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Abstract

DNA is fast becoming a valuable tool for nanotechnology with its unmatched speci-

ficity, and the numerous structures that can be formed. This thesis will look at the interaction

of static and dynamic DNA with organic molecules such as intercalators and co-factors.

Static DNA is structured DNA that does not change shape once self-assembled, while

dynamic DNA can change conformation, or shape, when performing a reaction. By understand-

ing how these two types of DNA interact with other molecules, this will allow for development

of more sensitive biosensors and new applications for DNA nanotechnology. Chapter 1 provides

a literature overview of DNA and its various structures and Chapter 2 describes the experimen-

tal techniques used in the thesis.

Chapter 3 investigates ways to control the rate and specificity of toehold-mediated

strand displacement reactions. These reactions are classified as dynamic DNA processes whereby

one single-stranded DNA (ssDNA) displacing sequence (DS) is able to nucleate with a target

DNA sequence with a “toehold” double-stranded DNA (dsDNA) that contains two hybridised

ssDNA of differing lengths. The DS nucleates at the toehold and then begins a random walk
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process that displaces the shorter incumbent strand from the target DNA sequence base-by-base,

forming hybridised dsDNA and releasing the incumbent DNA strand as ssDNA. This process is

also known as three-way branch migration due to the involvement of only three ssDNA strands.

The displacement reaction is measured by the decrease in fluorescence of a fluorophore on the

target as it duplexes with the DS containing a quencher.

This technique has been found to be useful for genotyping of single nucleotide poly-

morphisms (SNPs) in short dsDNA sequences (<20 bp). Current three-way branch migra-

tion toehold-mediated strand displacement techniques are unable to discriminate between hy-

bridised dsDNA that is perfectly matched (PM), or contains a single mismatch (SM) of base

pairs (bp) between the two ssDNA strands when the target DNA sequence is 80 bp long. This

can cause issues as it may not be applicable to for genotyping of real life DNA. Therefore,

Chapter 3 investigates increasing the specificity of the toehold-mediated strand displacement

process with DNA strands of 80 bp of length. Two fluorophores, ATTO 550 and ATTO 647N,

were investigated for compatibility with the polymerase chain reaction (PCR) process as well

as the toehold-mediated strand displacement reaction. The fluorophore ATTO 550 was found to

produce non-specific PCR products and so was not used. The addition of ethidium bromide, as

well as using the fluorophore ATTO 647N, on the target DNA containing a toehold resulted in

an improvement in both the specificity and the rate of the toehold-mediated strand displacement

when using DNA strands of 80 bp of length, especially for SMs that involved cytosine. Thus,

making the technique applicable for genotyping using real life DNA.

In Chapter 4, the peroxidase mimicking activity of different DNA sequences capa-

ble of forming static DNA structures, known as G-quadruplexes (G4), that complex hemin

(G4/hemin complexes) were assayed. The highest peroxidase mimicking activity was then

determined. A G4 is a made up of 1-4 strands of guanine-rich (G-rich) ssDNA sequences

that form by stacking guanine-tetrads (G-tetrads) through stabilisation by a mono-cation. The

xxxiii



peroxidase-mimicking activity of G4/hemin complexes can catalyse the oxidation of 3,3’,5,5’-

tetramethylbenzidine (TMB) in the presence of H2O2 to produce a coloured product, and there-

fore has potential to be used in biosensor, which is discussed in Chapter 5. Enhancing the rate

of the peroxidase mimicking activity of the G4/hemin complex can allow for more sensitive

biosensors. Here, a genetic algorithm (GA) was utilised to screen DNA sequences that form

G4/hemin complexes to provide an enhanced rate of peroxidase-mimicking activity. The GA

produced 10 new DNA sequences that form G4 from two initial parent DNA sequences. The

rate of the peroxidase-mimicking activity of the DNA sequences identified by the GA were then

experimentally evaluated using the TMB assay. The DNA sequences that form G4/hemin com-

plexes with an increased rate of peroxidase-mimicking activity were then used in the next round

of GA to produce 10 new DNA sequences that form G4/hemin. This was repeated seven times

until the rates of peroxidase-mimicking activity appeared to decline, resulting in a DNA se-

quence with G4/hemin complex showing a rate increase of approximately 5-fold of peroxidase-

mimicking activity as compared to the original parent sequences.

