to diagnose many 

types of chromosomal abnormalities in patients, including deletions, duplications and translocations. 
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FISH techniques were initially performed on metaphase chromosomes but can now also be performed 

on interphase chromosomes.3 This development provides many advantages, especially regarding 

sample preparation, as cells no longer need to be cultured for long periods of time before using for 

analysis and also allows chromosomes from solid tumour specimens to be analysed (samples which do 

not divide frequently). However, chromosomal DNA is more compact in metaphases, which allows for 

site localisation of hybridised probes within specific chromosomes of defined shape and size, making 

chromosome analysis easier to perform with samples containing metaphases in comparison to 

samples containing only interphase nuclei. 

FISH methods involve a fluorescent probe targeting a specific DNA sequence in chromosomal 

preparations that have been fixed on slides, also known as target DNA, as shown in Figure 6.1. Firstly, 

samples are heated to a temperature that denatures all double-stranded DNA in a sample so that 

single-stranded DNA remains. The sample is then cooled slowly to allow for controlled and specific 

hybridisation of the probe with the complementary region of interest within the chromosome. 

Subsequent wash steps allow for the removal of any unbound probe. Fluorescence microscopy is then 

used to detect and/or visualise the location of the bound probes.  

 

Figure 6.1: Schematic diagram demonstrating a typical FISH experiment. 
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Many commonly used FISH probes are commercially available and were developed from DNA 

fragments (collected during the Human Genome Project) cloned in bacterial artificial chromosomes 

(BACs). The BAC library contains hundreds of probes, usually with lengths in the region of kilobases, 

which are used for detecting specific genes/regions of interest. There are several types of probes 

commonly used in FISH techniques; locus-specific, centromeric, telomeric and whole chromosome 

paint.4 Work in this chapter focusses on the development of centromeric probes. Centromeric probes 

target highly repetitive α-satellite regions found within centromeres of chromosomes.5 Centromeric 

probes are generally used as enumeration probes, to detect chromosome abnormalities such as loss 

or gain of chromosomes (aneuploidy). Such abnormalities may be caused during cell division and are 

linked to many types of cancers. 

Centromeres are specialised constricted regions of DNA that separate a chromosome into a short arm 

and a long arm, as demonstrated in Figure 6.2. During cell division, a chromosome replicates so that 

each daughter cell receives a complete set of chromosomes. Following DNA replication (in 

metaphases), the chromosome consists of two identical structures called sister chromatids joined at 

the centromere.  The specialised DNA constituting the centromere is a highly repetitive region of non-

coding DNA. These regions are made up of monomer units of 171 base pair (bp) sequences which are 

A-T rich and make up higher order repeats that are tandemly repeated potentially hundreds to 

thousands of times within the centromeres.6 The repeating monomer units found in centromeres are 

roughly 50-70% similar across all chromosomes, thus making probe design tricky as probes are 

required to be highly specific to the centromere of a single chromosome.6-8 Probes are designed to 

target chromosome specific repeating units, sequences which remain identical throughout the higher 

order repeats. Work by O’Keefe et al. demonstrated the use of oligo probes to detect these higher 

order repeats that are specific to chromosome 17. The probes were designed to target a region of 

interest at which there are two known variant sequences with humans. Each variant is highly 

homologous, only differing in base variants at four different positions within this sequence. Probes 
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developed by O’Keefe et al. were able to distinguish between these two variants and their work 

demonstrates how oligoprobes can be used to detect polymorphisms at a molecular level enabling the 

differentiation between chromosomes that are cytogenetically indistinguishable.9  

 

Figure 6.2: Diagram of a chromosome, showing the specific centromere and telomere regions. Following DNA replication, cells 
in metaphase contain two sister chromatids which are held together at the centromere. 

 

6.1.1.1. OligoFISH 

 

OligoFISH utilises relatively short oligo probes of around 50 nucleobases in length. These short probes 

are synthetically produced, unlike the most commonly used FISH probes mentioned above which are 

produced using BACs. The shorter length of these probes allows for more streamlined FISH protocols 

due to the shorter hybridisation times that can be adopted. OligoFISH probes also provide greater 

specificity for their target. Reducing hybridisation times, which can be up to 16 hours with traditional 

methods, results in reduced waiting times for diagnostic testing procedures. Additionally, as oligoFISH 

probes are synthetically made, this gives more freedom over the region of interest/abnormalities that 

can be targeted and are not restricted to those only present in the BAC library. 
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Due to their increased specificity, oligoFISH probes are able to detect differences in only a few bases 

in DNA sequences within the region of interest. These small structural changes would not be 

distinguishable under traditional cytogenetic methods.8, 9 

6.1.2. DNA PAINT 

 

After the Nobel Prize was given for ‘the development of super-resolved fluorescence microscopy’ in 

2014, super-resolution microscopy methods have advanced biomedical research, allowing imaging to 

occur at molecular-level resolution inside cells. There are several methods to achieve super-resolution 

microscopy. Localisation microscopy methods, such as DNA PAINT, aim to control the fluorescence of 

molecules so that only a few fluorophores are detected at the same time. Each method has their 

advantages and disadvantages in terms of fluorophore selection, experimental set-up and 

experimental design. Localisation-based techniques, such as (fluorescence) photo-activated 

localisation microscopy ((f)PALM),10, 11 stochastic optical reconstruction microscopy (STORM)12, 13 and 

points accumulation for imaging in nanoscale topography (PAINT),14 utilise the reversible binding of 

fluorescent probes to surpass the diffraction limited resolution of standard optical systems, with each 

method using different types of probe to do so. The work in this chapter, concerns a PAINT technique 

to achieve super-resolution imaging and so this will be the focus of the discussion.  

PAINT is a diffusion-based super-resolution microscopy technique in which a target molecule is 

exposed to a constant flux of probe molecules. The association between the probe and target 

molecules causes transient binding of the two and results in a burst of fluorescence from the probe 

molecule. These bursts of fluorescence can be localised (their positions determined with sub-

diffraction limit resolution, typically of the order of 20 nm) by recording a video of the ‘switch on’ of 

fluorescent molecules per frame.   The exact position of a localisation (‘burst’ of fluorescence) within 

every frame across the imaging experiment can then mapped onto a single plot.14, 15 Upon dissociation 

of the probe from the target (or photobleaching of the probe), the fluorescence signal ceases as the 
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fluorescent molecules diffuse out of the imaging plane, known as the TIRF angle which is explained 

below. This hybridisation and dissociation process is repeated throughout the imaging experiment. In 

theory, the collisions should occur indefinitely which suits the long experiment times required for 

localisation microscopy. In addition, the PAINT method is less affected by photobleaching when 

compared to other localised super-resolution methods such as PALM or STORM due to the constant 

flux of ‘fresh’ fluorescent molecules in the imaging solution producing the fluorescence signal. 

The major disadvantage of using PAINT based methods is the reduced signal-to-noise ratio that affects 

the quality of the image obtained. The freely diffusing probe in the imaging solution produces 

background fluorescence which makes it more difficult to differentiate between bound and unbound 

probe. The signal-to-noise ratio is optimised by using total internal reflection fluorescence (TIRF) 

microscopes which allows only the excitation and visualisation of fluorophores within an evanescent 

field of the incident laser; a region just above the sample/slide in the imaging solution.16 Fluorophores 

that lie outside this region are not directly excited. Figure 6.3 schematically demonstrates TIRF 

microscopy.  

 
Figure 6.3: TIRF. The incident light enters the sample at the incidence angle, ϴ, which is greater than the critical angle, ϴC. The 
incident light is reflected off the coverslip: sample interface. An evanescent field is created on the other side of the coverslip: 
sample interface, within the sample. Only samples in the evanescent field are excited.  

 
The most common variant of PAINT, DNA PAINT, draws upon the highly specific nature of DNA binding 

between two complementary oligo strands and is the method used to form the basis of the work in 
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this chapter. In this technique, short fluorescently-modified oligos, named ‘imager’ strands, transiently 

bind to their complementary targets, named ‘docking’ strands, as shown in Figure 6.4. For this to occur, 

the imager strands must have a thermal melting temperature (Tm) just below room temperature 

(imaging experiments performed at room temperature). This transient binding mode creates the 

blinking behaviour that is requisite for localisation microscopies. The blinking is created by the 

transient interaction of the imager stands and docking strands which produces a burst of fluorescence 

that can be localised. Similarly to other localised super-resolution microscopy methods, the 

fluorescence signal ceases upon dissociation of the imager strand from the docking strand and the 

process is continuously repeated.17   

 

Figure 6.4: Schematic diagram demonstrating the DNA PAINT technique, showing the reversible binding of the imager strands 
to the docking strands on the surface. The fluorescent imager strand is only imaged when bound to the docking strand and in 
the TIRF field. In the naphthalimide system, the emission intensity increases upon binding of the imager strand to the docking 
strand. 

 
DNA PAINT was first used as an assay to probe the single-molecule hybridisation kinetics of DNA 

origami.18 Since then, there have been many in vitro and cellular examples of the DNA PAINT technique 

where docking strands are linked to antibodies or other biological structures.19  
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The binding event that occurs in DNA PAINT controls the effectiveness of the imaging technique and 

the quality of the image produced; it is therefore important to be able to control the hybridisation 

kinetics. Although hybridisation between target and freely diffusing probe is stochastic, the binding 

kinetics can be engineered to produce high quality super-resolution images. For instance, altering the 

concentration of the imager strand will increase the frequency of collisions between imager strand and 

docking strand and thus increase the number of localisations per frame within the imaging experiment 

– this in turn reduces the experimental run time. However, there is an upper limit of concentration of 

imager strand that can be employed. An excessively high imager strand concentration will lead to an 

increase in background fluorescence from unbound imager probes diffusing close to the TIRF angle 

and therefore contribute to reduced signal-to-noise ratios. Salt/buffer concentration can also affect 

the binding strength between imager and docking strands. Higher salt concentrations can lead to 

longer binding durations, with the ‘switch on’ fluorescence signal spanning many frames and may 

improve the quality of the super-resolution image. Another factor affecting the hybridisation kinetics, 

is the length of the imager strand, an effect which has been explored in detail by Jungmann et al.18 It 

was shown that increasing the length of the complementary binding region between imager and 

docking strand also leads to an increase in the length of the binding event. Salt concentration and 

strand length are factors that affect the thermal melting temperature of the duplexes formed between 

imager and docking strands and need to be carefully considered when designing DNA PAINT 

experiments. It is important to achieve hybridisation kinetics where both bound and dissociated states 

are sufficiently long enough to allow for the bursts of fluorescence to be visualised and detected to 

produce high quality super-resolution images. Most DNA PAINT experiments use probes with lengths 

between 7-12 nucleobases long and salt concentrations of around 50-100 mM MgCl2.18-20 

As mentioned above, the main disadvantage of this type of technique is reduced signal-to-noise ratios 

observed within samples. The (unbound) fluorescent imager strands, in the imaging solution at the 

edge of the evanescent TIRF field, contribute to the background fluorescence (‘noise’) and reduce the 
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quality of the super resolution images produced, especially when imager strand concentrations are 

increased to optimise the hybridisation kinetics of the imaging experiment. This chapter shows the 

development of fluorogenic imager strands, based on the naphthalimide nucleotide analogue. We use 

these probes to circumvent the limitation of current approaches for DNA PAINT by employing imager 

strands that have relatively low fluorescence intensity when single-stranded in the imaging solution 

and whose intensity increases upon hybridisation with docking strands. Employing imager strands that 

have low fluorescence emission when unbound and show increased fluorescence emission when 

bound reduces any background emission resulting from imager strands in the imaging solution close 

to the imaging surface.  

6.2. Project Aims 
 

The suitability of naphthalimide-modified oligonucleotides as probes for microscopy is demonstrated. 

Building on the simple nucleic acid sensing experiments performed using solutions of synthetic 

oligonucleotides in Chapter 4, the naphthalimide probes are applied to more complex sensing 

environments. The photophysical properties of naphthalimide compounds, with an absorption band 

in the region of 450 nm and a reasonable quantum yield might result in a probe that can be used for 

sensing in microscopy. Here, the suitability of naphthalimide probes for this purpose is investigated. 

Firstly, the use of naphthalimide probes in oligoFISH techniques is explored. Relatively short probes of 

any sequence are easily synthesised using automated solid-phase DNA synthesis methods and can 

incorporate the naphthalimide modification as a nucleotide substitution at any position. Building on 

work by Dr A. Rushton in the Neely group,21 short oligoFISH probes were used as centromeric probes. 

Oligo probes were designed to target α-satellite regions at centromeres of chromosomes to investigate 

chromosome enumeration. It was expected that the highly repetitive nature of these regions would 

enable the naphthalimide probes to bind many times to produce a strong enough signal for detection 

without the need for DNA amplification of the region of interest. In particular, the α-satellite region at 
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the centromeres of chromosome 17 will be investigated. The decision for targeting this region of 

interest was due to the discovery of sequence polymorphisms within the highly repetitive 

chromosome-specific α-satellite region of DNA which was reported by O’Keefe et al.9 The sequence of 

this chromosome-specific region is known and so an oligo probe complementary to a section of this 

sequence was synthesised. Within this sequence, there are 4 positions at which the base may vary 

(polymorphisms) and one of these sites was selected to be incorporated into the targeted region of 

interest for the naphthalimide oligoFISH probe. The naphthalimide probes show shifts in their emission 

spectra that are sensitive to the base opposite the naphthalimide tag. Hence, the ability of these 

probes to detect and differentiate between the polymorphisms using standard oligoFISH methods, 

coupled with spectral imaging was to be investigated. 

In Chapter 4, it was recognised that one variant of naphthalimide probes containing the NaphI
Dimethyl 

modifications, produce very low fluorescence signals when single-stranded, but once annealed to its 

compliment, the fluorescence intensity of these probes increases by a factor of up to 10 in some cases. 

This phenomenon is ideally suited to DNA PAINT methods as it increases the signal-to-noise ratio of 

imaging by reducing the background emission. Background emission is often problematic during the 

imaging experiment from fluorophores in close proximity to the imaging surface. When background 

fluorescence is heightened, the signal-to-noise ratio is reduced and localisation precision is lessened, 

producing images of reduced quality.22 

In addition, DNA PAINT probes containing fluorescent nucleotide analogues have not been reported in 

the literature and will be the first of their kind for use in DNA PAINT procedures. As with many DNA 

PAINT probes in the literature, the naphthalimide probes will firstly be tested on a DNA origami 

structure as a control for imaging nanoscale structures. DNA origami involves the sequence specific 

binding of many short synthetic staple strands to a long single-stranded DNA molecule, such as the 

7249-nucleotide long genome of the M13mp18 bacteriophage used in this research. DNA origami 
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provides a defined structure to which docking strands can be added with precision making it an ideal 

starting point for many DNA PAINT techniques. We use a modified DNA origami triangle for this 

purpose which was made by Dr D. Smith from the Neely group, which uses the design principles of the 

Rothemund triangle.23 The visualisation of this origami triangle structure will be attempted using 

super-resolution imaging of naphthalimide-modified imager strands.  

6.3. The Development of OligoFISH Centromeric Probes for the Detection and 
Discrimination of Known Polymorphisms at α-Satellite DNA Regions Within 
Centromeres of Chromosome 17 

 

6.3.1. Probe Design 

 

OligoFISH probes were designed to target α-satellite repetitive DNA regions at the centromeres of 

chromosome 17. Loss of chromosome 17 (along with other factors) is associated with acute 

lymphocytic leukaemia (ALL) and is currently tested for using FISH methods.24 However, standard FISH 

methods have very long hybridisation times (up to 16 hours) due to the nature of the long probes that 

are used (derived from BACs). The oligoFISH probe developed in this work was designed to be 

significantly shorter than the length of a standard FISH probe, with the aim of reducing testing times 

owing to the shortened hybridisation times made possible by these shorter DNA fragments. The probe 

sequences were adapted from work by O’Keefe et al. and were verified by a BLAT search which 

confirmed that the sequence is selective for chromosome 17.9, 25 Work by O’Keefe et al. showed that 

the target sequence of DNA has two highly homologous variants, which differ at four known base 

positions. Humans are thought to have either one of the variants or a mixture of both within the 

centromeres of chromosome 17. Previous chapters have demonstrated the naphthalimide probes 

successful at sensing a single base change. Therefore, the oligoFISH probe designed herein selectively 

targets a section of the α-satellite repeated sequence discovered by O’Keefe et al. which includes only 

one of the four base variants. The sequence of the naphthalimide oligoFISH probe (Naph17CEN) and 

the sequence variants of the targeted region of interest are shown in Table 6.1. 
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Table 6.1: Sequence of oligoFISH probes used for sensing centromeres of chromosome 17 and their corresponding target 
variant sequences. 

Name Sequence 

Naph 17CEN 5’ - AGT GCA ATX ATC CCC TTG CA – 3’ 

Where X = Naphthalimide nucleotide analogue modification 

NaphA
Short, NaphA

Long, NaphI
Dimethyl 

17CEN Target Variant 1 5’ - TGC AAG GGG ATC ATT GCA CT - 3’ 

17CEN Target Variant 2 5’ - TGC AAG GGG ATA ATT GCA CT - 3’ 

 

6.3.1.1. Naphthalimides as Fluorescence Reporter Groups 

 

In Chapter 3, the synthesis of various naphthalimide nucleotide analogues were discussed. In Chapter 

4, the different readout signals that these various naphthalimide modifications produce upon sensing 

DNA mutations and base discrimination were also explored. It was found that each variant of 

naphthalimide modification displayed differing changes in fluorescence intensity and spectral shifts 

depending on the base it was sensing. It is also known that altering the bases either side of the 

nucleotide modification may also affect the local sensing environment and the fluorescent signals 

observed. Therefore, because the 17CEN probe sequence is different from that previously studied, 

changes to the naphthalimide fluorescent signals are expected. Probes were synthesised with three of 

the naphthalimide modifications synthesised in Chapter 3; NaphA
Short, NaphA

Long and NaphI
Dimethyl. 

Probes containing both L and D stereochemistry (resulting from either the L or D threoninol nucleotide 

analogue used in the synthesis) of each variant were synthesised. Unfortunately, due to limited 

sample, the NaphI
Amine variant could not be made, but previous results proved this tag to be least 

effective at base discrimination, showing limited fluorescence intensity changes and spectral shifts 

between variants.  

6.3.2. Naph 17CEN Probe Strand Synthesis  

 

The naphthalimide-modified oligoFISH strands mentioned above (Naph 17CEN Probe, Table 6.1) were 

synthesised using automated solid-phase DNA synthesis using ultramild conditions in a similar method 
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to those outlined in Chapter 3 and further details can be found in the Experimental 7.3 and 7.4. The 

oligoFISH probe strands were then purified using semi-preparative reverse phase HPLC using a Clarity 

Oligo column. 0.1 M triethylammonium acetate buffer was used with an increasing acetonitrile 

gradient from 5-18% acetonitrile over 25 minutes (see Experimental 7.4 for full method). The strands 

were characterised using mass spectrometry, for full characterisation data see Appendix 8.4.1.  

6.3.3. Preliminary Fluorescence Sensing Studies With Duplexes 

 

Initial fluorescence sensing experiments were carried out using the naphthalimide oligoFISH probes 

and the short complementary synthetic target oligos shown in Table 6.1. These initial fluorescence 

sensing experiments were carried out to determine which of the naphthalimide probes gave best 

results for distinguishing between the two target variants (i.e. C/A base discrimination). As previously 

shown, base discrimination is achieved via changes in the fluorescence intensity and spectral shifts, 

owing to the solvatochromic nature of the naphthalimide tags. With the expected application of using 

our probes in FISH experiments coupled with spectral imaging, work in this section focuses on base 

discrimination via spectral shifts (for intensity change data see Appendix 8.4.3). Fluorescence intensity 

changes are difficult to measure and compare during imaging experiments for a number of reasons; 

the uncertainty in number of bound probes, and technical challenges such as homogeneous laser 

irradiation and comparable focal planes. However, any spectral shifts between the two target variants, 

if significant enough, may be detectable using spectral imaging. Spectral imaging refers to techniques 

that collect both spectroscopic data and imaging data, simultaneously.  

Prior to sensing, the probe and target strands were annealed together by combining 0.5 μM probe 

with 1.5 μM target (excess of target) in an aqueous solution of 100 mM NaCl and 100 mM sodium 

phosphate buffer, pH 7.0. The aqueous mixture was then heated to 95 °C for 5 mins before allowing 

to cool to room temperature over roughly 30 minutes to 1 hour. 
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Duplex melting temperature studies were also performed to prove the viability and strength of probe 

binding at room temperature during the sensing and imaging experiments. The melting temperatures 

of all duplexes are shown in Table 6.2 and are sufficiently above room temperature, hence stable 

duplexes are formed at room temperature. The duplex melting temperatures are high enough, that 

any slight temperature increases that may arise during imaging experiments caused by the heating of 

the sample by the laser will not greatly affect the duplex stability or sensing.  

The spectral shifts displayed by the various probes (Naph 17CEN) upon binding of the two targets 

(17CEN Target Variant 1 and 2) are shown in Table 6.2. It has been shown that most probes (apart from 

the probe containing the L NaphI
Dimethyl modification) are successful in discriminating between the two 

target variants by showing changes in the maximum emission wavelength, λmax. The nature and extent 

of the spectral shift depends on the interaction of the naphthalimide tag with the surrounding 

environment (solvent molecules) and target strand. As discussed in Chapter 4, the naphthalimide tag 

exhibits positive solvatochromism, meaning that the emission profile of the naphthalimide will display 

a bathochromic shift if the local environment is less polar, or a hypsochromic shift if more polar. The 

structure of the tag, along with its duplex intercalating ability will ultimately affect the positioning of 

the tag and how the tag interacts with the target strand. The nature of nucleobase variant present in 

the target strand will also provide differing interactions with the naphthalimide tags. All of these 

factors ultimately affect the overall local environment in which the naphthalimide tag resides and is 

the reason we observe shifts in the emission spectra.  
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Table 6.2: 17CEN duplex fluorescence sensing results and duplex melting temperatures (Tm). The maximum fluorescence 
emission intensity wavelength (λmax) is shown for the probe alone (red) and upon duplex formation with each of the target 
variants. The shift in the wavelength upon duplex formation is also shown for comparison. Tm values reported as an average 
of triplicate repeats with error shown in brackets (), to the nearest 0.5 °C. 

 

Probe 

modification 

Tm  

/ °C 

λmax  

/ nm 

Wavelength 

shift 

(compared 

to probe 

alone)  

/nm 

Unmod probe: 17CEN Target Variant 1 (C) None 73.0 (±0.5) -  -  

Unmod probe: 17CEN Target Variant 2 (A) None 70.2 (±0.5) -  -  

Naph 17CEN L NaphA
Short - 524 - 

Naph 17CEN : 17CEN Target Variant 1 (C) L NaphA
Short 70.0 (±1.5) 511 -13 

Naph 17CEN : 17CEN Target Variant 2 (A) L NaphA
Short 69.0 (±0.5) 514 -10 

Naph 17CEN D NaphA
Short - 524 - 

Naph 17CEN : 17CEN Target Variant 1 (C) D NaphA
Short 63.5 (±2.5) 519 -5 

Naph 17CEN : 17CEN Target Variant 2 (A) D NaphA
Short 65.5 (±0.5) 513 -11 

Naph 17CEN L NaphA
Long - 531 - 

Naph 17CEN : 17CEN Target Variant 1 (C) L NaphA
Long 64.5 (±0.5) 528 -3 

Naph 17CEN : 17CEN Target Variant 2 (A) L NaphA
Long 65.0 (±0.5) 530 -1 

Naph 17CEN D NaphA
Long - 532 - 

Naph 17CEN : 17CEN Target Variant 1 (C) D NaphA
Long 64.5 (±0.5) 530 -2 

Naph 17CEN : 17CEN Target Variant 2 (A) D NaphA
Long 66.0 (±0.5) 534 2 

Naph 17CEN L NaphI
Dimethyl - 529 - 

Naph 17CEN : 17CEN Target Variant 1 (C) L NaphI
Dimethyl 67.0 (±0.5) 528 -1 

Naph 17CEN : 17CEN Target Variant 2 (A) L NaphI
Dimethyl 69.5 (±0.5) 528 -1 

Naph 17CEN D NaphI
Dimethyl - 524 - 

Naph 17CEN : 17CEN Target Variant 1 (C) D NaphI
Dimethyl 68.5 (±1.0) 531 7 

Naph 17CEN : 17CEN Target Variant 2 (A) D NaphI
Dimethyl 67.0 (±0.5) 528 4 

 

The most effective probe for base discrimination is the D NaphA
Short 17CEN probe, demonstrating a 

large shift of 6 nm between the two target variants. It is plausible that this wavelength difference 

between the two will be detectable using spectral imaging;26 therefore, this will be the probe employed 

in later work during FISH experiments. Upon duplex formation with the targets, the NaphA
Short probes 

display shifts in their emission to lower wavelengths, thus implying that once duplexed, the 

naphthalimide tag experiences a more hydrophobic (less polar) environment. This correlates well with 

sensing results obtained from Chapter 4 and can be explained by the rigid positioning of the 
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naphthalimide tag within the probe. The naphthalimide tag in probes containing the NaphA
Short 

modification are held closely to the DNA backbone and may intercalate slightly into the duplex upon 

hybridisation with the target strand and are therefore slightly removed from the polar aqueous 

environment. Any hypsochromic shifts suggest the opposite, implying that the naphthalimide is 

positioned overall in a more polar environment, which may be a result of the naphthalimide tag 

protruding out of the duplex into the more aqueous external environment.  This effect was also 

observed in previous chapters, owing to the different structures/orientations of the naphthalimide 

tags and what position they reside within the probe strand.  

6.3.4. FISH Sensing Using the Naph 17CEN Oligo Probe 

 

The Naph 17CEN probe is used in this experiment as a proof-of-concept study to demonstrate the 

ability of solvatochromic probes to enable the detection of single nucleobase variants during cellular 

imaging experiments. As mentioned earlier, the region of interest in the α-satellite regions at the 

centromere of chromosome 17 has two known variants, comprising of single nucleobase changes and 

is therefore ideal for studying these probes.  

Fixed patient sample slides (patient samples from anonymised 46 XX/XY white blood cell suspensions) 

were kindly provided by Birmingham Women's NHS Foundation Trust. Slide sample density was 

checked using an optical microscope prior to use. The fixed patient slides contain interphase and 

metaphase cells. The presence of metaphases helps to confirm the specific binding of the Naph 17CEN 

probe to centromeres of chromosome 17. 