At the same time as the screening of the G4/hemin complexes, in Chapter 5 the

peroxidase-mimicking activity of surfaces modified with DNA containing G4/hemin complexes

were investigated as a potential method to distinguish between hybridised perfectly matched

(PM) DNA and SM DNA. This was accomplished by immobilising the DNA sequence G4(G)

001T that formed a G4/hemin complex onto NHS-functionalised Corning R©DNA-Bind 96-well

microplates. After complexing the G4-containing DNA sequences in the wells with hemin, the

G4-containing DNA sequences on the surfaces of the wells were hybridised with PM DNA or

SM DNA sequences in separate wells. The wells were then digested with the enzyme T7 en-

donuclease I, which cuts hybridised SM DNA, but not PM DNA, and releases the G4/hemin

complex from the well. Comparing the peroxidase-mimicking activity of the digested and undi-

gested wells was used to distinguish if the hybridised DNA in the well was PM DNA, or SM

DNA, and therefore if the DNA sequence added to the well was PM or contained a SM (relative
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to the DNA sequence attached to the surface of the well). However, it was found that there was

no measurable difference between the PM and SM hybridised DNA. Similar experiments were

performed using magnetic silica iron core beads, modified with the same G4-containing DNA

sequence used in the wells, however there was also no measurable difference in the peroxidase-

mimicking activity of modified beads hybridised with either PM or SM hybridised DNA. This

was thought to be due to steric hindrance preventing T7 endonuclease I from approaching the

DNA on the surfaces, and therefore not being able to cut the hybridised SM DNA.

Finally, Chapter 6 investigates using G4/hemin complexes as a possible antimicro-

bial to combat biofilms. Biofilms are made up of bacteria that are protected by extracellular

polymer substances, that make conventional antimicrobial treatments against planktonic bacte-

ria (not encapsulated in a biofilm) ineffective, such as antibiotics or peroxide-based (e.g., 3%

H2O2 solution) treatments. This can lead to the bacteria becoming resistant to the antimicro-

bial treatments over time. Here, a modified DNA sequence containing a G4/hemin complex

(identified to have the fastest peroxidase-mimicking activity in Chapter 4) was coupled with

an antibiotic and tested to determine if the peroxidase-mimicking activity was able to eradicate

bacteria inside a biofilm. The G4 was functionalised with an amine on the 5′ terminal end of

the DNA sequence (NH2-G4), and was also coupled to the antibiotics fluoroquinolonic acid

(FQ) or oxacillin (OX), referred to as FQG4 and OXG4, respectively. However, only OXG4

was able to be purified in concentrations high enough for use in antimicrobial treatments. It

was determined using a TMB assay and minimum inhibitory concentration (MIC) assay that

the OXG4 retained both a high peroxidase-mimicking activity and antimicrobial effectiveness

on planktonic Staphylococcus aureus (S. aureus). For the treatment of biofilms, it was found

that the OXG4 was more effective than free oxacillin but did not completely eradicate all the

bacteria in the biofilm (as determined using CFU assay).

Using the CFU assay, the DNA sequence that was determined to have the highest

peroxidase-mimicking activity, complexed with hemin to form G4/hemin complex with no
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modifications, was also incubated with biofilms and then treated with a 0.5% peroxide (v/v)

solution and found to be able to decrease the number of bacteria present in the biofilm by 50%.
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Chapter 1

Introduction and literature review

1.1. Synopsis

This chapter contains relevant background information on deoxyribonucleic acid

(DNA) structures and reactions; in solution and immobilised on surfaces. Attention will be

focused on one type of static DNA structure, namely G-quadruplex (G4) and one type of dy-

namic DNA reaction, namely toehold-mediated strand displacement. To understand how these

structures and reactions occur it is vital to understand the dimensions and base specificity.