A full experimental procedure for the FISH sensing is detailed in the Experimental 7.8.1. Typically, FISH 

protocols include the following steps: (i) denaturation of the fixed cell DNA, (ii) hybridisation of the 

probe to the region of interest within the fixed cell DNA, (iii) wash steps to remove any unbound probe. 

As mentioned earlier, standard FISH procedures use long hybridisation times (up to 16 h) due to the 

longer length of the probes that are typically employed. Here, much shorter oligo probes are used, 
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meaning that hybridisation times are successfully reduced to 15 min, as previously demonstrated by 

Dr A. Rushton.21 Reducing the hybridisation times is very beneficial for diagnostic testing as it can 

significantly improve the diagnosis wait times for patients. In addition to the hybridisation times, the 

composition of the hybridisation buffer may also be altered to accommodate for the use of the shorter 

oligo probes; this will be discussed later in the section. 

6.3.4.1. FISH Sensing Using the TAMRA 17CEN Probe 

 

As the behaviour of the naphthalimide molecules under the microscope and in cellular environments 

are not well understood, it was first decided to test the FISH protocol with a probe containing a known 

fluorophore.  

An oligo probe labelled with a TAMRA fluorescent dye (ex/em, 555/580 nm) and consisting of 26 

nucleobases was initially tested. The probe sequence targets the 17CEN region of interest and the 

probe sequence can be found in the Appendix 8.4.2. The oligo probe used for this test experiment was 

one designed by Dr A. Rushton.21 This TAMRA 17CEN probe was hybridised to the region of interest for 

15 minutes at 37 °C using the method described in the Experimental 7.8.1. DAPI was used as a nuclear 

stain, a commonly used nuclear counterstain for fluorescence microscopy, flow cytometry, and 

chromosome staining. The sample was visualised using an epifluorescence microscope (RAMM system, 

Applied Scientific Instrumentation) equipped with a 100x objective lens (Nikon, 1.49/oil TIRF) and 

cooled EMCCD camera (Photometrics, Evolve® 512 Delta). Excitation lasers (Coherent, OBIS) at 405 nm 

for DAPI and 561 nm for TAMRA 17CEN probe were used. Figure 6.5 shows the visualisation of the 

TAMRA 17CEN probe by FISH on human interphase cells. The presence of two localised binding events 

within each nucleus suggests the selective binding of the TAMRA 17CEN probes to the centromeres of 

chromosome 17. The visualisation of the 17CEN probes by FISH on human metaphases may have given 

a stronger indication of selective binding; however, within the samples tested metaphases could not 
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be found. Nevertheless, the images in Figure 6.5 still show promise and indicate that the sample 

preparation and FISH protocol methods are effective.  

 

Figure 6.5: TAMRA 17CEN probe visualised by FISH on human interphases using DAPI nuclear stain. Two images showing nuclei 
from different surface areas within the same sample. ~75 ng of TAMRA 17CEN probe used. 

 
With the correct sample preparation and FISH protocol in place, the Naph 17CEN probes were then 

investigated using FISH.  

6.3.4.2. FISH Sensing Using the Naph 17CEN Probe 

 

As above, the Naph 17CEN probes were hybridised to the region of interest for 15 minutes at 37 °C 

using the method described in the Experimental 7.8.1. Initially, DAPI was used as a nuclear 

counterstain, however, the excitation and emission wavelengths (ex/em, 358/461 nm) of this common 

nuclear stain lie too close to those of the naphthalimide fluorophore (ex/em, 449/524 nm), see Figure 

6.6. The 405 nm excitation laser, used to excite DAPI, also excites the naphthalimide fluorophore and 

this crossover of excitation spectra results in images where the Naph 17CEN probes could not be 

visualised. As both DAPI and naphthalimide emit within a similar region, bandpass filters cannot be 

used to separate the emission of each dye. To resolve this, it was decided to use a nuclear stain with 

excitation and emission wavelengths shifted towards the red, GelRed® (Biotium). The excitation 

spectra of GelRed® is shown in Figure 6.6C and when using an excitation laser of 405 nm to excite the 

naphthalimide probes, the GelRed® dye should not be fully excited. Instead, the 561 nm laser was used 
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to excite GelRed®. Figure 6.7 shows images produced from FISH using the GelRed® nuclear stain. As 

observed before with the DAPI nuclear stain, the Naph 17CEN probe cannot be visualised. In this 

instance, the problem may arise from any minimal excitation of GelRed® that may occur at 405 nm. 

Owing to the higher density of the stain within the sample compared to the naphthalimide molecules, 

any minimal excitation of GelRed® may result in fluorescence emission that is stronger than that of the 

naphthalimide molecules and therefore swamp any localised signals resulting from the naphthalimide 

probes. Filters were used in an effort to separate the GelRed® emission from the naphthalimide 

emission; however, owing to the slight overlap in emission profiles of the two dyes, this was not 

successful. Finally, another long wavelength dye was tested, TOTOTM-3. However, again, similar results 

were obtained where the Naph 17CEN probes were not visualised over the emission of the DNA 

intercalating dye. This is probably a result of the similar effect that occur when we stain using GelRed®. 

As the nuclear stains are present at higher density within the sample than the naphthalimide probes, 

the emission signals produced from these stains may be swamping the naphthalimide emission signal.  

 

Figure 6.6: Excitation and emission spectra of (A) Naph 17CEN Probe, (B) Nuclear stain DAPI (image taken from ThermoFisher, 
https://www.thermofisher.com/order/catalog/product/D1306#/D1306), (C) Nuclear stain GelRed® (image taken from 
Biotium, https://biotium.com/product/gelred-nucleic-acid-gel-stain/), (D) Nuclear stain TOTO™-3 (image taken from 
ThermoFisher, https://www.thermofisher.com/order/catalog/product/T3604#/T3604). 
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Figure 6.7: Images produced by FISH on human interphases using GelRed® nuclear stain. Two images showing different surface 
areas from different samples. ~75 ng Naph 17CEN probe. 

 
Clearly, the use of a nuclear counterstain is problematic. The emission from the probe is too weak to 

overcome the emission of the nuclear stain, which is present at a much higher density across the 

sample. However, another possibility for the lack of Naph 17CEN probe visualisation by FISH may be 

attributed to an ineffective FISH protocol. The FISH protocol was altered to rule out that the problems 

with probe visualisation may have arisen from the FISH protocol.  

It is possible that the wash steps are too long, resulting in the complete (or almost complete) removal 

of the hybridised Naph 17CEN probes within the sample. Owing to the shorter nature of the Naph 

17CEN oligoFISH probes, longer wash times may be causing the denaturation of the bound probes. 

However, reducing the wash steps from 5 min to 2 min did not improve the visualisation of the probes 

by FISH. Alternatively, the amount of formamide in the hybridisation buffer may be altered to aid 

stronger binding. Different percentages of formamide were tested (30%, 40%, 50%, 60%, 70%, 80%); 

however, again, improvements in the images produced were not achieved and the Naph 17CEN probes 

were still not successfully visualised by FISH. 

The above experiments along with the successful visualisation of the TAMRA oligoFISH probe using the 

same FISH protocol, confirm that the problems with naphthalimide probe visualisation are most likely 
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due to the weak emission of the naphthalimide probe. Additionally, the probe may not bind to the 

region of interest strongly enough/with enough specificity which may be a result of the naphthalimide 

modification disrupting the probe sequence and duplex stability. This is demonstrated by a reduction 

in thermal melting temperatures (Tm) of roughly 5 °C for the 17CEN D NaphA
Short probe in comparison 

to the unmodified probe, Table 6.2. A longer probe sequence may improve the sensing capability of 

the naphthalimide probe, however, unfortunately work on this project had to conclude, owing to 

patient sample slide degradation, so further studies were not conducted.  

6.4. The Development of Imaging Probes for DNA PAINT Super-Resolution 
Imaging Methods 

 

6.4.1. Experimental Set-Up and Probe Design 

 

The use of naphthalimide modified probes for super-resolution imaging is explored. In this section, 

research will not focus on base discrimination as in previous sections; instead the interesting 

fluorescent properties of one of the naphthalimide modifications discovered in Chapter 4 will be 

explored.  

A major downside to DNA PAINT imaging methods is the difficulty in optimising the signal-to-noise 

ratio. Typically, small signal-to-noise ratios are observed because of the highly fluorescent nature of 

the unbound imaging probes in the imaging solution just outside of the TIRF imaging angle, Figure 6.3. 

The naphthalimide-modified imaging probes aim to increase this signal-to-noise ratio owing to their 

interesting fluorescent properties that were discovered in Chapter 4. The NaphI
Dimethyl tag molecules 

display relatively low fluorescence when present in single-stranded probe form and upon binding of 

these probes to their complementary targets, the fluorescence intensity vastly increases. This effect is 

heightened when using the L NaphI
Dimethyl isomer modification and hence is the chosen fluorescent tag 

for incorporation into the imager probe strands in this work. It is this phenomenon that is envisaged 
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to help reduce the background fluorescence (‘noise’) that is commonly observed with other common 

fluorescently labelled imager probes.  

It is important to design imager probes of a specific length which enable transient binding between 

the imager probe strands and the docking stands. As mentioned earlier, the length of the imager strand 

can greatly influence the binding strength and the length of the binding interaction between the 

imager and docking strands. Typically, imager strand length is between 7-12 nucleobases long for DNA 

PAINT experiments. Predicted thermal melting temperatures obtained from the IDT oligo analyser tool 

gave a good indication as to the correct strand length for the particular sequences used in this 

research.27 A duplex melting temperature of just under 25 °C should provide suitable conditions that 

promote this transient stochastic binding motion of imager and docking strands. As the disruption to 

duplex stability caused by the naphthalimide modification within the probe strand is unknown, it was 

decided to synthesise imager strands of varying lengths to test which of the strands will provide the 

best imaging conditions.  

Initial experiments involved the design of a naphthalimide imager strand that was complementary to 

a biotinylated oligo sequence (IDT DNA, sequences shown in Table 6.3). Similarly to previous probe 

designs, the naphthalimide modification is present at the centre of the strand as a base substitution. 

The biotinylated docking strand will be bound to the coverslip surface using NeutrAvidin and 

biotinylated BSA as shown in Figure 6.8. Although this test experiment set-up does not produce super-

resolution images of defined structures, this preliminary experiment allowed the study of the 

fluorescence properties of these short imager stands and the establishment of a flow chamber-like 

sample preparation set-up without wasting any of the limited DNA origami sample used in later 

experiments. 
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Table 6.3: Sequences of imager and docking strands used in preliminary DNA PAINT experiments. Complementary regions are 
highlighted in blue. The predicted melting temperatures were obtained from IDT oligo analyser, without the modification X 
taken into consideration; 0.1 μM, 75 mM MgCl2.27 

Strand name Sequence 5’→3’ Predicted Tm 

(without modification, X) 

(°C) 

Naph imager 

test 

GATAXCTCG 

(where X = L NaphI
Dimethyl) 

23.3 

Biotinylated 

docking strand 

test 

BiotinTEG-TTTTTGATCTCGCTTACGTCGAGCTATGG -  

 

Figure 6.8: Schematic representation of the preliminary DNA PAINT imaging experiment attaching biotinylated docking 
strands to a coverslip surface via NeutrAvidin and biotinylated BSA. Transient binding of the imaging strands to docking 
strands produces bursts of fluorescence. 

 

Following on, super-resolution imaging of a DNA origami triangle structure was attempted using DNA 

PAINT methods. The origami triangle design provides a structure with known nanoscale dimensions 

which can be easily designed/modified to incorporate docking strand sequences at specific and 

predictable sites within the triangle structure.  

The DNA origami triangle was adapted from work by Rothemund et al. and prepared by another 

member of the Neely group.28 The origami triangle was prepared by the folding of a long sequence of 

DNA using many short staple strands; the 7249 nucleotide long genome of the M13mp18 
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bacteriophage was used for this purpose. See Appendix 8.4.5 for staple strand sequences. The origami 

triangle was designed to incorporate ‘loose end’ or ‘tail’ DNA sequences which are not fully utilised in 

the origami folding design and therefore provide single-stranded DNA that is free for binding. In this 

work, two variants of ‘loose end’ DNA sequences were incorporated into the origami. One sequence is 

specific for the complementary binding of biotinylated DNA strands which were used to anchor the 

origami triangle to the surface. These anchoring strands contain poly-T sequences which bind to 

biotinylated complementary poly-A strands for the attachment to the surface using NeutrAvidin and 

biotinylated BSA. The other ‘loose end’ sequence is the docking strand sequence to which the imager 

probe strands transiently bind to produce the super-resolution image. Figure 6.9 demonstrates how 

the origami triangle is bound to the surface and how the imager strands bind to the docking stands on 

and off to produce ‘bursts’ of fluorescence. The origami triangle was programmed to incorporate 

docking strand sequences on each side of the triangle in the ratio 6:3:1, as shown in Figure 6.10. The 

naphthalimide-modified probe strands and docking strand sequences are shown in Table 6.4. As 

mentioned earlier, the imager strand length can alter the length of the binding interaction between 

the imager and docking strand and the thermal melting temperature gives an indication to a suitable 

length. Here two strand lengths are synthesised with a melting temperature of around 25 °C (however, 

the incorporation of the naphthalimide modification will affect this melting temperature slightly). The 

effect of the strand length on the quality of the super-resolution images produced will be discussed 

later.  
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Table 6.4: Sequences of the imager and docking strands used for DNA PAINT experiments using origami triangle structures. 
The predicted melting temperatures were obtained from IDT oligo analyser, without the modification X taken into 
consideration; 0.02 μM, 75 mM MgCl2.27 

Strand name Sequence 5’→3’ Predicted Tm 

(without modification, X) 

(°C) 

Naph imager -11 CTAGAXGTATA 

(where X = L NaphI
Dimethyl) 

21.5 

Naph imager -12 CTAGAXGTATAA 

(where X = L NaphI
Dimethyl) 

26.6 

Origami docking 

strand 

(staple sequence)…TTTTTTTTATACATCTA -  

 

Figure 6.9: Schematic representation of DNA PAINT imaging experiment using an origami triangle attached to a coverslip 
surface via biotinylated DNA, NeutrAvidin and biotinylated BSA. Transient binding of the imaging strands to docking strands 
on the origami surface produces bursts of fluorescence.  

 

Figure 6.10: DNA origami triangle showing the docking strands (red) positioned on each side of the triangle structure in the 
ratio 6:3:1. 
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6.4.2. Imager Probe Strand Synthesis  

 

The naphthalimide-modified imager strands mentioned above were synthesised using automated 

solid-phase DNA synthesis using ultramild conditions in a similar method to those mentioned in 

Chapter 3 (see Experimental 7.3). The imager strands were then purified using semi-preparative 

reverse phase HPLC using a Clarity Oligo column. 0.1 M triethylammonium acetate buffer was used 

with an increasing acetonitrile gradient from 5-18% acetonitrile over 25 minutes (see Experimental 7.4 

for full method). The strands were characterised using mass spectrometry, for full characterisation 

data see Appendix 8.4.4.  

6.4.3. Preliminary Duplex Studies to Test the Suitability of the Naphthalimide Imager Strands 
for DNA PAINT Imaging 

 

To investigate the fluorescent properties of the naphthalimide imager strands and to determine the 

correct conditions for the DNA PAINT experiment, simple duplex fluorescence studies were conducted.  

In aqueous solution, the Naph imager test strands (5’ – GATAXCTCG – 3’, Table 6.3) were annealed to 

their fully complementary targets (5’ – CGAGCTATC – 3’) and the fluorescence recorded. The addition 

of MgCl2 to the aqueous solution drives the formation of duplex DNA. As previously stated, the binding 

of the imager probes to the complementary regions on the docking strands must occur transiently to 

produce super-resolution images and this binding event can be altered by varying the salt 

concentration. Increasing the Mg2+ concentration stabilises duplex formation by reducing the 

electrostatic repulsion between the negative phosphate backbones of the imager and docking DNA 

strands, resulting in more binding events/localisations per docking strand. Figure 6.11 shows the 

fluorescence emission spectra of the imager strand upon duplex formation with the fully 

complementary target and the effect of varying the concentration of MgCl2 in solution. On first 

inspection, as hoped, the figure demonstrates a signal increase in naphthalimide-modified imager 

strand emission upon duplex formation. It also highlights the significance of altering the MgCl2 



210 
 

concentration to aid duplex formation. The fluorescence intensity change observed between single-

stranded and duplex forms is enhanced as MgCl2 concentration is increased. For the Naph imager test 

strands, a salt concentration of 100 mM MgCl2 was shown to produce optimal fluorescence signals. At 

this salt concentration, the duplex melting temperature was recorded at 24.0 °C which is in the 

expected range to promote transient stochastic binding between imager and docking strands at room 

temperature. However, the salt concentration used in later experiments is lowered slightly to account 

for the increase in imager strand length which results in higher thermal melting temperatures than the 

imager strands used in this example. IDT oligo analyser was used to adapt the salt concentrations for 

later experiments.27  

 

Figure 6.11: Relative fluorescence intensity of the Naph imager test strand upon duplex formation with its fully complementary 
target (5’-CGAGCTATC-3’). 0.5 μM imager strand: 0.5 μM target, aqueous solution of varying MgCl2 concentration (50 mM, 
75 mM, 100 mM, 150 mM). λex = 450 nm, 298 K. 

 
Following on from the fluorescence studies on duplex oligo DNA, the test DNA PAINT set-up involving 

the attachment of biotinylated docking strands to the surface was employed. CoverWell™ perfusion 

chambers were attached to a borosilicate glass coverslip to allow for easy addition and removal of 

reagents. Traditionally, flow chambers are created for this purpose, however, from previous 

experience this method causes difficulties with wash steps and with the removal of reagents from the 
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flow chamber, especially when very low volumes are used such as in this instance. Biotinylated BSA 

was added to the CoverWell™ chamber and bound to the clean coverslip slide, followed by the binding 

of NeutrAvidin and the biotinylated docking test strand, sequence shown in Table 6.3. The Naph imager 

test strand in imaging solution was then finally added to the chamber. Incubation times and wash steps 

were included after addition of each reagent. See Experimental 7.8.2.2 for detailed protocol. The 

sample was then imaged using an epifluorescence microscope equipped with a 100x objective lens 

(Nikon, 1.49/oil TIRF) and cooled EMCCD camera (Photometrics, Evolve® 512 Delta). Excitation lasers 

(Coherent, OBIS) at 405 nm and 488 nm were used to find the sample imaging surface and to excite 

the Naph imager test strand in solution, respectively. At the imaging surface, the TIRF angle was 

adjusted to enhance the signal-to-noise ratio and the samples were imaged over a period of time to 

produce a video comprising of multiple frames.  

A negative control sample was also imaged in which the imager solution contained a non-fluorescent 

imager strand (5’ - CGA GCT ATC – 3’). The imager sequences were the same length and both samples 

were prepared in the same way and imaged under the same parameters so that they could be directly 

compared, making it easier to draw conclusions about the DNA PAINT images. 

Typically, a large number of frames are recorded (≥ 8000) to produce high quality super-resolution 

images of defined structures. However, a relatively small number of frames (1000) were recorded 

during these initial experiments as no defined structures were present, only oligo DNA bound to a 

surface. Super-resolution images were processed using Igor Pro and the Localizer package. The 

Localizer software produces localisation plots in which fluorescent localisations from every frame 

throughout the course of the imaging experiment are mapped onto a single plot. This produces a 

scatter plot of all localisations and a bitmap image across all frames as demonstrated in Figure 6.12.  
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Figure 6.12: Schematic diagram showing the generation of scatter plots and bitmap images. Each imaging frame over different 
time points is superimposed to generate the overall image. 

 

The experiment described above is simple in design and allows for a straightforward assessment of 

probe binding to DNA strands immobilised on a surface, relative to a control experiment. Using this 

approach, the probe specificity and binding kinetics are investigated. These initial experiments show 

promise. Upon comparing the images produced from the negative control sample to the sample 

containing the Naph imager test strand, an increased number of localisations are observed in the 

sample containing the fluorescent naphthalimide imager strand, Table 6.5. In addition, the scatter 

plots, Figure 6.13, showing the localisation density demonstrate that more localisation clusters are 

formed in samples containing the Naph imager test strands. The negative control samples show 

localisations at a more random distribution within the sample (i.e. lacking cluster formation). These 

are promising observations and although defined structures were not imaged, the increase in number 

of localisations implies that probe binding/dissociation is occurring within the sample. Introducing a 

defined structure to which the imager strands bind help confirm that the localisations observed are 

definitely caused by a binding event between imager and docking strands. Thus, DNA origami triangles 

were incorporated into the DNA PAINT design set-up.  
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Table 6.5: Total number of localisations calculated over 1000 frames for each sample used in DNA PAINT test experiments. 20 
nM imager strand, 75 mM MgCl2, imaging buffer. 

Sample Total Number of Localisations 

Negative control 5401 

Naph imager test strands 13572 

 

 

Figure 6.13: Scatter plots showing localisation density of DNA PAINT test experiments with negative control (left) and Naph 
imager test strands (right). Scatter plots generated from 1000 frames. 20 nM imager strand, 75 mM MgCl2, imaging buffer. 

 

6.4.4. DNA PAINT Imaging Using Naphthalimide Imager Strands to Produce Super-Resolution 
Images of DNA Origami Triangles 

 
A DNA origami triangle, based on a published design was used for these experiments.28 Staple strands 

were used to fold the M13mp18 bacteriophage genome (staple strand sequences are listed in 

Appendix 8.4.5) into the desired structure. The successful synthesis of the origami triangle was shown 

by the AFM images in Figure 6.14 (courtesy of W. Vanderlinden, J. Lipfert, LMU Munich) and shows 

each structure to have dimensions of roughly 100 nm.   
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Figure 6.14: AFM images of DNA origami triangle. Images show the successful synthesis of the adapted Rothemund’s origami 
triangle with diameter of roughly 100 nm. Images courtesy of W. Vanderlinden and J. Lipfert, LMU Munich. 

 
Prior to assembly of the imaging chamber, the origami triangle was annealed to biotinylated poly-A 

strands. As mentioned earlier, the origami triangle structure was designed to contain poly-T loose ends 

which enable the anchoring of the triangle structure to a surface via binding to the biotinylated poly-

A strands.  

The sample was prepared as before on a borosilicate glass coverslip using CoverWell™ perfusion 

chambers to allow for the addition and removal of reagents. The following reagents were sequentially 

added to the chamber; biotinylated BSA, NeutrAvidin, followed by the origami triangle with the 

biotinylated DNA strands pre-annealed. The imaging solution, containing the imager probe is finally 

added to the chamber (see Experimental 7.8.2.3 for detailed protocol).  

Control experiments were also prepared in a similar way. A negative control sample was prepared in 

which the imaging solution contained a non-fluorescent imager strand. This negative control should 

therefore not produce any specific fluorescent signals and any fluorescence observed will be 

background fluorescence (‘noise’) produced from fluorescent species within the sample. In contrast, 

the positive control sample contains an ATTO 488-labelled imager strand within the imaging solution. 

This positive control experiment helped to confirm that any localisations observed with the Naph 

imager strands are due to the specific binding of the imager strands to docking strands on the origami 

triangle. In addition, the positive control experiment was also used to directly compare and investigate 

the signal-to-noise ratio produced by the two samples. It was hypothesised that the Naph imager 
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strands will exhibit enhanced signal-to-noise ratios and higher quality super-resolution images, a result 

of their fluorogenic response to the transient DNA duplex formation. DNA imager strands labelled with 

an ATTO 488 dye were chosen for the positive control because of their similar excitation and emission 

profiles to that of the naphthalimide fluorophores used in this work.  

The prepared samples were imaged using an epifluorescence microscope equipped with a 100x 

objective lens (Nikon, 1.49/oil TIRF) and cooled EMCCD camera (Photometrics, Evolve® 512 Delta). 

Excitation lasers (Coherent, OBIS) at 405 nm and 488 nm were used to find the sample imaging surface 

and to excite the Naph imager strand and ATTO 488 control imaging strand, respectively. The TIRF 

angle was modified to optimise the signal-to-noise ratio and reduce the background fluorescence from 

any unbound fluorescent imaging strands in the imaging solution close to the TIRF angle. Up to 8000 

sequential imaging frames were recorded. 

The two variants of the Naph imager strands differ in length by one nucleobase; with Naph imager -11 

having 11 nucleobases and Naph imager -12 having 12 nucleobases (including the naphthalimide 

nucleoside analogue, Table 6.4). This difference of one nucleobase, an A-T base pair, will affect the 

stability of the duplex formed between the imager strands and docking strand and the more stable the 

duplex, the more localisations are observed per target. However, if the duplex formed is too stable 

then the imager strand will remain bound to the docking strand and the transient stochastic binding 

motion required for super-resolution imaging will not occur.  

Samples containing Naph imager -12 strands have an increased number of localisations compared to 

samples containing Naph -11 strands, as shown in Table 6.6. Comparing the scatter plots generated 

from the two samples, Figure 6.15, the localisation density between samples can be compared. It is 

observed from the scatter plots in Figure 6.15 that more localisation clusters are formed in samples 

containing the longer imaging strand, Naph imager -12, compared to the sample containing Naph 

imager -11 strands. Thus, implying that the longer imager strands form more stable duplexes which 
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results in more localisations per target, however, they do not form such a stable duplex that the strands 

do not dissociate back into the imaging solution.  

Table 6.6: Total number of localisations calculated over 3000 frames for each sample used in the DNA PAINT origami 
experiments. 20 mM imager strand concentration, 75 mM MgCl2, imaging buffer. 

Sample Total Number of Localisations Localisation Error; X,Y 

(nm) 

Naph imager -11 4022 40, 40 

Naph imager -12 18790 38, 38 

 

 

Figure 6.15: Scatter plots showing the localisation density within the sample containing Naph imager -11 strands (left) and 
Naph imager -12 strands (right). Scatter plots generated from 3000 frames, 20 mM imager strand concentration, 75 mM 
MgCl2, imaging buffer. 

 
Bitmap images were generated by displaying the localised emitters with a 2D Gaussian-shaped model 

of the emitter’s point spread function (PSF) with a width of 0.05 CCD pixels (8 nm) and then combining 

all localisations within every frame over the imaging experiment. The bitmap images generated show 

that the localisation clusters have shape and size that resemble that of the DNA origami, Figure 6.16. 