Particular consideration will be given to the manipulation of DNA by controlling sequence,

modifying bases and changing buffer conditions. This chapter will also discuss ways in which

DNA sequences with desirable properties can be discovered. Important literature that currently

exists and was used to develop the methods in this thesis will be discussed. This chapter will

further discuss applications of using static and dynamic DNA, as well as potential future uses;

such as sensitive biosensors or antimicrobial activity.
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1.2. Introduction

Deoxyribonucleic acid (DNA) is a fundamental genetic biopolymer used as instruc-

tions by all living organisms on earth on how to grow, develop, and evolve. DNA encodes all

the genetic information (i.e., proteins) that is used and passed on by all cells to continue the

survival of a living organism. Discovering ways to identify and manipulate genetic code has

been revolutionary in the fields of science, medicine and criminology. This fundamental unit

of life has been used in numerous ways such as in molecular recognition, targets for thera-

peutics and genetic fingerprinting. This is all made possible due to the versatility and variety

of DNA structures, which can be divided into two main categories: static and dynamic. This

Chapter will highlight the current literature and discuss the different structural and dynamic

features of DNA, including how to control it by changing sequence, temperature and environ-

mental factors. A discussion on applications of DNA will also be provided, from using DNA

in genotyping, biosensing and possible antimicrobial applications. However, it is first vital to

understand the structural features and specificity of DNA.

1.3. DNA structure

There exists two nucleic acids that are a vital part of biological organisms: DNA

and ribonucleic acid (RNA). Nucleic acids are made up of nucleotides (nts), which consist of

three parts: a phosphate group, a pentose group and a nucleobase group (Fig. 1.1). DNA

is distinguished from RNA by the presence of a hydrogen on the second carbon (or 2′, Fig.

1.1, left (red)) of the pentose sugar of the nt forming a deoxyribose, whereas RNA contains a

hydroxyl at the same point to make a ribose sugar of the nt (Fig. 1.1, right (blue)). The pentose

sugar is a vital part of the nt that links the nucleobase to the phosphates, often referred to as the

phosphate sugar backbone (Fig. 1.1).
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Figure 1.1: Chemical structures of a DNA nucleotide, with a hydrogen at the 2′ position (left,
red), and RNA nt , with a hydroxide at the 2′ position (right, blue) nts.

The nucleobases are attached to the 1′ position on the pentose sugar, that form the

five possible nts; purines: adenine (A) and guanine (G) and pyrimidines: thymine (T) (for DNA

only), uracil (U) (for RNA only) and cytosine (C) (Fig.1.2 , multicoloured). T (Fig. 1.2 yellow)

is exclusive to DNA and U (Fig. 1.2, grey) is exclusive to RNA. Pyrimidines are aromatic

heterocyclic organic compounds while purines are pyrimidines that have an extra imidazole

attached. Single-stranded DNA (ssDNA) is formed by phosphodiester bonds between the 5′ of

one nt and 3′ of another nt (Fig. 1.2). This sequential polymerisation of nts is what gives rise

to DNA sequences that code for proteins.

DNA is vital for protein expression in cells and so it is important for it to preserve

itself entirely. Therefore, ssDNA hybridises with a second (and in rare cases a third, see Section

1.5.3.1) ssDNA to become double-stranded DNA (dsDNA).1 This is achieved by forming stable

hydrogen bonds between the pyrimidines and purines, where A pairs with T and G pairs with

C. Base pairing strength, and therefore stability of the whole dsDNA, is based on the number of

hydrogen bonds formed as well as the number of hydrogen bonds between each base pair (bp).