The AFM images above, show the size of the origami triangle to have a size of approximately 100 nm 

across which correlates with the sizes of the structures shown in Figure 6.16 (considering any 

localisation error, 30-40 nm, Table 6.6). The object in Figure 6.17 shows particular promise, the bitmap 
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image shows localisations which correspond to the position of the docking strands incorporated into 

the DNA origami triangle. A high density of localisations is present along one side of the object which 

likely corresponds to the side of the triangle containing 6 docking strands (10 – 15 nm apart). The other 

sides of the object contain fewer localisations, corresponding to the remaining sides of the origami 

triangle containing 3 and 1 docking strands.  

 

Figure 6.16: Bitmap image generated of samples containing the origami triangle and Naph imager -12 strands. A magnified 
section of the image in the insert shows highlighted clusters which are assumed to be the origami structures. each of these 
structures is magnified further to highlight the shape and size, which corresponds to the origami structure. Image produced 
from 8000 frames, 60 ms exposure, excitation laser 488 nm. 20 mM imager strand concentration, 75 mM MgCl2, imaging 
buffer. 
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Figure 6.17: Magnified bitmap image of one cluster of localisations of a sample containing the Naph imager -12 strand (left) 
and the design of the DNA origami triangle (right) showing the probable orientation of the triangle in the image based on the 
density of the localisations observed in the bitmap image. Image produced from 8000 frames, 60 ms exposure, excitation laser 
488 nm. 20 mM imager strand concentration, 75 mM MgCl2, imaging buffer. 

 
For confirmation of successful PAINT imaging, the data produced from samples containing the Naph 

imager -12 strands were compared with the data produced from the positive and negative control 

samples. Table 6.7 shows the total number of localisations present across the 8000 frames collected 

during the experiment for each sample.  

Table 6.7: Total number of localisations calculated over 8000 frames for each sample used in the DNA PAINT origami 
experiments. 20 nM imager strand concentration, 75 mM MgCl2, imaging buffer.  

Sample Total Number of Localisations Localisation Error; X,Y 

(nm) 

Negative control 

Unmodified imager strands 

3522 59, 59 

Naph imager -12 strands 11992 40, 40 

Positive control 

ATTO 488 imager strands 

105522 43, 43 

 
The negative control sample contains the fewest localisations, Table 6.7. The scatter plot of localisation 

density, Figure 6.18 (top left), also implies the absence of probe binding/dissociation within this 

sample, with localisations randomly distributed and the reduced numbers of localisation cluster 

formed. Any localisation clusters observed are probably caused by artifacts/contaminants on the 

surface or in the imaging solution.  
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The positive control samples have a large total number of localisations across all frames as shown in 

Table 6.7, and a high density of localisations producing clusters as shown the scatter plots, Figure 6.18 

(bottom left and bottom right). Figure 6.18 includes two scatter plots of the positive control sample 

containing ATTO 488 imager strands. The scatter plots are generated from the same sample but 

analysed using slightly different parameters. The scatter plot shown Figure 6.18 (bottom left) was 

generated using identical parameters to the negative control sample and the samples containing the 

Naph imager -12 strands for direct comparison (with GLRT insensitivity of 25). This plot shows that the 

parameters used for samples containing the naphthalimide imager strands are not well suited to those 

containing the ATTO 488 imaging strands as the parameters used are mostly fitting ‘noise’ in this 

example. The ATTO 488 dye is much brighter and as a result background fluorescence is increased, 

meaning that the GLRT threshold needs to be adjusted to account for this (GLRT insensitivity raised to 

35). This adjusted scatter plot (bottom right, Figure 6.18) reveals localisation clusters across the 

sample, again implying probe binding and dissociation is occurring.  
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Figure 6.18: Scatter plots showing localisation density within samples containing; negative control unmodified imager strands 
(top left), Naph imager -12 strands (top right), positive control ATTO 488 imager strands (bottom left). This data was analysed 
using the same parameters (GLRT insensitivity of 25) to allow for direct comparison, however, the plot showing the ATTO 488 
imager strands (bottom left) appears to be fitting noise and so the analysis parameters were adjusted (GLRT sensitivity of 35) 
as appropriate for this brighter dye to produce a more representative scatter plot for this sample (bottom right). All samples 
contain 20 nM imager strand, 75 mM MgCl2, imaging buffer. Scatter plots produced from 8000 frames, 60 ms exposure, 
excitation laser 488 nm. 

Furthermore, the positive control sample contains higher background fluorescence when compared to 

the sample containing Naph imager -12 strands, an observation that demonstrates the advantage of 

using the naphthalimide imager strands to increase the signal-to-noise ratio. To compare the 

background fluorescence of the two samples, the intensity of emission was taken across a set distance 

within an imaging frame. This set distance was a straight line drawn through a region of an imaging 
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frame, including background regions and a single emitter region. Several different areas, frames and 

emitters were selected to give a good representation of the whole sample.  Figure 6.19 and Figure 6.20 

show the emission plots which measure the intensity of the background vs the single emitters for the 

samples containing Naph imager -12 strands and ATTO 488 strands, respectively.  Upon inspection of 

Figure 6.19 and Figure 6.20, samples containing ATTO 488 have a significantly higher background 

fluorescence to those containing Naph imager -12 strands, with background emission intensity of 

roughly 5000 compared to 2500, respectively. The ATTO 488 strands are highly fluorescent even when 

present as an unbound imager strand in the imaging solution. The highly fluorescent nature causes 

fluorescence of the imaging solution close to the surface and may be detected within the TIRF imaging 

angle which results in the increased background emission observed. However, the increase of 

background emission intensity for the ATTO 488 strands is offset by the increase in signal intensity for 

a single emitter, with ATTO 488 emitters showing intensities of around 7500 counts, compared to 

naphthalimide emitters which have emission intensities of 4000 counts. Despite this, the signal-to 

noise ratios calculated for the Naph imager -12 sample is slightly increased (average S/N of 1.6) 

compared to the ATTO 488 sample (average S/N of 1.5). 
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Figure 6.19: Intensity plots across set distances with a sample containing Naph imager -12 strands to measure the intensity 
of the background (noise) vs the signal of single emitters. Showing six different single emitters from six different imaging 
frames within the same sample. 20 nM Naph imager -12 strand concentration, 75 mM MgCl2, imaging buffer. 
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Figure 6.20: Intensity plots across set distances with samples containing ATTO 488 strands to measure the intensity of the 
background (noise) vs the signal of single emitters. Showing six different single emitters from six different imaging frames 
within the same sample. 20 nM ATTO 488 imager strand concentration, 75 mM MgCl2, imaging buffer. 

 
The scatter plots produced from samples containing the Naph imager -12 strands, Figure 6.18, show 

several clusters of localisations in the field of view. However, it would be expected to observe a 

comparable cluster density to the sample containing the ATTO 488 imager strands, see Figure 6.18, as 

both samples were prepared in the same way. The naphthalimide molecules are not as bright as the 

ATTO 488 dye (molar absorptivity values of roughly 90000 for the ATTO dye compared to 8000 for 

naphthalimides). In addition, the incorporation of the naphthalimide tags into the Naph imager strands 

may be resulting in lower binding affinity between the imager strand and docking strands. A 
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combination of these two factors may be resulting in the reduced localisations that are observed. In 

an attempt to overcome these factors, the concentration of the Naph imager -12 strands in the imaging 

solution was increased. Increasing the imager strand concentration was assumed to increase the 

number of collisions between imager strand and docking strands and hopefully increase the number 

of localisations observed in the super-resolution image. Various imager strand concentrations were 

employed (20 nm, 50 nm, 100 nm) to see if any trends emerged upon increasing the concentration. 

Increasing the concentration shows the opposite effect of what was expected, Table 6.8. This is a result 

of increased background fluorescence at these higher concentrations, as shown by the emission plots 

of samples at these higher concentrations. Figure 6.21 and Figure 6.22 show the emission intensity 

plots of samples containing 50 nM and 100 nM imager strand respectively, see Figure 6.19 for 20 nM. 

The emission plots demonstrate the lower signal-to-noise ratios for the samples containing higher 

concentrations of imager strand. The average signal-to-noise ratio is 1.6 for samples containing 20 nM 

imager strand (as stated earlier), 1.43 for samples containing 50 nM imager strand and 1.40 for samples 

containing 100 nM imager strand. The increase of background signals at these higher concentrations 

may overpower or mask any low emitting signals residing from samples containing the Naph imager 

strands. These low emitting signals are therefore not detected when the background fluorescence is 

increased above a certain threshold. It was concluded that 20 nM Naph imager -12 strand 

concentration produces best the super-resolution images. 

Table 6.8: Total number of localisations calculated over 8000 frames for samples containing various concentrations of Naph 
imager -12 strands in DNA PAINT experiments. 20, 50 and 100 nM imager strand concentration, 75 mM MgCl2, imaging buffer.  

Sample Total number of localisations 

20 nM Naph imager -12 11992 

50 nM Naph imager -12 10441 

100 nM Naph imager -12 9242 
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Figure 6.21: Intensity plots across set distances with samples containing 50 nM Naph -12 imaging strand to measure the 
intensity of the background (noise) vs the signal of single emitters. Showing six different single emitters from six different 
imaging frames within the same sample. 50 nM Naph imager -12 strand concentration, 75 mM MgCl2, imaging buffer. 
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Figure 6.22: Intensity plots across set distances with samples containing 100 nM Naph -12 imaging strand to measure the 
intensity of the background (noise) vs the signal of single emitters. Showing six different single emitters from six different 
imaging frames within the same sample. 100 nM Naph imager -12 strand concentration, 75 mM MgCl2, imaging buffer. 
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6.5. Conclusions and Future Work 
 

It has been shown that naphthalimide-modified DNA probes can be adopted for more complex sensing 

environments such as the imaging experiments described in this chapter.  

Firstly, the Naph 17CEN probes were successfully synthesised and duplex studies demonstrated the 

ability of these probes to discriminate between two target variants which differ in sequence by a single 

nucleobase. Upon binding of the probes to each target variant (17CEN target variant 1 and 2), a shift 

in the probe fluorescence emission profile is observed and provides a way of sensing between the two. 

One naphthalimide probe in particular provided a significant spectral shift between the two target 

variants of 6 nm. However, problems arose when using these probes in a cellular environment. 

Unfortunately, it was not possible to visualise the naphthalimide probes by FISH. This is most likely 

attributed to the use of nuclear counterstain and weakly emitting naphthalimide probe (compared to 

commercially available dyes such as TAMRA), and the weaker binding of the naphthalimide probe to 

the region of interest.  

One way of overcoming these problems could be to omit a nuclear counterstain from the protocol and 

instead use brightfield imaging and a telomeric probe (using a dye of higher wavelength) to aid 

naphthalimide probe visualisation and confirm the selective binding of the naphthalimide probes to 

the region of interest. Omitting the highly fluorescent nuclear counterstain from the protocol, will 

hopefully remove the higher density of fluorescent signals observed in the nuclear region, which may 

have been masking the lower density fluorescent signals of the naphthalimide probes. The length of 

the probe sequence could also be increased to aid the formation of more stable duplexes. Future work 

would involve the continuing working on probe visualisation by FISH and if proven successful, coupling 

FISH methods with spectral imaging to discriminate between the target variants.  
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DNA PAINT imaging using naphthalimide-modified imager strands proved more successful, with the 

seemingly effective binding of imager probes to docking strands on DNA origami structures to produce 

super-resolution images containing structures that resemble the origami triangle shape and size.   

Docking sites were incorporated into a DNA origami triangle to which complementary naphthalimide 

imager strands could bind. The data produced showed localisations which resembles the specific 

positioning of these docking strands within the origami triangle. The effect of changing the imager 

strand length and other experimental conditions such as imager strand and salt concertation were also 

explored. A longer imager strand length (12 nucleobases) produced images containing a higher number 

of localisations owing to the increased binding affinity between the imager and docking strands. The 

positive and negative control samples also aided the conclusion that the structures observed in the 

images are most probably due to the specific binding of the imager strands to docking strands on the 

origami triangle structures.  

It was also shown, that the naphthalimide probes successfully reduce the background fluorescence 

within the samples, as hoped. This is a major advantage for super-resolution imaging techniques and 

increases localisation precision and the quality of images produced.  

Future work would involve tweaking the design of the DNA PAINT imaging experiment to improve the 

binding kinetics (i.e. increasing the probe strand length). This would hopefully lead to the visualisation 

of increased number of localisations within samples containing Naph imager strands. Following on 

from this, the use of the naphthalimide probes in a well-defined biological target can be explored, such 

as the imaging of antibodies to investigate cellular activity. 
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7. Experimental 
 

7.1. Materials and Methods 
 

All chemicals and regents were purchased form commercial suppliers and used without further 

purification. Purification by column chromatography was carried out using open columns packed with 

Merck grade 60 silica gel. 1H, 13C, and 31P NMR spectra were obtained on Bruker AVIII300, AVIII400 or 

AVNEO500 spectrometers. NMR data was analysed with MestReNova v14.1.2. Electrospray mass (ESI-

MS) spectra were measured by either Waters micromass LCT electrospray time-of-flight (ESTOF), 

Waters Xevo G2-XS, or Synapt G2S mass spectrometers. IR spectroscopy was performed on dry 

samples with a Varian 660-IR FT-IR spectrometer. Milli-Q water used for DNA sample preparation was 

purified with a Millipore Elix-Gradient A10 system (resistivity > 18 μΩ.cm, TOC ≤ 5 ppb, Millipore, 

France). 
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7.2. Monomer Synthesis 
 

7.2.1. NaphA
Short Synthesis 
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7.2.1.1. 6-chloro-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione1 

 

4-chloro-1,8-napthalic anhydride (4.00 g, 17.2 mmol) was added to propylamine (2.83 mL, 34.4 mmol) 

and EtOH (70 mL). The solution was heated at reflux under argon overnight. The reaction mixture was 

left to cool and precipitate formed. The precipitate was filtered and washed with EtOH to give the 

stated product as a yellow solid (3.64 g, 77%). 1H NMR (400 MHz, CDCl3, δ ppm): 8.66 (dd, J = 7.3, 1.1 

Hz, 1H, Naph Ar CH), 8.59 (dd, J = 8.5, 1.1 Hz, 1H, Naph Ar CH), 8.50 (d, J = 7.9 Hz, 1H, Naph Ar CH), 

7.89 – 7.80 (m, 2H, Naph Ar CH), 4.17 – 4.11 (m, 2H, N-CH2), 1.83 – 1.70 (m, 2H, CH2), 1.02 (t, J = 7.5 

Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3, δ ppm): 163.92 (C=O), 139.11 (C-Cl), 132.13 (Ar CH), 131.25 (Ar 

CH), 130.71 (Ar CH), 129.48 (Ar C), 129.26 (Ar C), 127.98 (Ar CH), 127.51 (Ar CH), 123.33 (Ar C), 121.84 

(Ar C), 42.20 (N-CH2), 21.52 (CH2), 11.64 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C15H12-

NO2Cl35, 273.0557; found 273.0559. IR νmax/cm-1: 1655.4 (C=O), 784.3 (C-Cl). 
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7.2.1.2. 6-(((2R,3R)-1,3-dihydroxybutan-2-yl)amino)-2-propyl-1H-benzo[de]isoquinoline-
1,3(2H)-dione  

 

L-threoninol (0.384 g, 3.65 mmol) was dissolved in DMSO (4.00 mL) and 6-chloro-2-propyl-1H-

benzo[de]isoquinoline-1,3(2H)-dione (0.500 g, 1.83 mmol) was added. The solution was heated at 40 

°C under argon for 48 h. The solution was cooled and H2O was added to produce a precipitate. 1 M HCl 

was used to neutralise the mixture and the product extracted into DCM (4 x 20 mL) and washed with 

H2O (2 x 20 mL). The solution was dried over magnesium sulfate, filtered and the solvent removed in 

vacuo to give the crude product as an orange oil. Column chromatography on silica (DCM/MeOH, 

90:10) gave the stated product as an orange solid (0.197 g, 31%).1H NMR (300 MHz, CDCl3) δ 8.41 (dd, 

J = 7.3, 1.0 Hz, 1H, Naph Ar CH), 8.21 (d, J = 8.4 Hz, 1H, Naph Ar CH), 8.09 (dd, J = 8.6, 1.1 Hz, 1H, Naph 

Ar CH), 7.56 (dd, J = 8.4, 7.3 Hz, 1H, Naph Ar CH), 6.59 (d, J = 8.5 Hz, 1H, Naph Ar CH), 6.15 (d, J = 8.2 

Hz, 1H, NH), 4.49 (q, J = 6.4 Hz, 1H, CH), 4.23 (d, J = 11.5 Hz, 1H, CH2-O), 4.08 – 3.97 (m, 3H, CH2-O, N-

CH2), 3.68 – 3.58 (m, 1H, CH), 1.72 (dt, J = 15.1, 7.5 Hz, 2H, CH2), 1.32 (d, J = 6.4 Hz, 3H, CH3-CH(OH)), 

0.99 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3, δ ppm): 164.52 (C=O), 164.10 (C=O), 149.58 (Ar 

C-NH), 134.33 (Ar CH), 131.22 (Ar C), 129.86 (Ar C), 126.40 (Ar CH), 124.56 (Ar C), 122.84 (Ar CH), 120.38 

(Ar C), 109.69 (Ar C), 104.40 (Ar CH), 67.83 (CH-OH), 62.62 (N-CH), 57.81 (CH), 41.66 (CH2-OH), 21.44 

(CH2), 20.45 (CH(OH)-CH3), 11.54 (CH3). HRMS (TOF-ESI +ve) (m/z); [M]+ calculated for C19H21N2O4, 

341.1501; found 341.1502. IR νmax/cm-1: 3353.8 (OH), 2961.9 (NH), 1631.3 (C=O).  
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7.2.1.3. 6-(((2S,3S)-1,3-dihydroxybutan-2-yl)amino)-2-propyl-1H-benzo[de]isoquinoline-
1,3(2H)-dione  

 

D-threoninol (0.390 g, 3.71 mmol) was dissolved in DMSO (4.00 mL) and 6-chloro-2-propyl-1H-

benzo[de]isoquinoline-1,3(2H)-dione (0.507 g, 1.85 mmol) was added. The solution was heated at 40 

°C under argon for 48 h. The solution was cooled and H2O was added to produce a precipitate. 1 M HCl 

was used to neutralise the mixture and the product extracted into DCM (4 x 20 mL) and washed with 

H2O (2 x 20 mL). The solution was dried over magnesium sulfate, filtered and the solvent removed in 

vacuo to give the crude product as an orange oil.  Column chromatography on silica (DCM/MeOH, 

90:10) gave the stated product as an orange solid (0.158 g, 25%). 1H NMR (500 MHz, CDCl3) δ 8.62 (d, 

J = 7.3 Hz, 1H, Naph Ar CH), 8.44 (d, J = 8.4 Hz, 1H, Naph Ar CH), 8.25 (d, J = 8.4 Hz, 1H, Naph Ar CH), 

7.74 – 7.63 (m, 1H, Naph Ar CH), 6.66 (d, J = 8.4 Hz, 1H, Naph Ar CH), 6.02 (d, J = 9.7 Hz, 1H, NH), 4.88 

(dd, J = 6.4, 1.3 Hz, 1H, CH), 4.21 (dd, J = 11.6, 1.8 Hz, 1H, CH2-O), 4.15 – 4.13 (m, 2H, N-CH2), 3.96 (dd, 

J = 11.5, 1.7 Hz, 1H, CH2-O), 3.70 (d, J = 9.7 Hz, 1H, CH), 1.76 (qd, J = 7.5, 1.4 Hz, 2H, CH2), 1.30 (dd, J = 

6.5, 1.2 Hz, 3H, CH3-CH(OH)), 1.00 (td, J = 7.4, 1.2 Hz, 3H, CH3).13C NMR (101 MHz, CDCl3, δ ppm): 164.77 

(C=O), 164.20 (C=O),  148.85 (Ar C-NH), 134.31 (Ar CH), 131.53 (Ar CH), 130.19 (Ar C), 126.21 (Ar CH), 

125.17 (Ar CH), 123.45 (Ar C), 120.76 (Ar C), 111.03 (Ar C), 104.40 (Ar CH), 75.53 (CH-OH), 70.04 (N-

CH), 50.88 (CH), 41.83 (CH2-OH), 21.59 (CH2), 18.22 (CH(OH)-CH3), 11.70 (CH3). HRMS (TOF-ESI +ve) 

(m/z); [M]+ calculated for C19H23N2O4, 343.1658; found 343.1657. IR νmax/cm-1: 3338.8 (OH), 2961.8 

(NH), 1630.8 (C=O). 
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7.2.1.4. 6-(((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)amino)-
2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione2,3 

 

6-(((2R,3R)-1,3-dihydroxybutan-2-yl)amino)-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (0.197 

g, 0.575 mmol) was dissolved in pyridine (30 mL). DMT-Cl (0.195 g, 0.575 mmol) and DMAP (0.0105 g, 

0.0862 mmol) was added and the solution left to stir under argon for 24 h. The reaction mixture was 

poured onto H2O (50 mL) and the product extracted with DCM (2 x 50 mL). The remaining solution was 

dried over MgSO4, filtered and the solvent removed in vacuo. Column chromatography on silica 

(EtOAc/hexane/TEA, 59:40:1) to leave the stated product as an orange solid oil (0.131 g, 35%).1H NMR 

(300 MHz, CD3CN) δ 8.38 (dd, J = 7.3, 0.9 Hz, 1H, Naph Ar CH), 8.32 – 8.23 (m, 1H, Naph Ar CH), 8.18 

(d, J = 8.5 Hz, 1H, Naph Ar CH), 7.58 – 7.46 (m, 1H, Naph Ar CH), 7.46 – 7.37 (m, 2H, DMT CH), 7.33 – 

7.10 (m, 7H, DMT CH), 6.81 – 6.67 (m, 4H, DMT CH), 6.58 (d, J = 8.7 Hz, 1H, Naph Ar CH), 6.10 (d, J = 

8.8 Hz, 1H, NH), 4.38 (dd, J = 6.4, 3.8 Hz, 1H, CH), 4.04 – 3.95 (m, 2H, CH2-O), 3.85 – 3.74 (m, 1H, CH), 

3.69 (d, J = 5.6 Hz, 6H, DMT O-CH3), 3.47 (dd, J = 9.8, 5.5 Hz, 1H, N-CH2), 3.33 (dd, J = 9.8, 4.9 Hz, 1H, N-

CH2), 1.76 – 1.61 (m, 2H, CH2), 1.28 – 1.25 (m, 3H, CH(OH)-CH3), 1.00 – 0.93 (m, 3H, CH3). 13C NMR (101 

MHz, CD3CN, δ ppm): 164.91 (C=O), 164.17 (C=O), 159.18 (Ar C-O), 150.55 (Ar C-NH), 145.79 (Ar C), 

136.47 (Ar CH), 134.22 (Ar CH), 131.20 (Ar CH), 130.54 (Ar C), 128.47 (Ar CH), 128.36 (Ar CH), 127.56 

(Ar CH),  127.35 (Ar CH), 125.17 (Ar CH), 123.61 (Ar C), 121.06 (Ar C), 113.52 (Ar CH), 110.16 (Ar C), 

105.50 (Ar CH), 86.84 (DMT C), 66.90 (CH-OH), 63.34 (CH2-O), 58.90 (CH), 55.43 (DMT O-CH3), 41.73 

(CH2), 21.80 (CH2), 20.33 (CH(OH)-CH3), 11.43 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for 

C40H39N2O6, 643.2810; found 643.2808. IR νmax/ cm-1: 3400 (OH), 2965.70 (NH), 1580.83 (C=O). 
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7.2.1.5. 6-(((2S,3S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)amino)-
2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione2, 3 

 

6-(((2R,3R)-1,3-dihydroxybutan-2-yl)amino)-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (0.158 

g, 0.462 mmol) was dissolved in pyridine (30 mL). DMT-Cl (0.157 g, 0.462 mmol) and DMAP (0.0085 g, 

0.0693 mmol) was added and the solution left to stir under argon for 24 h. The reaction mixture was 

poured onto H2O (50 mL) and the product extracted with DCM (2 x 50 mL). The remaining solution was 

dried over MgSO4, filtered and the solvent was removed in vacuo. Column chromatography on silica 

(EtOAc/hexane/TEA, 59:40:1) yielded the stated product as an orange solid oil (0.179 g, 44 %).1H NMR 

(300 MHz, CDCl3) δ 8.56 (dd, J = 7.3, 0.9 Hz, 1H, Naph Ar CH), 8.31 (d, J = 8.4 Hz, 1H, Naph Ar CH), 8.14 

(dd, J = 8.6, 1.1 Hz, 1H, Naph Ar CH), 7.58 (dd, J = 8.4, 7.3 Hz, 1H, Naph Ar CH), 7.41 – 7.33 (m, 2H, DMT 

CH), 7.29 – 7.15 (m, 7H, DMT CH), 6.76 – 6.61 (m, 4H, DMT CH), 6.47 (d, J = 8.6 Hz, 1H, Naph Ar CH), 

6.04 (d, J = 7.7 Hz, 1H, NH), 4.50 – 4.37 (m, 1H, CH), 4.14 – 4.08 (m, 3H, CH2-O), 3.70 (d, J = 6.5 Hz, 6H, 

DMT O-CH3), 3.65 (d, J = 7.8 Hz, 2H, CH), 3.47 (t, J = 6.0 Hz, 1H, N-CH2), 3.35 – 3.25 (m, 1H, N-CH2), 1.82 

– 1.69 (m, 2H, CH2), 1.32 (d, J = 6.4 Hz, 3H, CH(OH)-CH3), 1.00 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 

MHz, CDCl3, δ ppm): 164.65 (C=O), 164.09 (C=O), 158.63 (Ar C-O), 149.14 (Ar C-NH), 144.49 (Ar C), 

135.23 (Ar CH), 134.30 (Ar CH), 131.19 (Ar CH), 129.88 (Ar C), 127.98 (Ar CH), 127.00 (Ar CH), 126.03 

(Ar CH), 124.72 (Ar CH), 123.09 (Ar C), 120.48 (Ar C), 113.24 (Ar CH), 110.08 (Ar C), 104.78 (Ar CH), 