A and T are able to form two hydrogen bonds and G and C form three hydrogen
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Figure 1.2: Nucleotides linked through a phosphate (black) and ribose sugar (pink) to make
ssDNA. Pyrimidines: thymine (yellow) and cytosine (red) and uracil (grey). Purines: adenine
(blue), guanine (green).

bonds, so G/C bps are therefore able to form more stable bonds than A/T bps. This is referred

to as Watson-Crick base pairing and is regarded as the canonical base pairing. Stability of the

dsDNA also comes from the stacking of the base pairs, where the π-π interactions from the

cyclic ring systems stabilise the overall structure.2–4 Each base pair that stacks is on average

able to stabilise the Gibb’s free energy (∆G◦) of dsDNA by –7.92 ± 2.57 kcal/mol, this is

referred to as the stabilising or binding energy of the DNA in literature.5,6 Frank-Kamenetskii

et al.7 determined that the ∆G◦ was more dependent on the base stacking than the of the base

pairs rather than the hydrogen bonds between each base pairs. They went on to add that the

lose of base pairing can be compensated by hydrogen bonding with water molecules.

This information can be used to predict what DNA structures can be formed and the

melting temperature (Tm), which is the temperature that half of all strands are in the single-

stranded state.8 DNA hybridisation is classified as non-Arrhenius, this is due to the ∆G◦ being

positive at lower temperatures (<20 ◦C)and negative at high temperatures (close to the Tm)(>20

◦C.7 This results in slower hybridisation rates at lower temperatures than at higher temperatures
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and as a result the rate limiting step is the nucleation between the two strands of DNA.9 How-

ever, above the Tm the hydrogen bonds are weakened to the point where the dsDNA is no longer

stable and will dissociate. Section 1.3.2 will discuss how to predict the Tm of dsDNA.

DNA is described as having directionality based on the orientation of the sugar back-

bone structure, where the 5′ terminus of one strand will hybridise to the 3′ terminus of the

other strand (see Fig. 1.2).1 DsDNA must form between two complementary strands, where

both strands have the correct nt sequence to form stable Watson-Crick base pairing, antipar-

allel strands (i.e., ssDNA running in the opposite direction) resulting in the twisted double

helix structure. The conventional DNA notation is to write only the 5′ to 3′ (e.g., AGC), as

the complementary 3′ to 5′ sequence can be deduced. However, if a mismatch occurs then the

antiparallel sequence is indicated with a forward slash and the mismatch is underlined (e.g.,

AGC/TGG).10 Along with structure, the nt sequence may also dictate the rigidity of a ds-

DNA. dsDNA sequences with a persistence length <150 base pairs are thought of as rigid rods,

whereas longer sequences are more flexible.11 An example of this is how genomic DNA is long

enough to be able to be coiled, but still remain intact even under physical torsion strain.12

1.3.1. DNA double helix

DsDNA forms a unique double helix structure as a result of two single DNA strands

hybridising and twisting around each other, forming a structure more stable than that of ss-

DNA.13–19 Hybridisation of dsDNA is far more energetically favourable than ssDNA and so

dsDNA will self-assemble under the correct conditions (salt, pH and temperature). This propen-

sity to self-assemble is so vital that even in the absence of complementary strands DNA will

self-assemble into energetically favourable structures, see Section 1.5 for information on struc-

tures other than the double helix. DsDNA forms base pairs on the inside of the helix, whilst

the phosphates make up the outer backbone, essentially protecting the base pairs from the envi-

ronment. This is vital, as without this stability mutations would occur far more frequently.19,20

The double-stranded nature also allows for repair of mutations that have occurred based on the
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complementary strand, this is known as proof reading. Overall the double helix has evolved to

be stable and have a structure for binding proteins.21,22 An important aspect of the dsDNA is

the groove formation.

The double helix forms two types of grooves, the major groove and the minor groove

(Fig. 1.3).23 Grooves are identified by the distance between the two ssDNA in the double helix.

The major groove is where the two strands are farthest apart at ∼18 Å, and the minor groove

is where the two strands are closer together at ∼12 Å. Major and minor grooves repeat every

34 Å. These grooves are very important for biological purposes, such as protein binding,21

transcription24 and replication.25 Grooves are also targets of certain intercalating dyes (to be

discussed later in Section 1.4.6) which allow for the identification and quantification of DNA.26

The size of the grooves is completely dependent on the type of DNA formed.