87.06 (DMT C), 67.77 (CH-O), 63.17 (CH2-O), 57.29 (CH), 55.16 (DMT O-CH3), 41.68 (CH2), 21.49 (CH2), 

20.54 (CH(O)-CH3), 11.58 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C40H39N2O6, 643.2807; 

found 643.2808. IR νmax/cm-1: 3421.38 (OH), 2963.27 (NH), 1578.50 (C=O). 
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7.2.1.6. (2R,3R)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-((1,3-dioxo-2-propyl-2,3-
dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 
Under argon, 6-(((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)amino)-2-

propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (0.197 g, 0.304 mmol) was dissolved in anhydrous 

DCM (50 mL). DIPEA (0.16 mL, 0.911 mmol) and 2-cyanethyl-diisopropylchlorophosphoramidite (0.08 

mL, 0.364 mmol) were added and the solution left to stir under argon for 1 h. Methanol (1 mL) was 

added to quench the reaction and left to stir for a further 30 min. The solid was filtered off and rinsed 

with EtOAc (50 mL). The remaining solution was washed with sodium hydrogen carbonate (2 x 50 mL), 

water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and solvent removed 

in vacuo. Column chromatography on alumina (EtOAc/hexane/TEA, 59:40:1) afforded the stated 

product as a yellow oil (0.203 g, 79%). 1H NMR (300 MHz, CD3CN) δ 8.45 (ddd, J = 7.2, 5.1, 0.8 Hz, 1H, 

Naph Ar CH), 8.29 – 8.24 (m, 1H, Naph Ar CH), 8.24 – 8.18 (m, 1H, Naph Ar CH), 7.64 (dd, J = 8.4, 7.4 

Hz, 1H, Naph Ar CH), 7.47 – 7.42 (m, 2H, DMT CH), 7.28 (td, J = 8.2, 7.8, 3.9 Hz, 7H, DMT CH), 6.82 – 

6.77 (m, 5H, DMT CH), 6.71 (d, J = 8.7 Hz, 1H, Naph Ar CH), 5.97 (d, J = 8.6 Hz, 1H, NH), 4.57 – 4.48 (m, 

1H, CH), 4.03 – 3.97 (m, 3H, CH2-O), 3.82 – 3.77 (m, 1H, CH), 3.72 (d, J = 2.6 Hz, 6H, DMT O-CH3), 3.69 

– 3.52 (m, 6H, N-CH, N-CH2), 2.66 (t, J = 6.0 Hz, 2H, CH2), 2.54 (t, J = 6.0 Hz, 2H, CH2), 1.67 (s, 2H, CH2), 

1.32 (d, J = 6.3 Hz, 3H, CH(O)-CH3), 1.21 – 1.15 (m, 16H, iPr2-N), 0.95 (td, J = 7.4, 1.3 Hz, 4H, CH3). 31P 

NMR (121 MHz, CD3CN, δ ppm): 148.84, 148.42 (P(III)), 147.21 (P(III)). 
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7.2.1.7. (2S,3S)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-((1,3-dioxo-2-propyl-2,3-
dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

Under argon, 6-(((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)amino)-2-

propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (0.167 g, 0.259 mmol) was dissolved in anhydrous 

DCM (50 mL). DIPEA (0.14mL, 0.776 mmol) and 2-cyanethyl-diisopropylchlorophosphoramidite (0.07 

mL, 0.310 mmol) were added and the solution left to stir under argon for 1 h. Methanol (1 mL) was 

added to quench the reaction and left to stir for a further 30 min. The solid was filtered off and rinsed 

with EtOAc (50 mL). The remaining solution was washed with sodium hydrogen carbonate (2 x 50 mL), 

water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and solvent removed 

in vacuo. Column chromatography on alumina (EtOAc/hexane/TEA, 59:40:1) afforded the stated 

product as a yellow oil (0.194 g, 89%).1H NMR (300 MHz, CD3CN) δ 8.38 (ddd, J = 7.3, 3.8, 1.0 Hz, 1H, 

Naph Ar CH), 8.17 (dd, J = 8.5, 2.8 Hz, 1H, Naph Ar CH), 8.10 (ddd, J = 18.0, 8.6, 1.1 Hz, 1H, Naph Ar 

CH), 7.56 (ddd, J = 8.5, 7.3, 4.5 Hz, 1H, Naph Ar CH), 7.33 (ddd, J = 7.2, 4.0, 1.5 Hz, 2H, DMT CH), 7.25 – 

7.03 (m, 7H, DMT CH), 6.75 – 6.65 (m, 4H, DMT CH), 6.61 (t, J = 8.9 Hz, 1H, Naph Ar CH), 5.82 (dd, J = 

27.7, 8.8 Hz, 1H, NH), 4.42 (ddt, J = 8.7, 6.2, 3.1 Hz, 1H, CH), 3.93 (ddd, J = 9.8, 6.5, 2.4 Hz, 2H, CH2-O), 

3.81 – 3.66 (m, 2H, CH), 3.63 (dd, J = 4.0, 1.9 Hz, 6H,DMT O-CH3), 3.61 – 3.35 (m, 5H, N-CH, N-CH2), 

2.63 – 2.52 (m, 2H, CH2), 2.48 – 2.40 (m, 1H, CH2), 1.59 (qd, J = 7.5, 1.8 Hz, 2H, CH2), 1.23 (dd, J = 9.4, 

6.3 Hz, 3H, CH(O)-CH3), 1.11 – 1.03 (m, 13H, iPr2-N), 0.89 – 0.84 (m, 3H, CH3). 31P NMR (121 MHz, CDCl3, 

δ ppm): 149.32 (P(III)), 148.14 (P(III)). 
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7.2.2. NaphA
Long Synthesis 
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7.2.2.1. 4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanoic 
acid  

 

γ-aminobutyric acid was dispersed in dimethyl sulfoxide (15 mL). Trimethylamine (3.05 mL, 21.9 mmol) 

and 6-chloro-2-propyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (0.999 g, 3.65 mmol) was added. The 

solution was heated to reflux under argon overnight. The reaction mixture was left to cool to room 

temperature. Water was added to the reaction mixture (50 mL) and 4 M hydrochloric acid was added 

to produce a precipitate. The precipitate was filtered and washed with water to leave the stated 

product as a yellow solid (0.332 g, 27%). 1H NMR (300 MHz, CD3OD) δ 8.56 – 8.46 (m, 2H, Naph Ar CH), 

8.37 (d, J = 8.6 Hz, 1H, Naph Ar CH), 7.65 (dd, J = 8.4, 7.4 Hz, 1H, Naph Ar CH), 6.85 (d, J = 8.7 Hz, 1H, 

Naph Ar CH), 4.14 – 4.04 (m, 2H, N-CH2), 3.51 (t, J = 7.1 Hz, 2H, NH-CH2), 2.50 (t, J = 7.0 Hz, 2H, CH2-

COOH), 2.08 (p, J = 7.0 Hz, 2H, CH2), 1.74 (dt, J = 14.9, 7.4 Hz, 2H, CH2-CH3), 0.99 (t, J = 7.5 Hz, 3H, CH3). 

13C NMR (101 MHz, MeOD) δ 177.32 (C=OOH), 166.18 (C=O), 165.67 (C=O), 152.45 (Naph Ar C-NH), 

135.88 (Naph Ar CH), 132.07 (Naph Ar CH), 131.08 (Naph Ar C), 129.20 (Naph Ar CH), 125.37 (Naph Ar 

CH), 123.26 (Naph Ar C), 121.72 (Naph Ar C), 109.31 (Naph Ar C), 105.01 (Naph Ar CH), 43.88 (N-CH2), 

42.59 (N-CH2), 32.44 (CH2-COOH), 24.68 (CH2), 22.44 (CH2), 11.78 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ 

calculated for C19H21N2O4, 341.1501; found 341.1502. 
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7.2.2.2. N-((2S,3S)-1,3-dihydroxybutan-2-yl)-4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)amino)butanamide  

 

4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanoic acid (0.295 g, 0.865 

mmol) was dissolved in anhydrous DMF (20 mL). HBTU (0.332 g, 0.876 mmol) was added and left to 

stir under argon at room temperature for 15 min. D-threoninol (0.0972 g, 0.924 mmol) and DIPEA (0.15 

mL, 0.882 mmol) were added and reaction left to stir under argon at 40°C for 51 h. The reaction mixture 

was cooled to room temp and diluted with MeOH/DCM (1:2, 100 mL) and washed with H2O (3 x 50 

mL), then dried over MgSO4. The solvent was removed in vacuo and the crude solid purified by silica 

column chromatography using a gradient eluent system (99:1 DCM/ammonia solution increasing to 

90:9:1 DCM/MeOH/ammonia solution) to give the stated product as a yellow solid (0.223 g, 59%). 1H 

NMR (300 MHz, CD3OD) δ 8.53 (t, J = 8.6 Hz, 2H, Naph Ar CH), 8.37 (d, J = 8.6 Hz, 1H, Naph Ar CH), 7.70 

– 7.61 (m, 1H, Naph Ar CH), 6.82 (d, J = 8.6 Hz, 1H, Naph Ar CH), 4.13 – 4.04 (m, 2H, N-CH2), 3.98 (dd, J 

= 6.4, 3.3 Hz, 1H, CH-OH), 3.91 – 3.83 (m, 1H, CH), 3.70 – 3.53 (m, 2H, CH2-OH), 3.50 (t, J = 7.0 Hz, 2H, 

NH-CH2), 2.48 (t, J = 7.1 Hz, 2H, CH2-CO), 2.15 – 2.06 (m, 2H, CH2), 1.72 (q, J = 7.5 Hz, 2H, CH2-CH3), 1.13 

(d, J = 6.4 Hz, 3H, CH3-CH(OH)), 0.98 (t, J = 7.5 Hz, 3H, CH3). 13C NMR (126 MHz, MeOD) δ 176.25 

(C=ONH), 166.51 (C=O), 166.02 (C=O), 152.85 (Naph Ar C-NH), 136.26 (Naph Ar CH), 132.41 (Naph Ar 

CH), 131.50 (Naph Ar C), 129.62 (Naph Ar CH), 125.69 (Naph Ar CH), 123.63 (Naph Ar C), 122.12 (Naph 

Ar C), 109.56 (Naph Ar C), 105.28 (Naph Ar CH), 67.29 (CH-NH), 63.03 (CH-OH), 57.67 (CH2-OH), 44.21 

(N-CH2), 42.74 (CH2), 34.72 (CH2-CO), 25.65 (CH2), 22.63 (CH2-CH3), 20.61 (CH3-C(H)OH), 11.92 (CH3). 

HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C23H29N3O5Na, 450.2005; found 450.2002. IR νmax/cm-1 

3338 (N-H), 3288 (N-H), 3052 (OH), 2966 (N-H), 2933 (N-H), 1679 (C=O, s), 1633 (C=O, s). 
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7.2.2.3. N-((2R,3R)-1,3-dihydroxybutan-2-yl)-4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-
benzo[de]isoquinolin-6-yl)amino)butanamide 

 

4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanoic acid (0.194 g, 0.572 

mmol) was dissolved in anhydrous DMF (20 mL). HBTU (0.223 g, 0.588 mmol) was added and left to 

stir under argon at room temperature for 15 min. L-threoninol (0.0618 g, 0.588 mmol) and DIPEA (0.10 

mL, 0.5.88 mmol) were added and reaction left to stir under argon at 40°C for 43 h. The reaction 

mixture was cooled to room temp and diluted with MeOH/DCM (1:2 100 mL) and washed with H2O (3 

x 50 mL), then dried over MgSO4. The solvent was removed in vacuo and the crude solid was purified 

by silica column chromatography using a gradient eluent system (99:1 DCM/ammonia solution 

increasing to 90:9:1 DCM/MeOH/ammonia solution) to give the stated product as a yellow solid (0.220 

g, 87%).1H NMR (300 MHz, CD3OD) δ 8.54 (ddd, J = 8.6, 7.9, 1.1 Hz, 2H, Naph Ar CH), 8.38 (d, J = 8.6 Hz, 

1H, Naph Ar CH), 7.66 (dd, J = 8.4, 7.4 Hz, 1H, Naph Ar CH), 6.83 (d, J = 8.7 Hz, 1H, Naph Ar CH), 4.14 – 

4.05 (m, 2H, N-CH2), 4.04 – 3.94 (m, 1H, CH-OH), 3.88 (td, J = 6.1, 3.3 Hz, 1H, CH), 3.71 – 3.56 (m, 2H, 

CH2-OH), 3.50 (t, J = 7.0 Hz, 2H, NH-CH2), 2.49 (t, J = 7.1 Hz, 2H, CH2-CO), 2.12 (p, J = 7.1 Hz, 2H, CH2), 

1.73 (h, J = 7.5 Hz, 2H, CH2-CH3), 1.14 (d, J = 6.4 Hz, 3H, CH3-CH(OH)), 0.99 (t, J = 7.5 Hz, 3H, CH3). 13C 

NMR (126 MHz, MeOD) δ 176.09 (C=ONH), 166.35 (C=O), 165.86 (C=O), 152.69 (Naph Ar C-NH), 136.11 

(Naph Ar CH), 132.26 (Naph Ar CH), 131.34 (Naph Ar C), 129.47 (Naph Ar CH), 125.53 (Naph Ar CH), 

123.46 (Naph Ar C), 121.96 (Naph Ar C), 109.37 (Naph Ar C), 105.12 (Naph Ar CH), 67.10 (CH-NH), 62.84 

(CH-OH), 57.49 (CH2-OH), 44.03 (CH2), 42.57 (CH2), 34.54 (CH2-CO), 25.47 (CH2), 22.46 (CH2-CH3), 20.44 

(CH3-C(H)OH), 11.75 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C23H29N3O5Na, 450.2005; 

found 450.2007. IR νmax/cm-1 3340 (N-H), 3289 (N-H), 3057 (OH), 2966 (N-H), 2934 (N-H), 1680 (C=O), 

1632 (C=O). 
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7.2.2.4. N-((2S,3S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-4-((1,3-
dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanamide2, 3 

 

N-((2S,3S)-1,3-dihydroxybutan-2-yl)-4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)amino)butanamide (0.172 g, 0.402 mmol) was dissolved in anhydrous pyridine (30 mL). 

Dimethoxytritylchloride (0.139 g, 0.410 mmol) and DMAP (0.0094 g, 0.0769 mmol) were added and 

the reaction mixture left to stir under argon at room temperature for 20 h. The reaction mixture was 

poured onto H2O (50 mL) and the product extracted with DCM (3 x 50 mL), then dried over MgSO4. The 

solvent was removed in vacuo and the product purified by column chromatography on silica 

(EtOAc/Hex/TEA, 89:10:1) to give the desired product as an orange solid (0.132 g, 45%).1H NMR (300 

MHz, CD3CN) δ 8.29 (dd, J = 7.3, 1.0 Hz, 1H, Naph Ar CH), 8.25 – 8.18 (m, 1H, Naph Ar CH), 8.12 (d, J = 

8.4 Hz, 1H, Naph Ar CH), 7.41 (dd, J = 8.4, 7.3 Hz, 1H, Naph Ar CH), 7.23 – 7.17 (m, 2H, DMT CH), 7.08 

– 7.01 (m, 7H, DMT CH), 7.00 – 6.96 (m, 1H, Naph Ar CH), 6.63 – 6.56 (m, 4H, DMT CH), 6.48 (dd, J = 

14.6, 8.9 Hz, 2H, NH), 3.87 – 3.84 (m, 3H, N-CH2, CH-OH), 3.52 (d, J = 2.4 Hz, 6H, DMT O-CH3), 3.24 (d, 

J = 5.7 Hz, 2H,CH2-O), 2.95 (dd, J = 9.3, 4.8 Hz, 1H, CH), 2.88 – 2.77 (m, 2H, NH-CH2), 2.34 (dd, J = 12.6, 

9.5 Hz, 2H, CH2-CO), 1.92 (s, 2H, CH2), 1.57 – 1.47 (m, 2H, CH2), 1.19 (d, J = 13.7 Hz, 4H, CH3-CH(OH), 

1.04 (t, J = 7.1 Hz, 3H, CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C44H47N3O7Na, 752.3312; 

found 752.3315. 
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7.2.2.5. N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-4-((1,3-
dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanamide2, 3 

 

N-((2R,3R)-1,3-dihydroxybutan-2-yl)-4-((1,3-dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)amino)butanamide (0.169 g, 0.397 mmol) was dissolved in anhydrous pyridine (30 mL). 

Dimethoxytritylchloride (0.138 g, 0.407 mmol) and DMAP (0.0088 g, 0.0720 mmol) were added and 

the reaction mixture left to stir under argon at room temperature for 20 h. The reaction mixture was 

poured onto H2O (50 mL) and the product extracted with DCM (3 x 50 mL), then dried over MgSO4. The 

solvent was removed in vacuo and the product purified by column chromatography on silica 

(EtOAc/Hex/TEA, 89:10:1) to give the desired product as an orange solid (0.122 g, 42%). 1H NMR (300 

MHz, CD3CN) δ 8.30 (dd, J = 7.3, 0.8 Hz, 1H, Naph Ar CH), 8.24 – 8.18 (m, 1H, Naph Ar CH), 8.14 (d, J = 

8.4 Hz, 1H, Naph Ar CH), 7.45 – 7.39 (m, 1H, Naph Ar CH ), 7.38 – 7.33 (m, 2H, DMT CH), 7.29 – 7.05 

(m, 8H, DMT CH, Naph Ar CH), 6.77 – 6.69 (m, 4H, DMT CH), 6.50 (d, J = 8.6 Hz, 1H, NH), 4.02 – 3.96 

(m, 3H, N-CH2, CH-OH), 3.65 (d, J = 1.6 Hz, 6H, DMT O-CH3), 3.31 (q, J = 7.1, 6.6 Hz, 2H, CH2-O), 3.21 – 

3.09 (m, 1H, NH-CH2), 3.01 (dd, J = 9.2, 5.8 Hz, 1H, NH-CH2), 2.79 (t, J = 7.6 Hz, 1H, CH), 2.69 (s, 2H, OH), 

2.51 (p, J = 7.1 Hz, 2H, CH2-CO), 2.09 (td, J = 15.7, 13.8, 8.8 Hz, 2H, CH2), 1.74 – 1.59 (m, 2H, CH2), 1.02 

(d, J = 6.1 Hz, 3H, CH3-CH(OH), 0.94 (d, J = 7.4 Hz, 3H, CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated 

for C44H47N3O7Na, 752.3312; found 752.3301. 
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7.2.2.6. (2S,3S)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-(4-((1,3-dioxo-2-propyl-2,3-
dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanamido)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

Under argon N-((2S,3S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-4-((1,3-

dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanamide, (0.131 g, 0.180 mmol) 

was dissolved in anhydrous DCM (15 mL). DIPEA (0.10 mL, 0.53 mmol) and 2-cyanethyl-

diisopropylchlorophosphoramidite (0.04 mL, 0.216 mmol) were added and the solution left to stir 

under argon for 1 h. Methanol (1 mL) was added to quench the reaction and left to stir as before for a 

further 30 min. EtOAc (10 mL) was added to the remaining solution was washed with sodium hydrogen 

carbonate (2 x 50 mL), water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4, 

filtered and solvent removed in vacuo. Column chromatography on alumina (EtOAc/hexane/TEA, 

59:40:1) afforded the stated product as a yellow oil (0.108 g, 82%). 1H NMR (400 MHz, CD3CN) δ 8.40 

– 8.34 (m, 2H, Naph Ar CH), 8.20 (d, J = 8.5 Hz, 1H, Naph Ar CH), 7.54 – 7.47 (m, 1H, Naph Ar CH), 7.37 

(dtd, J = 7.0, 3.5, 1.9 Hz, 2H, DMT CH), 7.22 (tdd, J = 7.7, 4.0, 2.5 Hz, 7H, DMT CH), 7.13 (tdd, J = 7.2, 

3.3, 2.1 Hz, 1H, Naph Ar CH), 6.75 (ddd, J = 8.7, 7.2, 1.3 Hz, 4H, DMT CH), 6.58 (dd, J = 8.4, 2.6 Hz, 1H, 

NH), 4.24 (dq, J = 8.3, 5.2, 4.2 Hz, 1H, CH-O), 4.03 – 3.97 (m, 2H, N-CH2), 3.69 (d, J = 1.7 Hz, 1H, CH), 3.69 – 

3.65 (m, 6H, DMT O-CH3), 3.53 – 3.41 (m, 2H, CH2-O), 3.41 – 3.33 (m, 2H, HN-CH2), 3.15 – 3.08 (m, 2H, 

CH2-CO), 2.47 (t, J = 6.0 Hz, 2H, CH2-CN), 2.25 (tt, J = 8.8, 5.4 Hz, 1H, CH-N), 2.09 (tdd, J = 12.9, 7.2, 4.6 

Hz, 2H, CH-N), 1.71 – 1.63 (m, 2H, CH2), 1.58 – 1.46 (m, 3H, CH2), 1.13 – 1.01 (m, 13H, iPr2-N), 0.96 – 

0.93 (m, 4H, CH3-CH(OH)), 0.87 (d, J = 3.7 Hz, 3H, CH3).  31P NMR (162 MHz, CD3CN) δ 147.56 (P(III)), 
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147.15 (P(III)), 8.25 (P(V)), 7.58 (P(V)), 7.49 (P(V)), 7.19 (P(V)). HRMS (TOF-ESI +ve) (m/z): [M]+ 

calculated, 930.4571; found 930.4572. 

7.2.2.7. (2R,3R)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-(4-((1,3-dioxo-2-propyl-2,3-
dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanamido) butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

Under argon N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-4-((1,3-

dioxo-2-propyl-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)butanamide, (0.121 g, 0.166 mmol) 

was dissolved in anhydrous DCM (15 mL). DIPEA (0.09 mL, 0.499 mmol) and 2-cyanethyl-

diisopropylchlorophosphoramidite (0.04 mL, 0.199 mmol) were added and the solution left to under 

argon for 1 h. Methanol (1 mL) was added to quench the reaction and left to stir as before for a further 

30 min. EtOAc (10 mL) was added to the remaining solution and washed with sodium hydrogen 

carbonate (2 x 50 mL), water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4, 

filtered and solvent removed in vacuo. Column chromatography on alumina (EtOAc/hexane/TEA, 

69:30:1) afforded the stated product as a yellow oil (0.1526 g, 99%).  1H NMR (300 MHz, CD3CN) δ 8.42 

– 8.35 (m, 2H, Naph Ar CH), 8.24 – 8.19 (m, 1H, Naph Ar CH), 7.52 (dd, J = 8.4, 7.3 Hz, 1H, Naph Ar CH), 

7.40 – 7.34 (m, 2H, DMT CH), 7.23 (ddd, J = 6.7, 4.6, 2.3 Hz, 7H, DMT CH), 7.16 – 7.10 (m, 1H, Naph Ar 

CH), 6.76 (tdt, J = 6.7, 5.4, 1.2 Hz, 4H, DMT CH), 6.59 (dd, J = 8.5, 2.3 Hz, 1H, NH), 4.28 – 4.21 (m, 1H, 

CH-O), 4.05 – 3.97 (m, 2H, N-CH2), 3.69 (d, J = 1.3 Hz, 1H, CH), 3.55 (s, 6H, DMT O-CH3), 3.47 (ddt, J = 

13.4, 6.8, 3.2 Hz, 2H, CH2-O), 3.41 – 3.35 (m, 2H, HN-CH2), 3.16 – 3.07 (m, 2H, CH2-CO), 2.50 – 2.44 (m, 

2H, CH2-CN), 2.25 (tt, J = 8.6, 5.5 Hz, 3H, CH-N, CH-N), 1.72 – 1.58 (m, 4H, CH2, CH2), 1.15 – 1.02 (m, 
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15H, iPr2-N), 0.89 – 0.85 (m, 12H, CH3-CH(OH), CH3). 31P NMR (121 MHz, CD3CN) δ 147.53 (P(III)), 147.15 

(P(III)), 13.79 (P(V)), 7.51 (P(V)), 7.20 (P(V)). 

7.2.3. NaphI
Dimethyl Synthesis 
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7.2.3.1. 3-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid4 

 

3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid was dissolved in DMF (6 mL). 

Dimethylamine (2 mL, 40% aqueous solution) and CuSO4·5H2O (0.04 g, 0.144 mmol) was added and 

the reaction mixture heated to reflux under argon and left to stir. After 3.5 h the reaction mixture was 

left to cool and the solvent removed in vacuo. Column chromatography on silica (gradient eluent 

system, DCM/methanol/ammonia solution, 96:3:1 to 90:9:1) afforded the stated product as an orange 

solid (0.84 g, 94%). 1H NMR (300 MHz, MeOD) δ 8.59 – 8.50 (m, 2H, Naph Ar CH), 8.43 (d, J = 8.3 Hz, 

1H, Naph Ar CH), 7.73 (dd, J = 8.5, 7.3 Hz, 1H, Naph Ar CH), 7.23 (d, J = 8.3 Hz, 1H, Naph Ar CH), 4.47 – 

4.35 (m, 2H, N-CH2), 3.14 (s, 6H, N(CH3)2), 2.69 – 2.62 (m, 2H, CH2-COOH). MS (TOF-ESI +ve) (m/z): [M]+ 

calculated for C17H16N2O4Na, 335.10; found 335.10. 
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7.2.3.2. N-((2S,3S)-1,3-dihydroxybutan-2-yl)-3-(6-(dimethylamino)-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)propanamide 

 

3-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid (0.80 g, 2.56 mmol) 

was dissolved in DMF (20 mL). HBTU (0.98 g, 2.58 mmol) was added and left to stir at room 

temperature, under argon for 15 min. D-threoninol (0.28 g, 2.62 mmol) and DIPEA (0.45 mL, 2.56 mmol) 

was added and reaction mixture heated to 40 °C. The solution was left to stir under argon for 71 h. The 

reaction mixture was allowed to cool slightly and then diluted with methanol/DCM 1:2 solution and 

washed with water (2 x 50 mL). Organic layer dried over MgSO4, filtered and solvent removed in vacuo. 

Column chromatography on silica (gradient eluent system, DCM/methanol, 96:4 to 94:6) afforded the 

stated product as a yellow solid (0.49 g, 48%). 1H NMR (500 MHz, MeOD) δ 8.60 – 8.48 (m, 2H, Naph 

Ar CH), 8.43 (d, J = 8.3 Hz, 1H, Naph Ar CH), 7.72 (dd, J = 8.5, 7.3 Hz, 1H, Naph Ar CH), 7.22 (d, J = 8.4 

Hz, 1H, Naph Ar CH), 4.50 – 4.39 (m, 2H, N-CH2), 3.96 (dd, J = 6.5, 3.5 Hz, 1H, CH), 3.79 (td, J = 6.1, 3.5 

Hz, 1H, CH), 3.65 – 3.53 (m, 2H, CH2-OH), 3.14 (s, 6H, N-(CH3)2), 2.67 (t, J = 7.2 Hz, 2H, CH2-CO), 1.10 (d, 

J = 6.5 Hz, 3H, CH(OH)-CH3). 13C NMR (126 MHz, MeOD) δ 173.96 (C=O), 165.85 (Naph C=O), 165.36 

(Naph C=O), 158.78 (Naph Ar C), 133.83 (Naph Ar C), 132.94 (Naph Ar C), 131.99 (Naph Ar C), 131.45 

(Naph Ar C), 126.24 (Naph Ar C), 125.78 (Naph Ar C), 123.76 (Naph Ar C), 115.01 (Naph Ar C), 114.13 

(Naph Ar C), 66.94 (CH), 62.51 (CH2), 57.4 (CH)1, 44.87 (N(CH3)2), 37.81 (N-CH2), 35.60 (CH2), 20.02 

(CH(OH)-CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C21H25N3O5Na, 422.1692; found 422.1693. 

IR νmax/cm-1 3324.94 (NH), 2919.60 (OH), 1677.31 (C=O), 1644.35 (C=O). 
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7.2.3.3. N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(6-(dimethylamino)-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)propanamide 

 

3-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid (0.80 g, 0.00256 

mol) was dissolved in DMF (20 mL). HBTU (0.97 g, 2.56 mmol) was added and left to stir at room 

temperature, under argon for 15 min. L-threoninol (0.27 g, 2.57 mmol) and DIPEA (0.45 mL, 2.56 mmol) 

was added and reaction mixture heated to 40 °C. The solution was left to stir under argon for 71 h. The 

reaction mixture was allowed to cool slightly and then diluted with methanol/DCM 1:2 solution and 

washed with water (2 x 50 mL). Organic layer dried over MgSO4, filtered and solvent removed in vacuo. 

Column chromatography on silica (gradient eluent system, DCM/methanol, 96:4 to 94:6) afforded the 

stated product as a yellow solid (0.61 g, 60%). 1H NMR (500 MHz, MeOD) δ 8.58 – 8.50 (m, 2H, Naph 

Ar CH), 8.42 (d, J = 8.3 Hz, 1H, Naph Ar CH), 7.72 (dd, J = 8.5, 7.3 Hz, 1H, Naph Ar CH), 7.22 (d, J = 8.3 

Hz, 1H, Naph Ar CH), 4.44 (qt, J = 13.0, 7.2 Hz, 2H, N-CH2), 3.97 (qd, J = 6.4, 3.5 Hz, 1H, CH), 3.79 (td, J 

= 6.1, 3.5 Hz, 1H, CH), 3.66 – 3.55 (m, 2H, CH2-OH), 3.14 (s, 6H, N-(CH3)2), 2.67 (t, J = 7.2 Hz, 2H, CH2-

CO), 1.10 (d, J = 6.4 Hz, 3H, CH(OH)-CH3). 13C NMR (126 MHz, MeOD) δ 174.13 (C=O), 166.00 (Naph 

C=O), 165.50 (Naph C=O), 158.93 (Naph Ar C), 133.99 (Naph Ar C), 133.10 (Naph Ar C), 132.14 (Naph 

Ar C), 131.60 (Naph Ar C), 126.39 (Naph Ar C), 125.94 (Naph Ar C), 123.91 (Naph Ar C), 115.16 (Naph 

Ar C), 114.29 (Naph Ar C), 67.11 (CH), 62.68 (CH2), 57.58 (CH), 45.04 (N(CH3)2), 37.98 (N-CH2), 35.77 

(CH2), 20.19 (CH(OH)-CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C21H25N3O5Na, 422.1692; 

found 422.1691. IR νmax/cm-1 3323.81 (NH), 2919.26 (OH), 1676.97 (C=O), 1643.98 (C=O). 
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7.2.3.4. N-((2S,3S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-3-(6-
(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanamide2, 3 

 

N-((2S,3S)-1,3-dihydroxybutan-2-yl)-3-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)propanamide (0.20 g, 0.506 mmol) was dissolved in pyridine (15 mL).  DMT-Cl (0.17 g, 0.505 mmol) 

and DMAP (0.01 g, 0.0859 mmol) were added and left to stir under argon at room temperature. After 

19 h, the reaction mixture was poured onto water (50 mL) and product extracted with DCM (4 x 50 

mL). The organic layer was dried over MgSO4, filtered and solvent removed in vacuo. Column 

chromatography on silica (hexane/EtOAc/TEA, 10:89:1) afforded the stated product as a yellow oil 

(0.19 g, 55%). 1H NMR (400 MHz, CD3CN) δ 8.21 – 8.14 (m, 2H, Naph Ar CH), 8.03 (d, J = 8.2 Hz, 1H, 

Naph Ar CH), 7.45 – 7.35 (m, 3H, DMT CH), 7.33 – 7.20 (m, 6H, DMT CH), 7.18 – 7.10 (m, 1H, Naph Ar 

CH), 6.89 (d, J = 9.0 Hz, 1H, Naph Ar CH), 6.83 – 6.78 (m, 4H, DMT CH), 4.30 – 4.20 (m, 2H, N-CH2), 4.00 

(dt, J = 6.3, 4.3 Hz, 1H, CH), 3.93 (dq, J = 9.5, 5.2 Hz, 1H, CH), 3.68 (d, J = 1.1 Hz, 6H, DMT O-CH3), 3.09 

(ddd, J = 46.0, 9.2, 5.4 Hz, 2H, CH2-O), 2.92 (s, 6H, N-(CH3)2), 2.62 (t, J = 7.7 Hz, 2H, CH2-CO), 1.01 (d, J = 

6.3 Hz, 3H, CH(OH)-CH3). 13C NMR (101 MHz, CD3CN) δ 171.92 (C=O), 164.87 (Naph C=O), 164.22 (Naph 

C=O), 159.48 (DMT C-O), 157.58 (Ar C), 146.19 (Ar C), 137.00 (Ar C), 136.96 (Ar CH), 132.97 (Ar CH), 

132.12 (Ar CH), 131.23 (Ar CH), 130.91(Ar CH), 130.64 (Ar C), 128.95 (Ar CH), 128.74 (Ar CH), 127.67 

(Ar CH), 125.48 (Ar CH), 125.39 (Ar C), 123.37 (Ar C), 114.64 (Ar C), 113.95 (Ar CH), 113.68 (Ar CH), 

86.71 (DMT C), 67.23 (CH), 64.34 (CH2), 55.83 (O-CH3), 55.55 (CH), 44.97(N-(CH3)2), 37.56 (N-CH2), 35.38 
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(CH2), 20.55(CH(OH)-CH3). MS (TOF-ESI +ve) (m/z): [M]+ calculated for C42H43N3O7Na, 724.30; found 

724.30.  

7.2.3.5. N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-3-(6-
(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanamide2, 3 

 

N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)propanamide (0.20 g, 0.505 mmol) was dissolved in pyridine (15 mL).  DMT-Cl (0.17 g, 0.502 mmol) 

and DMAP (0.01 g, 0.0917 mmol) were added and left to stir under argon at room temperature. After 

20 h, the reaction mixture was poured onto water (50 mL) and product extracted with DCM (4 x 50 

mL). The organic layer was dried over MgSO4, filtered and solvent removed in vacuo. Column 

chromatography on silica (hexane/EtOAc/TEA, 10:89:1) afforded the stated product as a yellow oil 

(0.25 g, 71%).1H NMR (300 MHz, CD3CN) δ 8.18 (ddd, J = 7.3, 4.8, 1.2 Hz, 2H, Naph Ar CH), 8.04 (d, J = 

8.3 Hz, 1H, Naph Ar CH), 7.47 – 7.35 (m, 3H, DMT CH), 7.33 – 7.20 (m, 6H, DMT CH), 7.18 – 7.11 (m, 

1H, Naph Ar CH), 6.87 (d, J = 8.9 Hz, 1H, Naph Ar CH), 6.84 – 6.78 (m, 4H, DMT CH), 4.25 (t, J = 7.6 Hz, 

2H, N-CH2), 4.06 – 3.89 (m, 2H, CH, CH), 3.69 (s, 6H, DMT O-CH3), 3.10 (ddd, J = 34.4, 9.2, 5.4 Hz, 2H, 

CH2-O), 2.93 (s, 6H, N-(CH3)2), 2.62 (t, J = 7.6 Hz, 2H, CH2-CO), 1.01 (d, J = 6.2 Hz, 3H, CH(OH)-CH3). 13C 

NMR (101 MHz, CD3CN) δ 171.92 (C=O), 164.85 (Naph C=O), 164.20 (Naph C=O), 159.47 (DMT C-O), 

157.56 (Ar C), 146.18 (Ar C), 136.99 (Ar C), 136.95 (Ar CH), 132.96 (Ar CH), 132.11 (Ar CH), 131.23 (Ar 

CH), 130.90 (Ar CH), 130.61 (Ar C), 128.95 (Ar CH), 128.73 (Ar CH), 127.66 (Ar CH), 125.46 (Ar CH), 

125.35 (Ar C), 123.34 (Ar C), 114.61 (Ar C), 113.94 (Ar CH), 113.64 (Ar CH), 86.71 (DMT C), 67.23 (CH), 



254 
 

64.34 (CH2), 55.82 (O-CH3), 55.54 (CH), 44.96 (N-(CH3)2), 37.55 (N-CH2), 35.37 (CH2), 20.55 (CH(OH)-

CH3). MS (TOF-ESI +ve) (m/z): [M]+ calculated for C42H43N3O7Na, 724.30; found 724.30. 

7.2.3.6. (2S,3S)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-(3-(6-(dimethylamino)-1,3-
dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanamido)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

Under argon, N-((2S,3S)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-3-(6-

(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanamide (0.19 g, 0.268 mmol) was 

dissolved in anhydrous DCM (15 mL). DIPEA (0.14 mL, 0.803 mmol) and 2-cyanethyl-

diisopropylchlorophosphoramidite (0.07 mL, 0.321 mmol) were added and the solution left to under 

argon for 1 h. Methanol (1 mL) was added to quench the reaction and left to stir as before for a further 

30 min. EtOAc (10 mL) was added to the remaining solution and washed with sodium hydrogen 

carbonate (2 x 50 mL), water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4, 

filtered and solvent removed in vacuo. Column chromatography on alumina (EtOAc/hexane/TEA, 

69:30:1) afforded the stated product as a yellow oil (0.15 g, 61%).  1H NMR (400 MHz, CD3CN) δ 8.39 

(dt, J = 8.5, 1.0 Hz, 1H), 8.34 (ddd, J = 7.3, 2.1, 1.1 Hz, 1H, Naph Ar CH), 8.22 (dd, J = 8.3, 2.9 Hz, 1H, 

Naph Ar CH), 7.58 (ddd, J = 8.3, 7.3, 0.9 Hz, 1H, Naph Ar CH), 7.42 (ddd, J = 8.2, 2.8, 1.8 Hz, 2H, DMT 

CH), 7.33 – 7.24 (m, 6H, DMT CH), 7.24 – 7.16 (m, 1H, Naph Ar CH), 7.04 (dd, J = 8.4, 1.2 Hz, 1H, Naph 

Ar CH), 6.87 – 6.80 (m, 4H, DMT CH), 6.44 (dd, J = 18.0, 9.1 Hz, 1H, NH), 4.31 (dddd, J = 13.2, 11.7, 5.7, 

1.6 Hz, 2H, N-CH2), 4.26 – 4.19 (m, 1H, CH), 4.12 (td, J = 6.1, 3.4 Hz, 1H, CH), 3.76 – 3.72 (m, 6H, DMT 
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O-CH3), 3.53 – 3.43 (m, 2H, CH2), 3.15 – 3.07 (m, 2H, CH2-O), 3.04 (s, 6H, N-(CH3)2), 2.66 – 2.52 (m, 3H, 

CH2, N-CH), 2.46 (t, J = 6.0 Hz, 1H, CH2-CO), 1.13 – 1.02 (m, 12H, iPr2N), 0.94 (d, J = 6.8 Hz, 3H, CH(O)-

CH3). 31P NMR (162 MHz, CD3CN) δ 147.49 (P(III)), 147.10 (P(III)), 7.51 (P(IV), 6.92 (P(IV)). HRMS (TOF-

ESI +ve) (m/z): [M]+ calculated for C51H60N5O8NaP,924.4077; found 924.4075. 

7.2.3.7. (2R,3R)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-(3-(6-(dimethylamino)-1,3-
dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanamido)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

Under argon, N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)-3-(6-

(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanamide (0.16 g, 0.227 mmol) was 

dissolved in anhydrous DCM (15 mL). DIPEA (0.12 mL, 0.680 mmol) and 2-cyanethyl-

diisopropylchlorophosphoramidite (0.06 mL, 0.272 mmol) were added and the solution left to under 

argon for 1 h. Methanol (1 mL) was added to quench the reaction and left to stir as before for a further 

30 min. EtOAc (10 mL) was added to the remaining solution and washed with sodium hydrogen 

carbonate (2 x 50 mL), water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4, 

filtered and solvent removed in vacuo. Column chromatography on alumina (EtOAc/hexane/TEA, 

69:30:1) afforded the stated product as a yellow oil (0.16 g, 77%). 1H NMR (300 MHz, CD3CN) δ 8.46 – 

8.33 (m, 2H, Naph Ar CH), 8.24 (dd, J = 8.2, 2.2 Hz, 1H, Naph Ar CH), 7.60 (dd, J = 8.5, 7.3 Hz, 1H, Naph 

Ar CH), 7.47 – 7.35 (m, 3H, DMT CH), 7.29 (dtd, J = 9.0, 3.3, 1.9 Hz, 6H, DMT CH), 7.06 (d, J = 8.3 Hz, 1H, 

Naph Ar CH), 6.84 (dq, J = 8.8, 3.2 Hz, 4H, DMT CH), 6.43 (dd, J = 13.3, 9.1 Hz, 1H, NH), 4.33 (ddt, J = 
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10.8, 7.2, 2.1 Hz, 2H, N-CH2), 4.26 – 4.18 (m, 1H, CH), 4.14 – 4.08 (m, 1H, CH), 3.74 (d, J = 1.7 Hz, 6H, 

DMT O-CH3), 3.54 – 3.45 (m, 2H, CH2), 3.10 (dd, J = 6.4, 2.1 Hz, 2H, CH2-O), 3.05 (s, 6H, N-(CH3)2), 2.59 

(ddd, J = 15.1, 7.6, 4.6 Hz, 3H, CH2, N-CH), 2.46 (t, J = 6.0 Hz, 1H, CH2-CO), 1.12 – 1.03 (m, 12H, iPr2-N), 

0.94 (d, J = 6.8 Hz, 3H, CH(O)-CH3). 31P NMR (121 MHz, CD3CN) δ 147.48 (P(III)), 147.09 (P(III)). HRMS 

(TOF-ESI +ve) (m/z): [M]+ calculated for C51H61N5O8P,902.4258; found 902.4256. 

7.2.4. NaphI
Amine Synthesis 
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7.2.4.1. 3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid5 

 

4-bromonaphthalic anhydride (2.50 g, 9.02 mmol) was dispersed in ethanol (30 mL) and 3-

aminopropanoic acid (0.96 g, 10.8 mmol) was added. The solution was heated at reflux under argon 

overnight. The reaction mixture was left to cool and the solid filtered and washed with EtOH to give 

the stated product as a grey solid (2.58 g, 82%). 1H NMR (300 MHz, DMSO-d6) δ 8.50 (t, J = 6.8 Hz, 2H, 

Naph Ar CH), 8.28 (d, J = 7.8 Hz, 1H, Naph Ar CH), 8.17 (d, J = 7.8 Hz, 1H, Naph Ar CH), 7.94 (t, J = 7.9 

Hz, 1H, Naph Ar CH), 4.18 (t, J = 7.7 Hz, 2H, N-CH2), 2.52 (t, J = 7.7 Hz, 2H, CH2-COOH). 13C NMR (101 

MHz, DMSO) δ 172.54 (C=OOH), 162.88 (Naph C=O), 162.84 (Naph C=O), 132.75 (Naph Ar C), 131.66 

(Naph Ar C), 131.45 (Naph Ar C), 131.05 (Naph Ar C), 129.89 (Naph Ar C), 129.21 (Naph Ar C), 128.91 

(Naph Ar C), 128.42 (Naph Ar C), 122.88 (Naph Ar C), 122.10 (Naph Ar C), 35.95 (N-CH2), 32.22 (CH2-

COOH). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C15H10NO4Na79Br, 369.9691; found 369.9691. IR 

νmax/cm-1 2901.42 (OH), 1697.42 (C=O), 1648.34 (C=O).  
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7.2.4.2. 3-(6-amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid 

 

3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid (2.21 g, 6.36 mmol) was 

dissolved in DMF (20 mL). NaN3 (0.62 g, 9.55 mmol) was added and the solution heated to reflux for 

18 h under argon. The reaction mixture was left to cool and solvent removed in vacuo. Column 

chromatography on silica (DCM/methanol, 90:10) afforded the stated product as an orange solid (1.50 

g, 83%). 1H NMR (400 MHz, DMSO) δ 8.62 (d, J = 8.4 Hz, 1H, Naph Ar CH), 8.42 (d, J = 7.2 Hz, 1H, Naph 

Ar CH), 8.19 (d, J = 8.4 Hz, 1H, Naph Ar CH), 7.69 – 7.61 (m, 1H, Naph Ar CH), 7.46 (s, 2H, NH2), 6.84 (d, 

J = 8.4 Hz, 1H, Naph Ar CH), 4.22 (dd, J = 9.3, 6.2 Hz, 2H, N-CH2), 2.54 (d, J = 8.0 Hz, 2H, CH2-COOH). 

HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C15H13N2O4, 285.0875; found 285.0875. IR νmax/cm-1 

3354.11 (NH), 3257.41 (NH), 2923.12 (OH), 1715.35 (C=O), 1650.48 (C=O). 
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7.2.4.3. 3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid6 

 

3-(6-amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid (0.64 g, 2.26 mmol) was 

dissolved in pyridine (30 mL) and acetic anhydride (0.43 mL, 4.50 mmol) was added. Reaction left to 

stir at room temperature for 16 h under argon. The solvent was removed in vacuo. Column 

chromatography on silica (DCM/methanol, 90:10) afforded the stated product as a yellow solid (0.52 

g, 71%). 1H NMR (300 MHz, DMSO) δ 10.28 (s, 1H, NH), 8.53 (d, J = 7.7 Hz, 1H, Naph Ar CH), 8.34 (dd, J 

= 15.5, 7.3 Hz, 2H, Naph Ar CH), 8.12 (d, J = 8.2 Hz, 1H, Naph Ar CH), 7.73 (dd, J = 8.5, 7.3 Hz, 1H, Naph 

Ar CH), 4.13 – 4.04 (t, J = 6, 2H, N-CH2), 2.45 – 2.38 (t, J = 6, 2H, CH2-COOH), 2.11 (s, 3H, CH3). 13C NMR 

(101 MHz, DMSO) δ 173.27 (C=OOH), 170.31 (C=O), 163.86 (Naph C=O), 163.28 (Naph C=O), 140.82 

(Naph Ar C), 132.03 (Naph Ar C), 131.35 (Naph Ar C), 129.96 (Naph Ar C), 128.69 (Naph Ar C), 126.85 

(Naph Ar C), 124.50 (Naph Ar C), 122.52 (Naph Ar C), 119.98 (Naph Ar C), 117.82 (Naph Ar C), 36.21 (N-

CH2), 32.88 (CH2-COOH), 24.49 (CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C17H13N2O5, 

369.9691; found 325.0827. IR νmax/cm-1 3406.70 (NH), 2925.87 (OH), 1697.42 (C=O), 1698.61 (C=O), 

1637.00 (C=O). 
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7.2.4.4. (2R,3R)-1,3-dihydroxybutan-2-yl 3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)-yl)propanoate 

 

3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid (0.52 g, 1.61 mmol) was 

dissolved in DMF (20 mL) and HBTU (0.62 g, 1.63 mmol) was added and stirred at room temperature 

for 15 minutes. L-threoninol (0.17 g, 1.64 mmol) and DIPEA (0.28 mL, 1.61 mmol) were added and 

reaction mixture heated to 40 °C and stirred under argon for 41 h. Solvent removed in vacuo. Column 

chromatography on silica (gradient eluent system, DCM/methanol, 98:2 to 90:10) afforded the stated 

product as a yellow solid (0.41 g, 61%).  1H NMR (300 MHz, MeOD) δ 8.65 – 8.51 (m, 3H, Naph Ar CH), 

8.22 (d, J = 8.1 Hz, 1H, Naph Ar CH), 7.85 (dd, J = 8.6, 7.3 Hz, 1H, Naph Ar CH), 4.52 – 4.42 (m, 2H, N-

CH2), 3.97 (dd, J = 6.5, 3.4 Hz, 1H, CH), 3.78 (dd, J = 6.0, 3.4 Hz, 1H, CH), 3.64 – 3.52 (m, 2H, CH2-OH), 

2.69 (t, J = 7.1 Hz, 2H, CH2-CO), 2.34 (s, 3H, CH3C=O), 1.10 (d, J = 6.5 Hz, 3H, CH(OH)-CH3). 13C NMR (126 

MHz, MeOD) δ 174.57 (C=O), 173.13 (C=O), 166.14 (Naph C=O), 165.64 (Naph C=O), 141.90 (Naph Ar 

C), 133.36 (Naph Ar C), 132.90 (Naph Ar C), 130.78 (Naph Ar C), 130.58 (Naph Ar C), 128.32 (Naph Ar 

C), 127.14 (Naph Ar C), 124.58 (Naph Ar C), 122.64 (Naph Ar C), 120.65 (Naph Ar C), 67.60 (CH), 

63.17(CH2-OH), 58.05 (CH), 38.64 (N-CH2), 36.18 (CH2), 24.32 (CH3), 20.71 (CH(OH)-CH3). HRMS (TOF-

ESI +ve) (m/z): [M]+ calculated for C21H23N3O6Na, 436.1485; found 436.1492.  
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7.2.4.5. 3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2S,3S)-1,3-
dihydroxybutan-2-yl)propanamide 

 

3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propanoic acid (0.12 g, 0.374 mmol) was 

dissolved in DMF (20 mL) and HBTU (0.15 g, 0.384 mmol) was added and stirred at room temperature 

for 15 minutes. D-threoninol (0.06 g, 0.570 mmol) and DIPEA (0.07 mL, 0.374 mmol) were added and 

reaction mixture heated to 40 °C and stirred under argon for 66 h. Solvent removed in vacuo. Column 

chromatography on silica (gradient eluent system, DCM/methanol, 98:2 to 90:10) afforded the stated 

product as a yellow solid (0.14 g, 91%). 1H NMR (300 MHz, MeOD) δ 8.64 – 8.51 (m, 3H, Naph Ar CH), 

8.21 (d, J = 8.2 Hz, 1H, Naph Ar CH), 7.85 (dd, J = 8.6, 7.3 Hz, 1H, Naph Ar CH), 4.47 (td, J = 7.0, 4.2 Hz, 

2H, N-CH2), 4.01 – 3.93 (m, 1H, CH), 3.79 (tt, J = 6.1, 3.3 Hz, 1H, CH), 3.65 – 3.53 (m, 2H, CH2-OH), 2.69 

(t, J = 7.1 Hz, 2H, CH2-CO), 2.34 (s, 3H, CH3), 1.10 (d, J = 6.5 Hz, 3H, CH(OH)-CH3). 13C NMR (126 MHz, 

MeOD) δ 174.23 (C=O), 172.78 (C=O), 165.79 (Naph C=O), 165.29 (Naph C=O), 141.56 (Naph Ar C), 

133.02 (Naph Ar C), 132.56 (Naph Ar C), 130.43 (Naph Ar C), 130.23 (Naph Ar C), 127.97 (Naph Ar C), 

126.77 (Naph Ar C), 124.23 (Naph Ar C), 122.28 (Naph Ar C), 120.29 (Naph Ar C), 67.26 (CH), 62.83 

(CH2-OH), 57.71 (CH), 38.29 (N-CH2), 35.84 (CH2), 23.99 (CH3), 20.37 (CH(OH)-CH3). HRMS (TOF-ESI +ve) 

(m/z): [M]+ calculated for C21H23N3O6Na, 436.1485; found 436.1497.  
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7.2.4.6. 3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2R,3R)-1-(bis(4-
methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)propanamide2,3 

 

3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2R,3R)-1,3-dihydroxybutan-2-

yl)propanamide (0.15 g, 0.368 mmol) and DMAP (0.02 g, 0.124 mmol) was dissolved in DMF (10 mL). 

DMT-Cl (0.15 g, 0.452 mmol) and DIPEA (0.06 mL, 0.368 mmol) were added. Solution was left to stir 

under argon at room temperature for 18 h. Solvent was removed in vacuo. Column chromatography 

purification on silica (DCM/methanol/TEA, 97:2:1) afforded the stated product as a yellow oil (0.11 g, 

41%). 1H NMR (300 MHz, CD3CN) δ 8.32 – 8.22 (m, 2H, Naph Ar CH), 8.18 (d, J = 8.2 Hz, 1H, Naph Ar 

CH), 8.10 – 8.02 (m, 2H, Naph Ar CH), 7.55 (dd, J = 8.5, 7.3 Hz, 1H, DMT Ar CH), 7.44 – 7.37 (m, 2H, DMT 

Ar CH), 7.30 – 7.16 (m, 6H, DMT Ar CH), 6.86 – 6.80 (m, 4H, DMT Ar CH), 6.55 – 6.50 (m, 1H, NH), 4.35 

– 4.26 (m, 2H, N-CH2), 4.02 – 3.95 (m, 1H, CH), 3.91 (m, 1H, CH), 3.73 (s, 6H, DMT O-CH3), 3.15 – 2.97 

(m, 2H, CH2-O), 2.63 (t, J = 7.5 Hz, 2H, CH2-CO), 2.27 (s, 3H, CH3), 1.00 (d, J = 6.3 Hz, 4H, CH(OH)-CH3). 

13C NMR (101 MHz, CD3CN) δ 171.96 (C=O), 170.87 (C=O), 164.73 (Naph C=O), 164.17 (Naph C=O), 

159.55 (DMT C-O), 150.20 (Ar CH), 146.21 (Ar C), 140.81 (Ar C), 137.02 (Ar C), 132.28 (Ar CH), 131.59 

(Ar CH), 130.95 (Ar CH), 130.93 (Ar CH), 129.32 (Ar CH), 129.19 (Ar CH), 128.98 (Ar CH), 128.77 (Ar CH), 

127.72 (Ar CH), 127.17 (Ar CH), 124.94 (Ar C), 123.43 (Ar C), 120.24 (Ar CH), 118.89 (Ar C), 113.98 (Ar 

CH), 86.74 (DMT C), 67.13(CH), 64.25(CH2), 55.87 (CH), 55.55 (CH), 39.24 (CH3), 37.75(N-CH2), 35.26 

(CH2), 24.65 (CH3), 20.46 (CH(OH)-CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C42H41N3O8Na, 
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738.2791; found 738.2783. IR νmax/cm-1 3286.80 (NH), 2932.29 (OH), 1697.42 (C=O), 1695.13 (C=O), 

1650.00 (C=O). 

7.2.4.7. 3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2S,3S)-1-(bis(4-
methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-yl)propanamide2, 3 

 

3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2S,3S)-1,3-dihydroxybutan-2-

yl)propanamide (0.13 g, 0.321 mmol) and DMAP (0.02 g, 0.129 mmol) was dissolved in DMF (10 mL). 

DMT-Cl (0.17 g, 0.501 mmol) and DIPEA (0.06 mL, 0.321 mmol) were added. Solution was left to stir 

under argon at room temperature for 18 h. Solvent was removed in vacuo. Column chromatography 

purification on silica (DCM/methanol/TEA, 97:2:1) afforded the stated product as a yellow oil (0.08 g, 

34%). 1H NMR (400 MHz, CD3CN) δ 9.07 (s, 1H, OH), 8.21 (dd, J = 7.6, 3.0 Hz, 2H, Naph Ar CH), 8.11 (d, 

J = 8.2 Hz, 1H, Naph Ar CH), 8.01 (d, J = 8.2 Hz, 1H, Naph Ar CH), 7.53 – 7.45 (m, 1H, DMT Ar CH), 7.45 

– 7.38 (m, 2H, DMT Ar CH), 7.29 – 7.17 (m, 6H, DMT Ar CH), 6.82 (dd, J = 8.9, 1.4 Hz, 4H, DMT Ar CH), 

6.52 (d, J = 5.3 Hz, 1H, NH), 4.28 (dd, J = 8.4, 6.7 Hz, 2H, N-CH2), 3.98 (qd, J = 6.3, 3.9 Hz, 1H, CH), 3.94 

– 3.86 (m, 1H, CH), 3.72 (s, 6H, DMT O-CH3), 3.06 (ddd, J = 39.9, 9.2, 5.5 Hz, 2H, CH2-O), 2.63 (t, J = 7.5 

Hz, 2H, CH2-CO), 2.27 (s, 3H, CH3), 1.00 (d, J = 6.3 Hz, 3H, CH(OH)-CH3). 13C NMR (101 MHz, CD3CN) δ 

172.00 (C=O), 170.89 (C=O), 164.67 (Naph C=O), 164.11 (Naph C=O), 159.54 (DMT C-O), 149.95 (Ar CH), 

146.20 (Ar C), 140.75 (Ar C), 137.01 (Ar C), 132.23 (Ar CH), 131.55 (Ar CH), 130.95 (Ar CH), 130.92 (Ar 

CH), 129.23 (Ar CH), 129.14 (Ar CH), 128.97 (Ar CH), 128.77 (Ar CH), 127.72 (Ar CH), 127.12 (Ar CH), 
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124.86 (Ar C), 123.33 (Ar C), 120.19 (Ar CH), 118.80 (Ar C), 113.97 (Ar CH), 86.74 (DMT C), 67.14 (CH), 

64.26 (CH2), 55.86 (CH), 55.57 (CH), 39.26 (CH3), 37.74 (N-CH2), 35.25 (CH2), 24.66 (CH3), 20.47 (CH(OH)-

CH3). HRMS (TOF-ESI +ve) (m/z): [M]+ calculated for C42H41N3O8Na, 738.2791; found 738.2782.  

7.2.4.8. (2R,3R)-3-(3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)propanamido)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2R,3R)-1-(bis(4-methoxyphenyl) 

(phenyl)methoxy)-3-hydroxybutan-2-yl)propanamide (0.11 g, 0.152 mmol) was dissolved in anhydrous 

DCM (10 mL). DIPEA (0.08 mL, 0.456 mmol) and 2-cyanethyl-diisopropylchlorophosphoramidite (0.04 

mL, 0.183 mmol) were added and the solution left to stir under argon. After 1.5 h, methanol (1 mL) 

was added to quench the reaction and left to stir for a further 30 min under argon. EtOAc (10 mL) was 

added to the reaction mixture and washed with sodium hydrogen carbonate (2 x 50 mL), water (50 

mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and solvent removed in vacuo. 

Column chromatography on alumina (hexane/EtOAc/TEA, 15:84:1) afforded the stated product as a 

yellow oil (0.02 g, 11%). 1H NMR (300 MHz, CD3CN) δ 8.92 (s, 1H, OH), 8.44 – 8.14 (m, 5H Naph Ar CH), 

7.75 – 7.64 (m, 1H, DMT Ar CH), 7.45 – 7.37 (m, 3H, DMT Ar CH), 7.30 – 7.23 (m, 7H, DMT Ar CH), 6.86 

– 6.82 (m, 4H, DMT Ar CH), 4.37 – 4.29 (m, 2H, N-CH2), 4.11 – 3.99 (m, 2H, CH, CH), 3.74 (d, J = 1.2 Hz, 

6H, DMT O-CH3), 3.50 (d, J = 5.3 Hz, 2H, CH2), 3.13 – 2.99 (m, 2H, CH2-O), 2.69 – 2.53 (m, 4H, CH2-CN, 
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N-CH, N-CH), 2.46 (t, J = 5.9 Hz, 1H, CH2-CO), 2.29 (s, 3H, CH3), 1.27 – 1.01 (m, 15H, iPr2N, CH(O)-CH3). 

31P NMR (121 MHz, CD3CN) δ 147.49 (P(III)), 147.09 (P(III)), 7.55 (P(IV)), 7.50 (P(IV)), 6.98 (P(IV)). 

7.2.4.9. (2S,3S)-3-(3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)propanamido)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)butan-2-yl (2-cyanoethyl) 
diisopropylphosphoramidite3 

 

3-(6-acetamido-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-((2S,3S)-1-(bis(4-methoxyphenyl) 

(phenyl)methoxy)-3-hydroxybutan-2-yl)propanamide (0.11 g, 0.152 mmol) was dissolved in anhydrous 

DCM (10 mL). DIPEA (0.08 mL, 0.456 mmol) and 2-cyanethyl-diisopropylchlorophosphoramidite (0.04 

mL, 0.183 mmol) were added and the solution left to stir under argon. After 1.5 h, methanol (1 mL) 

was added to quench the reaction and left to stir for a further 30 min under argon. EtOAc (10 mL) was 

added to the reaction mixture and washed with sodium hydrogen carbonate (2 x 50 mL), water (50 

mL) and brine (50 mL). The organic layer was dried over MgSO4, filtered and solvent removed in vacuo. 

Column chromatography on silica (DCM/methanol/ammonia solution, 97:2:1) afforded the stated 

product as a yellow oil (0.05 g, 40%). 1H NMR (300 MHz, CD3CN) δ 8.96 (s, 1H, OH), 8.34 (dd, J = 7.6, 

2.3 Hz, 2H, Naph Ar CH), 8.27 (dd, J = 8.2, 3.5 Hz, 1H, Naph Ar CH), 8.16 (dd, J = 8.2, 1.3 Hz, 1H, Naph 

Ar CH), 7.64 (td, J = 7.8, 1.4 Hz, 1H, DMT Ar CH), 7.41 (dq, J = 6.4, 1.7 Hz, 2H, DMT Ar CH), 7.27 (ddd, J 

= 8.8, 3.6, 2.2 Hz, 6H, DMT Ar CH), 6.89 – 6.81 (m, 4H, DMT Ar CH), 6.56 – 6.46 (m, 1H, NH), 4.39 – 4.28 

(m, 2H, N-CH2), 4.23 – 4.10 (m, 2H, CH, CH), 3.74 (s, 6H, DMT O-CH3), 3.54 – 3.45 (m, 2H, CH2), 3.07 (q, 
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J = 5.4, 4.7 Hz, 2H, CH2-O), 2.69 – 2.51 (m, 4H, CH2-CN, N-CH, N-CH), 2.46 (t, J = 6.0 Hz, 1H, CH2-CO), 

2.29 (s, 3H, CH3), 1.24 – 1.03 (m, 16H, iPr2N, CH(O)-CH3). 31P NMR (121 MHz, CD3CN) δ 147.49 (P(III)), 

147.10 (P(III)), 13.86 (P(IV)), 9.56 (P(IV)), 7.50 (P(IV)). 

7.3. DNA Synthesis 
 

Oligos were synthesised using solid-phase DNA synthesis performed on an Applied Biosystems ABI 394 

DNA/RNA synthesiser. All modified probe strands were synthesised using Ultramild DNA synthesis 

methods, whilst all unmodified target strands were synthesised using standard DNA synthesis 

methods.  

7.3.1. Standard Synthesis – Unmodified DNA 

 

Phosphoramidites (Bz-dA, iBu-dG, Ac-dC, and dT) were purchased from Link Technologies and 

dissolved in anhydrous acetonitrile to 0.1 M prior to synthesis. Synbase CPG 1000/110 solid supports 

were purchased from Link Technologies. Oligos were synthesised on the solid supports at a 1 µmol 

scale. Activation of phosphoramidites was achieved with 5-ethylthio-1H-tetrazole (0.5 M) in 

acetonitrile. Subsequent coupling occurred with a coupling time of 25 seconds for nucleosides. Capping 

of unreacted material was achieved using acetic anhydride and methylimidazole followed by oxidation 

of the phosphotriester using iodine (0.1 M) in THF/pyridine/water (78:20:2). Following completion of 

sequence synthesis, strands were cleaved from the resin by treating with aqueous ammonia (30% 

solution) for 1 hour. To fully deprotect, oligos were heated in aqueous ammonia (30% solution) at 60 

°C for 6 hours followed by removal of solvent on a Thermo Scientific speed vac.  

7.3.2. Ultramild Synthesis - Modified Probe DNA 

 

Phosphoramidites (Pac-dA, iPr-Pac-dG, Ac-dC, dT) were purchased from Link Technologies and 1,8-

naphthalimide phosphoramidites were also used for ultramild synthesis. All phosphoramidites were 

dissolved in anhydrous acetonitrile to 0.1 M prior to synthesis. Synbase CPG 1000/110 solid supports 
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were purchased from Link Technologies. Oligos were synthesised on the solid supports at a 1 µmol 

scale. Activation of phosphoramidites was achieved with 5-ethylthio-1H-tetrazole (0.25 M) in 

acetonitrile. Subsequent coupling occurred with a coupling time of 25 seconds for nucleoside 

phosphoramidites and 10 seconds for 1,8-naphthalimide phosphoramidites. For low yielding 1,8-

naphthalimide coupling steps, the coupling time was increased to 15 min. Capping of unreacted 

material was achieved using phenoxyacetic anhydride and methylimidazole followed by oxidation of 

the phosphotriester using iodine (0.02 M) in THF/pyridine/water (7:2:1). Following completion of 

sequence synthesis, strands were cleaved from the resin and deprotected by placing resin in 1 mL 

potassium carbonate (0.05 M) in methanol and left overnight. Resulting solutions were neutralised 

with acetic acid (6 µL) and solvent removed on a Thermo Scientific speed vac. The remaining dry solid 

was dissolved in 1 mL ultra-pure (Milli-Q) water and desalted using a NAP-10 column (GE Healthcare) 

prior to purification.  

7.4. DNA Purification 
 

Semi-preparative reversed-phase HPLC purification of all oligos was performed on an Agilent 

Technologies 1260 Infinity system using a Phenomenex Clarity 5 µM Oligo-RP LC 250x10 mm column. 

0.1 M triethylammonium acetate buffer was used with an increasing acetonitrile gradient depending 

on the method used. All unmodified oligonucleotides and 1,8-naphthalimide modified 

oligonucleotides were purified using HPLC method 1, shown in Table 7.1, and all anthracene modified 

probes were purified using HPLC method 2, shown in Table 7.2. Each sample run had a flow rate of 3 

mL/min and 1 µL of sample was injected for each run. The UV-Vis absorbance was monitored at 260 

nm for all oligos and additionally at 430 nm for probes containing naphthalimide. Fractions collected 

were evaporated to dryness and dissolved in 1 mL ultra-pure (Milli-Q) water. Collected sample was 

then desalted using a NAP-10 column (GE Healthcare). The purity of the collected oligo sample was 

determined by analytical HPLC on an Agilent Technologies 1260 Infinity system using a Phenomenex 

Clarity 5 µM Oligo RP LC 250x4.6 mm column. The solvent gradients used were identical to that used 
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via semi-preparative methods but with each run at a flow rate of 1 mL/min with a 20 µL sample 

injection. The UV-Vis absorbance was monitored at 260 nm for all oligos and additionally at 430 nm 

for naphthalimide-modified probes or 320 nm for any anthracene-modified probes. Samples with 

purity over 95% were acceptable for use.  

Table7.1: HPLC method 1. 

Time /min % 0.1M triethylammoniumn 

buffer 

% acetonitrile 

0 95 5 

25 82 18 

30.0 0 100 

40 0 100 

40.1 95 5 

45 95 5 

 

Table7.2: HPLC method 2. 

Time /min % 0.1M triethylammoniumn 

buffer 

% acetonitrile 

0 85 15 

30 75 25 

30.1 0 100 

40 0 100 

40.1 85 5 

45 85 5 

 

 

7.5. DNA Characterisation  
 

Oligonucleotide samples were characterised using negative mode electrospray mass spectrometry on 

a Waters Xevo G2-XS. Sample concentrations were determined by optical density at 260 nm using a 

BioSpecnano micro-volume UV-Vis spectrophotometer (nanodrop) from Shimadzu. Predicted molar 

extinction coefficients of oligonucleotides were calculated using the IDT OligoAnalyser tool.7  

Calculated masses of modified oligonucleotides were obtained using ChemDraw (using the exact mass 
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value). Calculated masses of unmodified oligonucleotides were calculated using the IDT OligoAnalyser 

tool.7 

7.6. Naphthalimide Duplex Sensing 

7.6.1. Duplex Annealing Conditions  

 

Probe and target strands in aqueous solution of 100 mM NaCl, 10 mM sodium phosphate buffer, pH 

7.0 in Milli-Q water were combined. Strands heated to 95 °C and left to cool slowly to room 

temperature over 30 min to 1 h.  

7.6.2. Fluorescence Sensing Parameters 

 

Fluorescence sensing for naphthalimide systems were carried out on Jasco FP-8500 

spectrofluorometer using a 50 μL quartz fluorescence cuvette. Parameters listed below. 

Excitation wavelength: 450 nm 

Data Interval: 1 nm 

Scan speed: 200 nm/min 

Bandwidth: 5 nm 

Sensitivity: Medium  

Temperature control: 25 °C 

7.6.3. Duplex Melting Temperatures 

 

Duplex melting temperatures determined using SYBR Green. Aqueous probe (10 µM) and target DNA 

(10 µM) in NaCl (100 mM) and sodium phosphate buffer (10 mM, pH 7.0) (Milli-Q) samples were 

prepared. 19 µL of sample was added to 1 µL of 20 x SYBR Green dye from Bio-Rad. The thermal melting 

experiment was carried out on a M550 double beam scanning UV-visible spectrophotometer with a 

temperature controlled 96-well plate. Samples were heated from 15 °C to 90 °C and cooled from 90 °C 
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to 20 °C at a rate of 1 °C/min. Melt curves were produced, and Tm values taken from the maxima of the 

negative first derivative of the melting curve. 

7.7. Fluorescent Nucleic Acid Assay for the Detection and Quantification of the 
BRAF V600E Mutation 

 

7.7.1. Duplex Annealing Conditions  

 

Probe and target strands in aqueous solution of 100 mM NaCl, 10 mM sodium phosphate buffer, pH 

7.0 in Milli-Q water were combined. Strands left in the dark at room temperature for 5 min to anneal. 

7.7.2. Fluorescence Sensing Parameters 

 

Fluorescence sensing for anthracene systems were carried out on Jasco FP-8500 spectrofluorometer 

using a 50 μL quartz fluorescence cuvette.  Samples kept in the dark. Parameters detailed below. 

Excitation wavelength: 350 nm 

Data Interval: 1 nm 

Scan speed: 200 nm/min 

Bandwidth: 5 nm 

Sensitivity: High  

Temperature control: 25 °C 

7.7.3. DNA Extraction 

 

Colorectal cell lines (HT-29 (ATCC® HTB-38™) and HCT 116 (ATCC® CCL-247™)) were donated by Dr 

Andrew Beggs, University of Birmingham.  

DNA was extracted from the cultured cells using QIAGEN DNeasy® Blood and Tissue Kit. Procedure 

followed as per kit instructions without modification. DNA eluted in 200 μL AE buffer.  
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7.7.4. PCR Amplification 

 

PCR amplification was performed using QIAGEN Multiplex PCR Kit or New England BioLabs Phusion® 

High-Fidelity PCR Kit on a BioRad C1000 Touch Thermal Cycler. All PCR reagents were thawed and 

prepared on ice.  

7.7.4.1. QIAGEN Multiplex PCR Kit 

 

The PCR reaction mixture included WT or Mut genomic DNA (between 2-200 ng), forward and reverse 

primers (at a final concentration of 0.2 μM), 2 x QIAGEN Master Mix (25 μL), 5 x Q-solution (10 μL) 

made up to a final volume of 50 μL with RNase free water.  

The PCR cycling conditions were as follows (several conditions were attempted, as shown by conditions 

in brackets[]): 

1. Heat activation: 15 min at 95 °C 

2. Denaturation: 20 [30] sec at 94 °C 

3. Annealing: 30 [90] sec at 50 °C [57 °C] 

4. Extension: 30 [90] sec at 72 °C 

Steps 2-4 repeated 38 times, cycling.  

5. Final Extension: 5 [10] min 72 °C 

6. Hold: ∞ at 4 °C 

7.7.4.2. New England BioLabs Phusion® High-Fidelity PCR Kit  

 

The PCR mixture included WT or Mut genomic DNA (between 2-200 ng), forward and reverse primers 

(at a final concentration of 0.5 μM), 5 x Phusion® HF Buffer (10 μL), 10 mM dNTPs (1 μL), Phusion® DNA 

polymerase (0.5 μL) made up to a final volume of 50 μL with RNase free water. Phusion DNA 

polymerase was the last component to be added.  

The PCR cycling conditions were as follows: 
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1. Heat activation: 30 sec at 98 °C 

2. Denaturation: 10 sec at 98 °C 

3. Annealing: 30 sec at 61 °C 

4. Extension: 43 sec at 72 °C 

Steps 2-4 repeated 35 times, cycling.  

5. Final extension: 10 min at 72 °C 

6. Hold: ∞ at 4 °C 

7.7.5. DNA Clean and Purification  

 

DNA clean and purification steps were performed after PCR amplification and after T7 exonuclease 

digestion steps.  

Post PCR amplification, the ZYMO Research DNA Clean and Concentrator™ Kit was used. The method 

was followed as per kit protocol without modification. DNA was eluted in 15 μL elution buffer.  

Post T7 exonuclease digestion, the Monarch® PCR and DNA Cleanup Kit was used. The method was 

followed as per oligonucleotide clean-up protocol without modification. DNA was eluted in 15 μL 

nuclease free water.  

7.7.6. T7 Exonuclease Digestion 

 

The double-stranded PCR product was digested to single-stranded DNA so that fluorescence sensing 

experiments can be carried out. This was achieved by the use of phosphorothioate primers used during 

PCR amplification steps. Strands formed from these phosphorothioate primers are not recognised by 

the exonuclease and therefore remain intact during the digestion step, forming the target strands for 

sensing. The complementary strand formed from the unmodified primers is digested by the 

exonuclease. The T7 exonuclease was purchased from New England BioLabs. The reaction included 10 

x NEBuffer 4 (5 μL), T7 exonuclease (1 μL), DNA (PCR product at varied concentrations not exceeding 
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1 μg) made up to 50 μL with nuclease free water. The reaction mixture was incubated at 25 °C for 30 

min. the reaction was then stopped via the addition of EDTA (to 11 mM).  

7.7.7. TapeStation DNA Electrophoresis 

 

TapeStation (Agilent Technologies) analysis was performed by the Genomics Centre at The University 

of Birmingham. The DNA High Sensitivity D1000 ScreenTape was used to determine if the PCR 

amplification had been successful. 2 μL sample or ladder and 2 μL of Buffer loaded into each lane.  

7.7.8. QuBit DNA Quantification  

 

All DNA concentrations were performed using QuBit Fluorometric Quantification (ThermoFisher). 

For double-stranded DNA, the High Sensitivity DNA assay was used. For single-stranded DNA, the 

ssDNA assay was used. Samples were prepared as stated in the protocol. Standards (S1 and S2) were 

used prior to each use for calibration and a stranded was tested to ensure the dye mix had been 

correctly made.  

7.7.9. Polyacrylamide Gel Electrophoresis (PAGE) 

 

8% polyacrylamide gel was prepared by combing 8 mL polyacrylamide (40%), 8 mL 5 x TBE buffer, 300 

μL APS and 30 μL TEMED. The gel was left to set for around 30 min. the gel was then pre-run in 1 x TBE 

buffer at 100 V in the fridge for around 20 min. The gel was then loaded: Lanes 3 and 6 contained 6 μL 

Hyperladder (BioLine) 25 bp; lane 4 contained 1 uL Gel Loading dye, 6X (New England BioLabs), 4 μL 

PCR product, 2 μL Milli-Q water; lane 5 contained 1 uL Gel Loading dye, 6X (New England BioLabs), 1 

μL ssDNA from exonuclease digestion, 2 μL Milli-Q water. The loaded gel was run in 1 x TBE buffer at 

100 V in the fridge for 1 h 15 min. The gel was stopped and stained using Diamond nucleic acid stain 

for 10 min, shaking.  
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7.8. Naphthalimide Modified Nucleic Acid Probes for Use in Imaging Techniques 
 

7.8.1. Fluorescence In Situ Hybridisation  

 

7.8.1.1. Sample Preparation  

 

Slides were kindly donated and prepared by the Birmingham Women’s NHS Foundation Trust. Slides 

contain fixed patient samples from anonymised 46 XX/XY white blood cell suspensions. Slides contain 

a mixture of metaphases and interphases.  

7.8.1.2. Probe Hybridisation 

 

Prior to hybridisation, 50 mL denaturation solution (0.07 M NaOH, 70% formamide) was heated to 72 

°C. The fixed patient sample slides were placed in denaturation solution for 2 min at 72 °C. The fixed 

patient sample slides were then placed in a dehydration series of 70% methanol, 85% methanol, 100 

% methanol for 2 min each (room temp). the samples were removed from the dehydration series and 

briefly left to air dry. 5 μL of probe (roughly 75 ng DNA) was combined with 5 μL hybridisation buffer 

(6 mM NaOH, 30-70% formamide, 20 % dextran sulfate) and 1 μL COT-1. The entire mixture was applied 

to the slide. A coverslip was placed over the slide and any air bubbles removed. The slide was then left 

to hybridise at 37 °C for 15 min. 

7.8.1.3. Wash Steps 

 

Following hybridisation, the coverslip was removed. Slides were washed at high stringency (0.4X SSC, 

0.3% IGEPAL, room temp) for 2-5 min, followed by low stringency (2X SSC, 0.1% IGEPAL, room temp). 

samples were left to briefly air dry. 
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7.8.1.4. Staining 

 

7.5-10 μL nuclear stain in mountant was applied to each slide as a counterstain (DAPI, ex 358 nm/em 

461 nm; GelRed®, ex 510 nm/em 600 nm; TOTO™-3, ex 642 nm/em 660 nm, were used). A coverslip 

was placed on top and any air bubbles removed.   

7.8.1.5. Imaging Slides 

 

Samples were imaged using an inverted epifluorescence microscope equipped with a 100X objective 

lens (Nikon, 1.49/oil TIRF) and cooled EMCCD camera (Photometrics, Evolve® 512 Delta). Excitation 

lasers (Coherent, OBIS) were used at wavelengths corresponding to the dye being visualised.  

Images were analysed using FUJI Image J.  

7.8.2. DNA PAINT 

 

7.8.2.1. Buffer Components 

 

• Imaging Buffer; X mM MgCl2, 5 mM Tris HCl (pH 8.0), 1 mM EDTA, 0.05% Tween 20. 

• Buffer B; 10 mM MgCl2, 5 mM Tris HCl (pH 8.0), 1 mM EDTA, 0.05% Tween 20. 

All stock solutions were made up in buffer B solution.  

7.8.2.2. Sample Preparation for Preliminary DNA PAINT Experiment 

 

CoverWellTM perfusion chambers were fixed to borosilicate glass coverslips which had been placed in 

a furnace (~400 °C) prior to use to reduce any surface contamination. CoverWellTM perfusion chambers 

allow for the easy addition and removal of reagents up to 40 μL in volume.  

The following reagents (40 μL) were sequentially added to the chamber; BSA: BSA-biotin (20:1, Sigma 

Aldrich), NeutrAvidin (Thermo Scientific, 0.2 mg mL-1), biotinylated DNA (500 pM). Incubation times 

proceeded each step; 15 minutes after addition of BSA: BSA-biotin and then 10 minutes after every 
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other step. Wash steps also proceeded every step to remove any unbound solution; 2 x 40 μL buffer 

B. The imager strand (5 nM in imaging buffer, 100 mM MgCl2) was then added to the chamber. The 

prepared coverslip slide was then placed on the objective lens with the CoverWellTM
 chamber in place 

above with the coverslip side down.  

7.8.2.3. Sample Preparation for DNA PAINT Experiments Using Origami Triangle 

 

CoverWellTM perfusion chambers were fixed to borosilicate glass coverslips which had been placed in 

a furnace (~400 °C) prior to use to reduce any surface contamination. CoverWellTM perfusion chambers 

allow for the easy addition and removal of reagents up to 40 μL in volume.  

Prior to sample preparation, biotinylated poly A strands were annealed to poly T anchor sites on the 

origami triangle. This biotinylated annealed origami structure was added to the sample as one.  

The following reagents (40 μL) were sequentially added to the chamber; BSA: BSA-biotin (20:1, Sigma 

Aldrich), NeutrAvidin (Thermo Scientific, 0.2 mg mL-1), origami triangle with biotinylated DNA pre-

annealed (2 ng/μL). Incubation times proceeded each step; 15 minutes after addition of BSA: BSA-

biotin and then 10 minutes after every other step. Wash steps also proceeded every step to remove 

any unbound solution; 2 x 40 μL buffer B. The imager strand (5-100 nM in imaging buffer, 75 mM 

MgCl2) was then added to the chamber. The prepared coverslip slide was then placed on the objective 

lens with the CoverWellTM
 chamber in place above with the coverslip side down.  

7.8.2.4. Optical Set-Up for DNA PAINT Imaging and Imaging Parameters 

 

Samples were imaged using an epifluorescence microscope equipped with a 100x objective lens 

(Nikon, 1.49/oil TIRF) and cooled EMCCD camera (Photometrics, Evolve® 512 Delta). Sample excitation 

was achieved using a 488 nm laser (Coherent, OBIS) for the naphthalimide imager strands and ATTO 

488 labelled imager strands. The samples were imaged under the following conditions: 1000-8000 
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frames (depending on sample type), 60 ms exposure, 50 mW laser power, EM gain set to 100, TIRF 

angle ~3.  

7.8.2.5. Data Analysis 

 

Data analysis was performed using Igor Pro and localisation images were achieved using the Localizer 

software. The super-resolution image was displayed as both a density scatter plot and a bitmap image. 

The super-resolution images map the positions of each localisation across all frames (of equal position 

and dimensions) onto a single plot. The generalised likelihood ratio test (GLRT) algorithm was used to 

separate the pixels into signal and background. The GLRT insensitivity was adjusted depending on the 

emission intensity within each sample so that both low and bright emitters are detected. Gaussian 

fitting was used as the localisation algorithm so that each signal position is localised in the frame 

according to the coordinates of the maxima obtained from the gaussian plot.  
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8. Appendix 
 

8.1. DNA Synthesis, Purification, Characterisation and Quantification 
 

8.1.1.  Oligonucleotide Mass Spectrometry Results 

 
Table 8.1: Summary of the oligonucleotide sequences synthesised, their masses and molar extinction coefficients, ԑ. 

Name Modification 

(X) 

Sequence 

5’ → 3’ 

Calculated 

Mass 

(g mol-1) 

Mass 

Found 

(m/z) 

Ɛ 

/L mol-1 

cm-1 

P1AL L NaphA
Short TGG ACT CXC TCA 

ATG 

4642.84 4642.8 137361 

P1AD D NaphA
Short TGG ACT CXC TCA 

ATG 

4642.84 4642.5 137727 

P1BL L NaphA
Long TGG ACT CXC TCA 

ATG 

4725.91 4726.02 136174 

P1BD D NaphA
Long TGG ACT CXC TCA 

ATG 

4725.91 4726.03 135815 

P1CL L NaphI
Dimethyl TGG ACT CXC TCA 

ATG 

4697.88 4698.0 138678 

P1CD D NaphI
Dimethyl TGG ACT CXC TCA 

ATG 

4697.88 4697.98 136733 

P1DL L NaphI
Amine TGG ACT CXC TCA 

ATG 

4669.85 4669.96 140536 

P1DD D NaphI
Amine TGG ACT CXC TCA 

ATG 

4669.85 4670.00 141083 

P1 - TGG ACT CGC TCA 

ATG 

4568 4567.75 139400 

P2AL L NaphA
Short AGA TTT CXC TGT 

AGC 

4655.86 4655.74 141461 

P2AD D NaphA
Short AGA TTT CXC TGT 

AGC 

4655.86 4656.80 141827 

P2Anth Anthracene 

5L 

AGA TTT CXC TGT 

AGC 

4708.91 4708.95 185444 

P2 - AGA TTT CAC TGT 

AGC 

4567 4564.84 146400 

T1G - CAT TGA GGG AGT 

CCA 

4617.1 4617.0 150800 

T1A - CAT TGA GAG AGT 

CCA 

4601.1 4600.9 153900 

T1C - CAT TGA GCG AGT 

CCA 

4577 4576.6 147300 
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T1T - CAT TGA GTG AGT 

CCA 

4592 4591.8 149400 

T1MM - CAT TGA GAA AGT 

CCA 

4585.1 4587.5 154600 

T1mC - CAT TGA GmCG 

AGT CCA 

4591.06 4591.0 147300 

T2WT - GCT ACA GTG AAA 

TCT 

4576 4573.93 148500 

T2Mut - GCT ACA GAG AAA 

TCT 

4585.1 4582.95 153000 

 

8.1.2.  Purified Oligonucleotide HPLC Traces  

 

8.1.2.1. Unmodified Oligonucleotides 

 

Figure 8.1: HPLC trace of purified T1C oligonucleotide. Detection wavelength is 260 nm for DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2: HPLC trace of purified T1G oligonucleotide. Detection wavelength is 260 nm for DNA. 

Figure 8.3: HPLC trace of purified T1T oligonucleotide. Detection wavelength 260 nm for DNA. 



281 
 

 

 

8.1.2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4: HPLC trace of purified T1A oligonucleotide. Detection wavelength is 260 nm for DNA. 

Figure 8.5: HPLC trace of purified T1MM oligonucleotide. Detection wavelength is 260 nm for DNA. 

Figure 8.6: HPLC trace of purified T1mC oligonucleotide. Detection wavelength is 260 nm for DNA. 

Figure 8.7: HPLC trace of purified P2 oligonucleotide. Detection wavelength is 260 nm for DNA. 
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8.1.2.3. Modified Oligonucleotides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10: HPLC trace of purified P1AL modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 

Figure 8.8: HPLC trace of purified T2WT oligonucleotide. Detection wavelength is 260 nm for DNA. 

Figure 8.9: HPLC trace of purified T2Mut oligonucleotide. Detection wavelength is 260 nm for DNA. 
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Figure 8.11: HPLC trace of purified P1AD modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 

Figure 8.12: HPLC trace of purified P1BL modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 
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Figure 8.14: HPLC trace of purified P1CL modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 nm 
for naphthalimide modification (bottom). 

Figure 8.13: HPLC trace of purified P1BD modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 
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Figure 8.16: HPLC trace of purified P1DL modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 nm 
for naphthalimide modification (bottom). 

Figure 8.17: HPLC trace of purified P1DD modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 nm 
for naphthalimide modification (bottom). 
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Figure 8.18: HPLC trace of purified P2AL modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 

Figure 8.19: HPLC trace of purified P2AD modified oligonucleotide. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 
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8.1.3.  Determining Molar Extinction Coefficients 

 

 

Figure 8.20: Determining the molar extinction coefficient of L NaphA
Short. 

 

Figure 8.21: Determining the molar extinction coefficient of D NaphA
Short. 
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Figure 8.22: Determining the molar extinction coefficient of L NaphA
Long. 

 

Figure 8.23: Determining the molar extinction coefficient of D NaphA
Long. 
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Figure 8.24: Determining the molar extinction coefficient of L NaphI
Dimethyl. 

 

Figure 8.25: Determining the molar extinction coefficient of D NaphI
Dimethyl. 
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Figure 8.26: Determining the molar extinction coefficient of L NaphI
Amine. 

 

Figure 8.27: Determining the molar extinction coefficient of D NaphI
Amine. 
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8.2. Exploring the Photophysical Properties of 1,8-Naphthalimide Reporter 
Groups and Their Ability as Base Discriminating Probes 

 

8.2.1.  Absorption Spectra of 1,8-Naphthalimide Tag Monomers 

 

Figure 8.28: Absorption spectra of D NaphA
Short tag monomer, 0.70 x 10-4

 M (blue) and L NaphA
Short tag monomer, 0.53 x 10-4

 

M (orange) in water/acetonitrile 85:15. 

 

Figure 8.29 Absorption spectra of D NaphA
Long tag monomer, 0.44 x 10-4 M (blue) and L NaphA

Long tag monomer, 0.38 x 10-4 M 
(orange) in water/acetonitrile 85:15. 
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Figure 8.30: Absorption spectra of D NaphI
Amine tag monomer, 1.21 x 10-4 M (blue) and L NaphI

Amine tag monomer, 1.08 x 10-4 
M (orange) in water/acetonitrile 85:15. 

 

Figure 8.31: Absorption spectra of D NaphI
Dimethyl tag monomer, 0.51 x 10-4 M (blue) and L NaphI

Dimethyl tag monomer, 0.51 x 
10-4 M (orange) in water/acetonitrile 85:15. 
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8.2.2.  Effect of Solvent on the Absorption Profiles of the Naphthalimide Tag Monomers 

 

 

Figure 8.32: Normalised absorption profiles of L NaphA
Short tag in different solvents. 

 

Figure 8.33: Normalised absorption profiles of D NaphA
Long tag in different solvents. 
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Figure 8.34: Normalised absorption profiles of L NaphA
Long tag in different solvents. 

 

Figure 8.35: Normalised absorption profiles of D NaphI
Dimethyl tag in different solvents. 
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Figure 8.36: Normalised absorption profiles of L NaphI
Dimethyl tag in different solvents. 

 

Figure 8.37: Normalised absorption profiles of D NaphI
Amine tag in different solvents. 
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Figure 8.38: Normalised absorption profiles of L NaphI
Amine tag in different solvents. 

 

Table 8.3: Maximum absorption wavelength, λmax, of naphthalimide tag monomer units in different solvents of varying 
polarity, described using the Dimroth-Reichardt parameter, ET(30). Dash (-) indicates that an accurate reading could not be 
made due to solubility. 
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Solvent λmax / nm ET(30) 

/ kcal 

mol-1 

D 
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L 

NaphA
Short 

D 

NaphA
Long 

L 

NaphA
Long 

D 

NaphI
Dimethyl 

L 

NaphI
Dimethyl 

D 

NaphI
Amine 

L 

NaphI
Amine 

Water 443 442 453 452 440 440 431 431 63.1 

Methanol 433 432 441 441 424 424 433 433 55.4 

Ethanol 432 432 442 442 421 421 436 436 51.9 

Acetonitrile 425 425 433 433 421 420 418 419 45.6 

Acetone 425 425 433 433 414 414 421 422 42.2 

DCM 424 424 433 433 426 427 412 414 40.7 

Ethyl 

acetate 

421 421 429 429 408 408 417 418 38.1 

THF 422 422 433 433 409 410 424 422 37.4 

Toluene 417 417 - - 415 415 - - 33.9 
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8.2.3.  Absorption Studies of 1,8-Naphthalimide Tag Monomers and the Affect Upon 
Incorporation Into DNA 

 
Table 8.4: Maximum absorption wavelength, λmax, of the naphthalimide tag monomers and probes.  

 λmax 1,8-naphthalimide tag 

monomer / nm 

λmax 1,8-naphthalimide probe 

/ nm 

L NaphA
Short 442 447 

D NaphA
Short 443 450 

L NaphA
Long 452 459 

D NaphA
Long 453 459 

L NaphI
Dimethyl 440 455 

D NaphI
Dimethyl 440 455 

L NaphI
Amine 431 444 

D NaphI
Amine 431 444 

 

8.2.4.  Fluorescence Spectra of Naphthalimide Tag Monomers in Water  

 

Figure 8.39: Fluorescence spectra of D NaphA
Short (blue) and L NaphA

Short (orange) in Milli-Q water. λex = 450 nm, 298 K. 
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Figure 8.40: Fluorescence spectra of D NaphA
Long (blue) and L NaphA

Long (orange) in Milli-Q water. λex = 450 nm, 298 K. 

 

Figure 8.41: Fluorescence spectra of D NaphI
Dimethyl (blue) and L NaphI

Dimethyl (orange) in Milli-Q water. λex = 450 nm, 298 K. 
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Figure 8.42: Fluorescence spectra of D NaphI
Amine (blue) and L NaphI

Amine (orange) in Milli-Q water. λex = 450 nm, 298 K. 

 

8.2.5.  Solvatochromic Properties of Naphthalimide Tag Monomers 

 

Figure 8.43: Normalised fluorescence profiles of L NaphA
Short tag in different solvents. 
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Figure 8.44: Normalised fluorescence profiles of D NaphA
Long tag in different solvents. 

 

Figure 8.45: Normalised fluorescence profiles of L NaphA
Long tag in different solvents. 

0

20

40

60

80

100

450 470 490 510 530 550 570 590 610 630 650 670 690

N
o

rm
al

is
ed

 F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 /

 a
.u

.

Wavelength / nm

D NaphALong
THF

Ethyl acetate

DCM

Acetone

Acetonitrile

Ethanol

Methanol

Water

0

20

40

60

80

100

450 470 490 510 530 550 570 590 610 630 650 670 690N
o

rm
al

is
ed

 F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 /

 a
.u

.

Wavelength / nm

L NaphALong
THF

Ethyl acetate

DCM

Acetone

Acetonitrile

Ethanol

Methanol

Water



301 
 

 

Figure 8.46: Normalised fluorescence profiles of D NaphI
Dimethyl tag in different solvents. 

 

Figure 8.47: Normalised fluorescence profiles of L NaphI
Dimethyl tag in different solvents. 
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Figure 8.48: Normalised fluorescence profiles of D NaphI
Amine tag in different solvents. 

 

Figure 8.49: Normalised fluorescence profiles of L NaphI
Amine tag in different solvents. 

 

 

 

 

 

 

0

20

40

60

80

100

450 470 490 510 530 550 570 590 610 630 650 670 690

N
o

rm
al

is
ed

 F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 /

 a
.u

.

Wavelength / nm

D NaphIAmine THF

Ethyl acetate

DCM

Acetone

Acetonitrile

Ethanol

Methanol

Water

0

20

40

60

80

100

450 470 490 510 530 550 570 590 610 630 650 670 690

N
o

rm
al

is
ed

 F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 /

 a
.u

.

Wavelength / nm

L NaphIAmine THF

Ethyl acetate

DCM

Acetone

Acetonitrile

Ethanol

Methanol

Water



303 
 

Table 8.5 Maximum fluorescence emission wavelength, λmax, of naphthalimide tag monomer units in different solvents of 
varying polarity, described using the Dimroth-Reichardt parameter, ET(30). Dash (-) indicates that an accurate reading could 
not be made due to solubility.  

 

8.2.6.  Sensing Results With 1:1 Probe: Target Equivalents 

 

8.2.6.1. NaphA
Short 

 

Figure 8.50: Sensing results of L NaphA
Short probes upon duplex formation with target strand. 0.5 μM [Probe], 0.5 μM [Target], 

100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 

Solvent λmax / nm ET(30) 

/ kcal 

mol-1 

D 

NaphA
Short

 

L 

NaphA
Short 

D 

NaphA
Long 

L 

NaphA
Long 

D 

NaphI
Dimethyl 

L 

NaphI
Dimethyl 

D 

NaphI
Amine 

L 

NaphI
Amine 

Water 534 534 540 539 547 547 542 541 63.1 

Methanol 522 522 531 531 533 532 530 530 55.4 

Ethanol 517 517 526 526 530 530 527 527 51.9 

Acetonitrile 512 512 521 521 532 531 519 520 45.6 

Acetone 507 507 516 515 526 525 516 517 42.2 

DCM 501 500 511 511 524 525 514 515 40.7 

Ethyl 

acetate 

498 499 507 508 521 521 512 514 38.1 

THF 496 494 508 508 520 520 517 516 37.4 

Toluene 478 477 - - 511 512 - - 33.9 
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Figure 8.51: Sensing results of D NaphA
Short probes upon duplex formation with target strand. 0.5 μM [Probe], 0.5 μM [Target], 

100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 

 

8.2.6.2. NaphA
Long 

 

Figure 8.52: Sensing results of L NaphA
Long probes upon duplex formation with target. 0.5 μM [Probe], 0.5 μM [Target], 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 
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Figure 8.53: Sensing results of D NaphA
Long probes upon duplex formation with target. 0.5 μM [Probe], 0.5 μM [Target], 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 

 

8.2.6.3. NaphI
Dimethyl 

 

Figure 8.54: Sensing results of L NaphI
Dimethyl probes upon duplex formation with target. 0.5 μM [Probe], 0.5 μM [Target], 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 
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Figure 8.55: Sensing results of D NaphI
Dimethyl probes upon duplex formation with target. 0.5 μM [Probe], 0.5 μM [Target], 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 

 

8.2.6.4. NaphI
Amine 

 

Figure 8.56: Sensing results of L NaphI
Amine probes upon duplex formation with target. 0.5 μM [Probe], 0.5 μM [Target], 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 
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Figure 8.57: Sensing results of D NaphI
Amine probes upon duplex formation with target. 0.5 μM [Probe], 0.5 μM [Target], 100 

mM NaCl, 10 mM sodium phosphate buffer pH 7.0, Milli-Q water. λex = 450 nm, 298 K. 
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8.3.  The Development of a Fluorescent Nucleic Acid Sensing Assay to Detect 
and Quantify the BRAF V600E Mutation 

 

8.3.1.  Previous Work 

 

Figure 8.58: Prior BRAF sensing work using PCR-amplified target DNA, taken from A. Ali Thesis. A) The emission data from the 
study of the un-purified PCR samples compared to the emission of the probe alone, B) the emission data from the study of the 
probe alone compared to the emission of the probe in the reaction mix, C) the emission data from the study of the probe with 
formamide or 2xQ mastermix, demonstrating the components that caused a fluorescence increase in the probe, D) the 
emission data from the study of; the probe alone, the probe and the reaction mix and the PCR samples. All samples except the 
probe alone were still present in the reaction mix in A-D and finally E) shows the emission data from the study of the purified 
mutant genomic PCR sample at (0.03 µM) and the probe at 1 µM (0.03 equivalence). The purified products were in 10 mM 
sodium phosphate buffer, 100 mM NaCl at pH 7. The λex = 350 nm, RT, λem = 426 nm, room temperature. The error bars show 
one standard deviation from three experimental repeats. 
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8.3.2.  Probe Synthesis and Characterisation  

 

 

Figure 8.59: Anthracene BRAF probe analytical HPLC trace. Detection wavelengths for DNA at 260 nm and anthracene tag 
modification at 360 nm. Purity shown as 100%.  

 

 

Figure 8.60: Mass spectrum of purified anthracene BRAF V600E probe. 
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Table 8.6: Mass Spectrometry oligonucleotide characterisation results. 

 Calculated Mass Mass Found 

Anthracene BRAF V600E Probe  4708.91 g mol-1 4708.954 m/z 

 

8.3.3.  Raman Scattering From Water 

  

 

Figure 8.61: Fluorescence emission spectra of anthracene probe at varied excitation wavelengths to show the effect of the 
Raman scatter peak on the emission profile. [DNA] = 0.5 μM, aqueous solution 

 

8.3.4.  Fluorescence Sensing of PCR Product  

 
Figure 8.62: Linear correlation plot showing anthracene fluorescence intensity recorded at 426 nm. Fluorescence intensity of 
the probe alone is 100. The fluorescence intensity once duplexes are formed with varying ratios of A/T target variants are 
shown relative to the probe strand. 0.1 μM probe: 0.3 μM target (100 mM NaCl, 10 mM sodium phosphate, aqueous solution). 
λex = 350 nm, 298 K. 
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Figure 8.63: Fluorescence emission of anthracene BRAF probe when single-stranded (orange), duplexed with WT PCR derived 
target (green) and Mut PCR derived target (grey). λex = 350 nm, 298 K. Probe concentration, 0.5 μM, target concentration 0.6 
μM, 100 mM NaCl, 10 mM sodium phosphate buffer pH 7.0, aqueous solution. 

 

8.4.  The Development of Naphthalimide Nucleic Acid Probes for Use in 
Fluorescence In Situ Hybridisation (FISH) and Super-Resolution Imaging 
Experiments  

 

8.4.1.  Naph 17CEN Probe and Target Characterisation  

 

All modified and unmodified probe and target oligos were purified using HPLC method 1 from 

Experimental 7.4.  
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8.4.1.1. HPLC Traces 

 

 

Figure 8.64: Analytical HPLC trace of purified Naph 17CEN probe with L NaphA
Short modification. Detection wavelength is 260 

nm for DNA (top) and 430 nm for naphthalimide modification (bottom). 

 

 

Figure 8.65: Analytical HPCL trace of purified Naph 17CEN probe with D NaphA
Short modification. Detection wavelength is 260 

nm for DNA (top) and 430 nm for naphthalimide modification (bottom). 
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Figure 8.66: Analytical HPLC trace of purified Naph 17CEN probe with L NaphA
Long modification. Detection wavelength is 260 

nm for DNA (top) and 430 nm for naphthalimide modification (bottom). 

 

 

Figure 8.67: Analytical HPLC trace of purified Naph 17CEN probe with D NaphA
Long modification. Detection wavelength is 260 

nm for DNA (top) and 430 nm for naphthalimide modification (bottom). 
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Figure 8.68: Analytical HPLC trace of purified Naph 17CEN probe with L NaphI
Dimethyl modification. Detection wavelength is 260 

nm for DNA (top) and 430 nm for naphthalimide modification (bottom). 

 

 

Figure 8.69: Analytical HPLC trace of Naph 17CEN probe with D NaphI
Dimethyl modification. Detection wavelength is 260 nm for 

DNA (top) and 430 nm for naphthalimide modification (bottom). 
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Figure 8.70: Analytical HPLC trace of purified unmodified probe (T). Detection wavelength is 260 nm for DNA. 

 

 

Figure 8.71: Analytical HPLC trace of purified unmodified probe (G). Detection wavelength is 260 nm for DNA. 

 

 

Figure 8.72: Analytical HPLC trace of purified 17CEN Target Variant 1 (C). Detection wavelength is 260 nm for DNA. 

 

 

Figure 8.73: Analytical HPLC trace of purified 17CEN Target Variant 2 (A). Detection wavelength is 260 nm for DNA.  
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8.4.1.2. Mass Spectrometry 

 
Table 8.7: Mass spectrometry oligonucleotide characterisation results. 

 Modification 

(X) 

Sequence (5’ →3’) Calculated 

Mass (g mol-1) 

Mass 

Found 

(m/z) 

Unmodified Probe 

(G) 

- AGT GCA ATG ATC 

CCC TTG CA 

6077 

 

6080.8 

Unmodified Probe 

(T) 

-  AGT GCA ATT ATC 

CCC TTG CA 

6052 

 

6156.6 

Naph 17CEN Probe  L NaphA
Short AGT GCA ATX ATC 

CCC TTG CA 

6152.15 

 

6151.7 

Naph 17CEN Probe D NaphA
Short AGT GCA ATX ATC 

CCC TTG CA 

6152.15 

 

6151.8 

Naph 17CEN Probe L NaphA
Long AGT GCA ATX ATC 

CCC TTG CA 

6234.16 

 

6234.33 

Naph 17CEN Probe D NaphA
Long AGT GCA ATX ATC 

CCC TTG CA 

6234.16 

 

6234.81 

Naph 17CEN Probe L NaphI
Dimethyl AGT GCA ATX ATC 

CCC TTG CA 

6206.13 

 

6206.81 

Naph 17CEN Probe D NaphI
Dimethyl AGT GCA ATX ATC 

CCC TTG CA 

6206.13 

 

6206.85 

17CEN Target 

Variant 1 (C) 

- TGC AAG GGG ATC 

ATT GCA CT 

6157 

 

6162.3 

17CEN Target 

Variant 2 (A) 

- TGC AAG GGG ATA 

ATT GCA CT 

6178.07 

 

6181.1 

 

8.4.2.  TAMRA 17CEN1 Probe 

 

The 17CEN1 Probe was designed and bought by a previous group member, A. Rushton. The probe 

was labelled with the TAMRA dye. 

Table 8.8: TAMRA labelled 17CEN1 probe sequence. 

 Sequence 

TAMRA 17CEN1 Probe 5’ – ATCATTGCACTCTTTGAGGAGTACCG – 3’ 
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8.4.3.  FISH Sensing 

 
Table 8.9: Fluorescence sensing results using the Naph 17CEN probes and the short complementary targets. Showing changes 
in the probe fluorescence intensity. 0.5 μM Probe: 1.5 μM Target. Aqueous solution 100 mM NaCl, 10 mM sodium phosphate 
buffer, pH 7.0. λex = 450 nm, 298 K. 

  

Probe 
modification 

Normalised Intensity 
at λmax of probe alone 

Shift in intensity (in 
comparison to probe 

alone) 

L probe  NaphA
Short 100 - 

L probe : C Target NaphA
Short 171 71 

L Probe : A Target NaphA
Short 168 68 

D Probe  NaphA
Short 100 - 

D Probe : C Target NaphA
Short 183 83 

D Probe : A Target NaphA
Short 186 86 

L probe  NaphA
Long 100 - 

L probe : C Target NaphA
Long 96 -4 

L Probe : A Target NaphA
Long 93 -7 

D Probe  NaphA
Long 100 - 

D Probe : C Target NaphA
Long 94 -6 

D Probe : A Target NaphA
Long 88 -12 

L probe  NaphI
Dimethyl 100 - 

L probe : C Target NaphI
Dimethyl 258 158 

L Probe : A Target NaphI
Dimethyl 174 74 

D Probe  NaphI
Dimethyl 100 - 

D Probe : C Target NaphI
Dimethyl 80 -20 

D Probe : A Target NaphI
Dimethyl 46 -54 

.  

8.4.4. DNA PAINT Imager Strand Characterisation 

 

All modified and unmodified probe and target oligos were purified using HPLC method 1 from 

Experimental 7.4.  
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8.4.4.1. HPLC Traces 

 

 

Figure 8.74: Analytical HPLC trace of purified Naph Imager test strand. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 

 

 

Figure 8.75: Analytical HPLC trace of purified complementary target for the Naph Imager test strand. Detection wavelength is 
260 nm for DNA. 
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Figure 8.76: Analytical HPLC trace of purified Naph Imager -11 strand. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 

 

 

Figure 8.77: Analytical HPLC trace of purified Naph Imager -12 strand. Detection wavelength is 260 nm for DNA (top) and 430 
nm for naphthalimide modification (bottom). 
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8.4.4.2. Mass Spectrometry 

 
Table 8.10: Mass spectrometry oligonucleotide characterisation results.  

 Modification 
(X) 

Sequence (5’ →3’) Calculated 
Mass (g mol-1) 

Mass 
Found 
(m/z) 

Naph DNA PAINT 
Im Test 

L NaphI
Dimethyl GATAXCTCG 2869.58 

 

2869.51 

Unmodified Test 
target 

- CGAGCTATC 2697.5 2697.42 

Naph DNA PAINT 
Imager -11 

L NaphI
Dimethyl CTAGAXGTATA 

 

3510.70 3510.76 

Naph DNA PAINT 
Imager -12 

L NaphI
Dimethyl CTAGAXGTATAA 

 

3823.76 3823.83 

 

8.4.5.  DNA Origami Triangle Staple Strand Sequences  

 
Table 8.11: DNA origami triangle. Plate: Triangle core 1. 

Well 
Position 

Sequence 
Name 

Sequence 

  

A1 s0t127 TTAAATTGAGATCTACAAAGGCTACTGATAAA 

B1 s0t191 TCATATGTGTAATCGTAAAACTAGTCATTTTC 

C1 s0t223 CCGCCACCCAAGCCCAATAGGAACGTAAATGA 

D1 s0t255 TACCGCCATGAGTTTCGTCACCAGGATCTAAA 

E1 s1t176 GATGAACGACCCCGGTTGATAATCAGAAAAGC 

F1 s1t208 AGGGATAGCTCAGAGCCACCACCCCATGTCAA 

G1 s1t240 CGTAACACCCCTCAGAACCGCCACCCTCAGAA 

H1 s1t272 ACAACGCCTATCACCGTACTCAGGAGGTTTAG 

A2 s2t127 TTAATGCCTTATTTCAACGCAAGGGCAAAGAA 

B2 s2t191 GTGAGAAAATGTGTAGGTAAAGATACAACTTT 

C2 s2t223 ATTTTCTGTCAGCGGAGTGAGAATACCGATAT 

D2 s2t255 GTTTTGTCAGGAATTGCGAATAATCCGACAAT 

E2 s3t91 ACCCTGTAATACTTCAGAGCA 

F2 s3t112 AGAAGCCTGGAGAGGGTAG 

G2 s3t176 CCTGAGTAGGCCGGAGACAGTCAAAGAGAATC 

H2 s3t208 CAACAGTTTATGGGATTTTGCTAATCAAAAGG 

A3 s3t240 ACAACTAAGTCTTTCCAGACGTTACCATGTAC 

B3 s3t272 CACGTTGATCATAGTTAGCGTAACTACAAACT 

C3 s4t95 TAAAGCTATATAACAGTTGATTCCCATTTTTG 
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D3 s4t127 TTAGCAAATAGATTTAGTTTGACCAGTACCTT 

E3 s4t191 GGCATCAAATTTGGGGCGCGAGCTAGTTAAAG 

F3 s4t223 ATTCGGTCTGCGGGATCGTCACCCGAAATCCG 

G3 s4t255 GACAACAAGCATCGGAACGAGGGTGAGATTTG 

H3 s4t287 AACAGCTTGCTTTGAGGACTAAAGCGATTATA 

A4 s5t59 AAAGTACGGTGTCGAATATAA 

B4 s5t80 TCATTCCAAATCGGTTGTA 

C4 s5t112 CGAACGAGATTAAGCAATAAAGCCTTTGCGGG 

D4 s5t176 ATATTTTCTTCTACTAATAGTAGTATGCAATG 

E4 s5t208 GCCGCTTTGCTGAGGCTTGCAGGGGAAAAGGT 

F4 s5t240 GAAAGACACCATCGCCCACGCATAAGAAAGGA 

G4 s5t272 CTACAGAGGATACCGATAGTTGCGAATTTTTT 

H4 s5t304 ATGAGGAACTTGCTTTCGAGGTGAGGCTCCAA 

A5 s6t63 TGCTGTAGATCCCCCTCAAATGCTGCGAGAGG 

B5 s6t95 CGGATGGCACGAGAATGACCATAATCGTTTAC 

C5 s6t127 TAATTGCTTTACCCTGACTATTATGAGGCATA 

D5 s6t191 TTCGAGCTAAGACTTCAAATATCGGGAACGAG 

E5 s6t223 CGACCTGCGGTCAATCATAAGGGAACGGAACA 

F5 s6t255 TATCATCGTTGAAAGAGGACAGATGGAAGAAA 

G5 s6t287 CCAAGCGCAGGCGCATAGGCTGGCAGAACTGG 

H5 s6t319 AAAACACTTAATCTTGACAAGAACTTAATCAT 

A6 s7t27 ACTGCGGAATCGTAGGGGGTAATAGTAAAATGTTTAGACT 

B6 s7t48 TTCATTGACTCAACATGTT 

C6 s7t80 TTCAGAAATTAGAGCTTAATTGCTTGGAAGTT 

D6 s7t112 TCAGGTCTCCTTTTGATAAGAGGTCAATTCTG 

E6 s7t176 AAGCCCGATCAAAGCGAACCAGACGTTTAGCT 

F6 s7t208 GCGCAGACTCCATGTTACTTAGCCCGTTTTAA 

G6 s7t240 GACCAACTCCTGATAAATTGTGTCTCAGCAGC 

H6 s7t272 TACAGACCGAAACAAAGTACAACGAGCAACGG 

A7 s7t304 ATCAAGAGCATCTTTGACCCCCAGACTTTTTC 

B7 s7t336 CATTACCCACGAAAGAGGCAAAAGTAAAATAC 

C7 s8t63 CTTTTGCAAAAGAAGTTTTGCCAGCATAAATATTTTTTTTATACATCTA 

D7 s8t95 CAGACGACGATAAAAACCAAAATATTAAACAG 

E7 s8t127 GTAAGAGCAACACTATCATAACCCATCAAAAATTTTTTTTATACATCTA 

F7 s8t191 AGATTTAGGAATACCACATTCAACTTAAGAGGTTTTTTTTATACATCTA 

G7 s8t223 ACATTATTACAGGTAGAAAGATTCATCAGTTG 

H7 s8t255 AATCTACGTTAATAAAACGAACTAACCGAACTTTTTTTTTATACATCTA 

A8 s8t287 CTCATTATACCAGTCAGGACGTTGGAACGGTG 

B8 s8t319 TGTGAATTACCTTATGCGATTTTATGACCTTCTTTTTTTTATACATCTA 

C8 s8t351 GCTTGAGATGGTTTAATTTCAACTCGGATATT 

A9 s2t290-notail ACAGACAGCCCAAATCTCCAAAAAAAAATTTCTTA 
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B9 s4t322-notail CGGTTTATCAGGTTTCCATTAAACGGGAATACACT 

C9 s6t354-notail ACCAACCTAAAAAATCAACGTAACAAATAAATTGG 

D9 s8t386-notail CCTGACGAGAAACACCAGAACGAGTAGGCTGCTCATTTTTTTTATACATCT
A 

A10 s1t280-brdg-
notail-3T 

TGTAGCATTCCTTTTATAAACAGTT 

B10 s3t304-brdg-
2T 

AAGGAGCCTTTAATTGTATTTCCACCAGAGCCGCC 

C10 s5t336-brdg-
1T 

GTAATGCCACTACGAAGGCTTAGCACCATTACCA 

D10 s7t368-brdg-
0T 

TTCAGTGAATAAGGCTTGCAACAAAGTTACCAG 

A11 s1t144 TTGCCTGACAGGAAGATTGTATAAGCAAATAT 

B11 s3t144 TTTTAGAATATTCAACCGTTCTAGTCAGGTCA 

C11 s5t144 CATTTCGCAAATCATACAGGCAAGATAAAAAT 

D11 s7t144 GCAAAGCGCAGGTCAGGATTAGAGATTAGATA 

A12 s0t159 CCCAAAAAGAGTCTGGAGCAAACAATCACCAT 

B12 s2t159 CAATATGACCCTCATATATTTTAAAGCATTAA 

C12 s4t159 CATCCAATAAATGGTCAATAACCTCGGAAGCA 

D12 s6t159 AACTCCAAGATTGCATCAAAAAGATAATGCAG 

E12 s8t159 ATACATAACGCCAAAAGGAATTACAGTCAGAA 

 

Table 8.12: DNA origami triangle. Plate: Triangle core 2. 

Well 
Position 

Sequence Name Sequence 

 

A1 s10t127 AATAGGTGAATGCCCCCTGCCTATGGTCAGTG 

B1 s10t191 CGGGGTTTCCTCAAGAGAAGGATTTTGAATTA 

C1 s10t223 ATTAATTAAATGGAAACAGTACATTAGTGAAT 

D1 s10t255 GAAGATGAGTGAATAACCTTGCTTATAGCTTA 

E1 s9t176 CTGAGACTTGCTCAGTACCAGGCGGATAAGTG 

F1 s9t208 CCTTTTTTCATTTAACAATTTCATAGGATTAG 

G1 s9t240 ATATGTGATGAAACAAACATCAAGAAAACAAA 

H1 s9t272 CGTCGCTATTCATTTCAATTACCTGAGCAAAA 

A2 s12t127 CCTTGAGTCAGACGATTGGCCTTGCGCCACCC 

B2 s12t191 AGCGTCATGTCTCTGAATTTACCGACTACCTT 

C2 s12t223 TTATCAAACCGGCTTAGGTTGGGTAAGCCTGT 

D2 s12t255 GATTAAGAAATGCTGATGCAAATCAGAATAAA 

E2 s11t91 GCCAGCATTGACACCACCCTC 

F2 s11t112 AGGCAGGTAACAGTGCCCG 

G2 s11t176 AAAGCGCAACATGGCTTTTGATGATTAAGAGG 

H2 s11t208 TTTAACCTATCATAGGTCTGAGAGTTCCAGTA 
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A3 s11t240 TATATGTACGCTGAGAAGAGTCAAAAATCAAT 

B3 s11t272 AGACAAAGCCTTGAAAACATAGCGCTGTAAAT 

C3 s14t95 AGAGCCGCACCATCGATAGCAGCATGAATTAT 

D3 s14t127 TCAGAACCCAGAATCAAGTTTGCCGGTAAATA 

E3 s14t191 TTCATAATCCCCTTATTAGCGTTTTTCTTACC 

F3 s14t223 TTAGTATCGCCAACGCTCAACAGTCGGCTGTC 

G3 s14t255 CACCGGAATCGCCATATTTAACAAAATTTACG 

H3 s14t287 GTGTGATAAGGCAGAGGCATTTTCAGTCCTGA 

A4 s13t59 TTAGCAAGGCCGGGGGAATTA 

B4 s13t80 CCAATGAACACCAGAACCA 

C4 s13t112 AGTAGCGAGCCACCCTCAGAGCCAGGAGGTTG 

D4 s13t176 GTCATAGCCAAAATCACCGGAACCCAGAATGG 

E4 s13t208 AGTATAAAATATGCGTTATACAAAGCCATCTT 

F4 s13t240 ATTGAGAATCATAATTACTAGAAATATATAAC 

G4 s13t272 TGTAATTTAATAAGGCGTTAAATACAATCGCA 

H4 s13t304 AATAAGAGATTTAATGGTTTGAAATTCAAATA 

A5 s16t63 GAGCCAGCGAATACCCAAAAGAACATGAAATA 

B5 s16t95 CACCGTCACCTTATTACGCAGTATTGAGTTAA 

C5 s16t127 TTGACGGAAATACATACATAAAGGGCGCTAAT 

D5 s16t191 ATGGTTTATGTCACAATCAATAGATATTAAAC 

E5 s16t223 TTTCCTTAGCACTCATCGAGAACAATAGCAGC 

F5 s16t255 AGCATGTATTTCATCGTAGGAATCAAACGATT 

G5 s16t287 ACAAGAAAGCAAGCAAATCAGATAACAGCCAT 

H5 s16t319 GCGCCTGTTATTCTAAGAACGCGATTCCAGAG 

A6 s15t27 AAGGAAACCGAGGTTTTTAAGAAAAGTAAGCAGATAGCCG 

B6 s15t48 TAATAACGAAAATCACCAG 

C6 s15t80 TTAAGACTCCGACTTGAGCCATTTAAACGTCA 

D6 s15t112 ACGTAGAAAATTATTCATTAAAGGCCGTAATC 

E6 s15t176 GTTTATTTCCAGCGCCAAAGACAACATTTTCG 

F6 s15t208 CAAGTACCTCATTCCAAGAACGGGAAATTCAT 

G6 s15t240 GTTTTTATGAAACCAATCAATAATAGGGCTTA 

H6 s15t272 GCCCAATAAATAATATCCCATCCTCGCCAACA 

A7 s15t304 TTATCCGGTTATCAACAATAGATAGAGCCAGT 

B7 s15t336 AGCGAACCCAACATGTTCAGCTAAAAAAGGTA 

C7 s18t63 GCAATAGCTATCTTACCGAAGCCCAAACGCAA 

D7 s18t95 GCCCAATAATAAGAGCAAGAAACATGGCATGA 

E7 s18t127 ATCAGAGAGATAACCCACAAGAATGTTAGCAATTTTTTTTATACATCTA 

F7 s18t191 GCGCATTAGACGGGAGAATTAACTCGGAATAA 

G7 s18t223 CTTTACAGAGAGAATAACATAAAAACAGGGAATTTTTTTTATACATCTA 

H7 s18t255 TTTTGTTTAACGTCAAAAATGAAAAGCAAGCC 

A8 s18t287 ATTATTTATCCCAATCCAAATAAGATTACCGC 
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B8 s18t319 CCTAATTTGCCAGTTACAAAATAATAGAAGGCTTTTTTTTATACATCTA 

C8 s18t351 TCTTACCAACGCTAACGAGCGTCTGGCGTTTT 

A9 s12t290-notail TCCCTTAGAATAACGCGAGAAAACTTTTACCGACC 

B9 s14t322-notail TTCTGACCTAAAATATAAAGTACCGACTGCAGAAC 

C9 s16t354-notail ACGACAATAAATCCCGACTTGCGGGAGATCCTGAA 

D9 s18t386-notail TGCTATTTTGCACCCAGCTACAATTTTGTTTTGAA 

A10 s9t280-brdg-
notail-3T 

TTAATTAATTTTTTACCATATCAAA 

B10 s11t304-brdg-2T TATTTTAGTTAATTTCATCTTAGACTTTACAAACA 

C10 s13t336-brdg-1T AAGTAATTCTGTCCAGACGTATACCGAACGAACC 

D10 s15t368-brdg-0T GCCTTAAATCAAGATTAGTGTAGCAATACTTCT 

A11 s9t144 CTATTATTAGGGTTGATATAAGTATAGCCCGG 

B11 s11t144 AAACAAATTAATAAGTTTTAACGGTTCGGAAC 

C11 s13t144 CAGACTGTCCGCCTCCCTCAGAGCATATTCAC 

D11 s15t144 TATAAAAGCGATTGAGGGAGGGAATTTAGCGT 

A12 s10t159 CCGTCGAGCTGAAACATGAAAGTATACAGGAG 

B12 s12t159 TGTACTGGAAATCCTCATTAAAGCAGAGCCAC 

C12 s14t159 CACCGGAAAGCGCGTTTTCATCGGAAGGGCGA 

D12 s16t159 CATTCAACAAACGCAAAGACACCAGAACACCC 

E12 s18t159 TGAACAAAGTCAGAGGGTAATTGATGGCAACA 

 

Table 8.13: DNA origami triangle. Plate: Triangle core 3. 

Well 
Position 

Sequence Name Sequence 

 

A1 s20t127 GCGAATTAATTATTTGCACGTAAATTCTGAAT 

B1 s20t191 TCGGGAGATATACAGTAACAGTACAAATAATT 

C1 s20t223 TTTAACCAGCCTTCCTGTAGCCAGGCATCTGC 

D1 s20t255 TCGCATTAATGTGAGCGAGTAACACACGTTGG 

E1 s17t176 CAGATGAAAACAATAACGGATTCGCCTGATTG 

F1 s17t208 CGCGTCTGATAGGAACGCCATCAACTTTTACA 

G1 s17t240 AACATTAAAATTTTTGTTAAATCAGCTCATTT 

H1 s17t272 GATTCTCCTAAACGTTAATATTTTGTTAAAAT 

A2 s22t127 AATGGAAGCGAACGTTATTAATTTCTAACAAC 

B2 s22t191 CCTGATTAAAGGAGCGGAATTATCTCGGCCTC 

C2 s22t223 CAGTTTGACGCACTCCAGCCAGCTAAACGACG 

D2 s22t255 TGTAGATGGGTGCCGGAAACCAGGAACGCCAG 

E2 s19t91 ATTCGACAACTCGTAATACAT 

F2 s19t112 CCTTTGCCGGTTAGAACCT 

G2 s19t176 ACCACCAGTCAGATGATGGCAATTTTTAACGT 

H2 s19t208 AGGAAGATGGGGACGACGACAGTAATCATATT 
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A3 s19t240 CCGCTTCTGGCGCATCGTAACCGTCTTTCATC 

B3 s19t272 CATTCGCCCCGTAATGGGATAGGTACCCGTCG 

C3 s24t95 TTGAGGATGGTCAGTATTAACACCTTGAATGG 

D3 s24t127 TAATAGATCGCTGAGAGCCAGCAGAAGCGTAA 

E3 s24t191 GCAAATCACCTCAATCAATATCTGCAGGTCGA 

F3 s24t223 GCCAGTGCGATCCCCGGGTACCGAGTTTTTCT 

G3 s24t255 GGTTTTCCATGGTCATAGCTGTTTGAGAGGCG 

H3 s24t287 TGCTGCAAATCCGCTCACAATTCCCAGCTGCA 

A4 s21t59 ACCAGCAGAAGATGATAGCCC 

B4 s21t80 GGTGAGGCTTAGAAGTATT 

C4 s21t112 CAGTGCCATAGAGCCGTCAATAGATATTAAAT 

D4 s21t176 TATCAAACACAGTTGAAAGGAATTACAAAGAA 

E4 s21t208 CTCTAGAGCAAGCTTGCATGCCTGGTCAGTTG 

F4 s21t240 TCGTAATCCAGTCACGACGTTGTATTCCGGCA 

G4 s21t272 AAATTGTTGGCGATTAAGTTGGGTCAAAGCGC 

H4 s21t304 TACGAGCCACGCCAGCTGGCGAAATGTTGGGA 

A5 s26t63 TAAAACATTAGAAGAACTCAAACTTTTTATAA 

B5 s26t95 CTATTAGTATATCCAGAACAATATCAGGAACG 

C5 s26t127 GAATACGTAACAGGAAAAACGCTCCTAAACAG 

D5 s26t191 CGACCAGTACATTGGCAGATTCACCTGATTGC 

E5 s26t223 TTTCACCAGCCTGGCCCTGAGAGAAAGCCGGC 

F5 s26t255 GTTTGCGTCACGCTGGTTTGCCCCAAGGGAGC 

G5 s26t287 TTAATGAAGTTTGATGGTGGTTCCGAGGTGCC 

H5 s26t319 TTCCAGTCCTTATAAATCAAAAGAGAACCATC 

A6 s23t27 TTGATTAGTAATAGTCTGTCCATCACGCAAATTAACCGTT 

B6 s23t48 TGCCTGAGCGCCATTAAAA 

C6 s23t80 TGCTGGTACTTTAATGCGCGAACTAAAACAGA 

D6 s23t112 GCCATTGCGGCACAGACAATATTTGCCTGCAA 

E6 s23t176 GATTATTTAATAAAAGGGACATTCACCTCAAA 

F6 s23t208 CCTTCACCGTGAGACGGGCAACAGCAGTCACA 

G6 s23t240 AAGCGGTCATTGGGCGCCAGGGTGGCTCGAAT 

H6 s23t272 AAAATCCTTCGGCCAACGCGCGGGCCTGTGTG 

A7 s23t304 CAAAATCCGGGAAACCTGTCGTGCACACAACA 

B7 s23t336 AGATAGGGATTGCGTTGCGCTCACAAGCCTGG 

C7 s28t63 TCAGTGAGGCCACCGAGTAAAAGAACATCACT 

D7 s28t95 GTACGCCAGAATCCTGAGAAGTGTATCGGCCT 

E7 s28t127 GAGGCCGATTAAAGGGATTTTAGATACCGCCA 

F7 s28t191 TGGTTGCTTTGACGAGCACGTATACTGAAATG 

G7 s28t223 GAACGTGGCGAGAAAGGAAGGGAAGCGTACTATTTTTTTTATACATCT
A 

H7 s28t255 CCCCGATTTAGAGCTTGACGGGGAGTTGCAGC 

A8 s28t287 GTAAAGCACTAAATCGGAACCCTAAGCAGGCG 



326 
 

B8 s28t319 ACCCAAATCAAGTTTTTTGGGGTCGAAATCGG 

C8 s28t351 TATCAGGGCGATGGCCCACTACGTATAGCCCG 

A9 s22t290-notail CGGCGGATTGAATTCAGGCTGCGCAACGGGGGATG 

B9 s24t322-notail TCTTCGCTATTGGAAGCATAAAGTGTATGCCCGCT 

C9 s26t354-notail AACTCACATTATTGAGTGTTGTTCCAGAAACCGTC 

D9 s28t386-notail ACGTGGACTCCAACGTCAAAGGGCGAATTTGGAAC 

A10 s17t280-brdg-
notail-3T 

GTGGGAACAAATTTCTATTTTTGAG 

B10 s19t304-brdg-2T AGGGCGATCGGTGCGGGCCTTCCAAAAACATTATG 

C10 s21t336-brdg-1T GGTGCCTAATGAGTGAGCTTTTAAATATGCAACT 

D10 s23t368-brdg-0T AAGAGTCCACTATTAAAGAGGATAGCGTCCAAT 

A11 s17t144 AAAGAAATACCAAGTTACAAAATCGCGCAGAG 

B11 s19t144 TGAGTAACATTGTTTGGATTATACACAGAAAT 

C11 s21t144 AAATCTAAAATATCTTTAGGAGCATAAAAGTT 

D11 s23t144 ACCTACATAACCCTTCTGACCTGACAAATGAA 

A12 s20t159 CTTTGAATTGCGTAGATTTTCAGGCATCAATA 

B12 s22t159 TAATCCTGATTATCATTTTGCGGAGAGGAAGG 

C12 s24t159 TTATCTAAAGCATCACCTTGCTGATGGCCAAC 

D12 s26t159 AGAGATAGTTTGACGCTCAATCGTACGTGCTT 

E12 s28t159 TCCTCGTTAGAATCAGAGCGGGAGATGGAAAT 

 

Table 8.14: DNA origami triangle. Plate: Triangle 18T inner core. 

Well 
Position 

Sequence Name Sequence 

 

A1 s0t127-18T TTTTTTTTTTTTTTTTTTTTAAATTGAGATCTACAAAGGCTACTGATAAA 

B1 s0t159-18T TTTTTTTTTTTTTTTTTTCCCAAAAAGAGTCTGGAGCAAACAATCACCAT 

C1 s0t191-18T TTTTTTTTTTTTTTTTTTTCATATGTGTAATCGTAAAACTAGTCATTTTC 

D1 s0t223-18T TTTTTTTTTTTTTTTTTTCCGCCACCCAAGCCCAATAGGAACGTAAATGA 

E1 s0t255-18T TTTTTTTTTTTTTTTTTTTACCGCCATGAGTTTCGTCACCAGGATCTAAA 

A2 s10t127-18T TTTTTTTTTTTTTTTTTTAATAGGTGAATGCCCCCTGCCTATGGTCAGTG 

B2 s10t159-18T TTTTTTTTTTTTTTTTTTCCGTCGAGCTGAAACATGAAAGTATACAGGAG 

C2 s10t191-18T TTTTTTTTTTTTTTTTTTCGGGGTTTCCTCAAGAGAAGGATTTTGAATTA 

D2 s10t223-18T TTTTTTTTTTTTTTTTTTATTAATTAAATGGAAACAGTACATTAGTGAAT 

E2 s10t255-18T TTTTTTTTTTTTTTTTTTGAAGATGAGTGAATAACCTTGCTTATAGCTTA 

A3 s20t127-18T TTTTTTTTTTTTTTTTTTGCGAATTAATTATTTGCACGTAAATTCTGAAT 

B3 s20t159-18T TTTTTTTTTTTTTTTTTTCTTTGAATTGCGTAGATTTTCAGGCATCAATA 

C3 s20t191-18T TTTTTTTTTTTTTTTTTTTCGGGAGATATACAGTAACAGTACAAATAATT 

D3 s20t223-18T TTTTTTTTTTTTTTTTTTTTTAACCAGCCTTCCTGTAGCCAGGCATCTGC 

E3 s20t255-18T TTTTTTTTTTTTTTTTTTTCGCATTAATGTGAGCGAGTAACACACGTTGG 

A4 21A - Amine AAA AAA AAA AAA AAA AAA AAA /3AmMO/ 
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8.4.6. DNA PAINT Background Intensity Plots 

 

 

Figure 8.78: Intensity plots across set distances within negative control samples (20 nM, 75 mM MgCl2, imaging buffer) to 
measure the intensity of the background (noise). Various sections across 8000 frames were analysed. 
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8.5.  Naphthalimide Oligo Probe Mass Spectra  
 

 

Figure 8.79: Mass spectrum of P1AL. 

 

Figure 8.80: Mass spectrum of P1AD. 
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Figure 8.81: Mass spectrum of P1BD. 

 

 

Figure 8.82: Mass spectrum of P1BL. 
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Figure 8.83: Mass spectrum of P1CD. 

 

Figure 8.84: Mass spectrum of P1CL. 
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Figure 8.85: Mass spectrum of P1DD. 

 

 

Figure 8.86: Mass spectrum of P1DL. 
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Figure 8.87: Mass spectrum of P2AD. 

 

Figure 8.88: Mass spectrum of P2AL. 
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Figure 8.89: Mass spectrum of 17CEN NaphA
Short probe. 
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Figure 8.90: Mass spectrum of 17CEN D NaphA
Short probe. 
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Figure 8.91: Mass spectrum of 17CEN L NaphA

Long probe. 

 

 

Figure 8.92: Mass spectrum of 17CEN D NaphA
Long probe. 



336 
 

 

Figure 8.93: Mass spectrum of 17CEN L NaphI
Dimethyl probe. 

 

Figure 8.94: Mass spectrum of 17CEN D NaphI
Dimethyl probe. 
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Figure 8.95: Mass spectrum of Naph -11 imager strand. 

 
Figure 8.96: Mass spectrum of Naph -12 imager strand. 
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Figure 8.97: Mass spectrum of Naph DNA PAINT Im test strand. 

 

 

 

 

 

 