Figure 1.3: DNA double helix showing the major and minor grooves.5

There are three prominent forms of duplexed DNA, namely A-form (Fig. 1.4, left),

B-form (Fig. 1.4, middle) and Z-form (Fig. 1.4, right). A-form DNA is formed under dry or

low humidity conditions and was first published by Franklin et al.26 in 1953. They discovered

A-form by varying the amount of water available to DNA. A-form is described as having the

following dimensions: diameter of 23 nm, 2.56 Å between each bp, angle of rotation of 32.7
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◦/bp, a sugar pucker of 5.9 Å (C3′-endo conformation), and 11 bps per turn. The A-form has a

condensed right-handed turn and due to the small sugar puckering distance, there is a negligible

minor groove.27

B-form is the classic right-handed form and is very similar to the A-form of DNA. The

major differences of B-form DNA include: decreased diameter of 2.0 nm, increased distance

between bp of 3.4 Å with 10.5 bp per twist rotating at 34.3 ◦/bp,28 and a wider sugar pucker of

7.0 Å (C2′-endo/anti conformation).29

The final Z-form is the most different of the three structures. Firstly, the two strands

wrap around each other in a left-handed direction to produce a ’zig-zag’ pattern in the back-

bone.30 This type of DNA is primarily formed when the nt sequence alternates between purine

and pyrimidine (e.g., GCGCGC),31 where the G have C3′-endo/syn conformation and the C is

in the C2′-endo/anti conformation.30

Figure 1.4: Stick model of the three main types of DNA: A-form, B-form and Z-form (left to
right).32

The next section will discuss how to predict the Tm of a DNA structure and how it is
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important to experimental design.

1.3.2. Melting temperature (Tm) of DNA

As mentioned previously the Tm is the point where half the strands of double-stranded

and half are single-stranded. It is also described as the temperature at which dsDNA denatures

and renatures. The Tm is determined by the bps that make up the strand and the environmental

conditions (e.g., chaotropic agents, described later in this section). G/C base pairs contain 3

hydrogen bonds and stabilise the dsDNA more than A/T base pairs, so a higher G/C content

results in a more stable DNA structure. There are several models that have been developed to

predict the Tm of a DNA sequence, with early models simply considering the %G/C content

that makes up the strand. Beginning with a simplistic Marmur-Doty equation.13,33 This method

essentially calculates the Tm in 0.2 M Na+ using the following formula:

Tm = 69.3+0.41(G−C) (1.1)

Where G−C is the molar percentage of G residues + C residues in the DNA sequence.

A modified Marmur-Doty equation has been used for Tm calculations of oligodeoxynucleotides

(ODNs), which are short synthetic DNA sequences:

Tm = 2(A+T )+4(G+C)−7 (1.2)

The most popular method for calculating the Tm is the nearest-neighbor (NN) model.13,34–37

Initially developed by Borer etal.38–40 and having been studied in further detail over the past

half-century.13,34,41 The NN model has been described as the most accurate method, due to the

calculation taking into account how base pairs interact with neighbouring base pairs.36 Soft-

ware that is available to calculate the Tm of DNA include nupack42 (nupac.org) and The mfold
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Web Server43 (http://unafold.rna.albany.edu).

SantaLucia et al.,34 designed the most up-to-date NN model, that is able to be used

for calculations of complementary DNA, mismatches (see Section 1.3.2.1) and dangling ends.

They also expanded their model to take sodium concentration into consideration when deter-

mining the Tm. This has resulted in a model that only has an absolute deviation of 1.6 ◦C,

compared to 6.8 ◦C from previous models. They used their NN model to determine that there

was a trend of nearest-neighbour stabilities GC > CG > GG > GA ≈ GT ≈ CA > CT > AA

> AT > TA at 37 ◦C. This is to be expected, when considering the fact that G and C are able

to form more stable hydrogen bonds than T or A. This work also showed that sequence, base

stacking, and hydrogen bonding are important when determining the Tm. Understanding how

base pairs interact with each other is vital for experimental design, it allows for fine tuning of

experimental parameters like temperature control and buffer conditions. This model has been

used most commonly for primer design for polymerase chain reaction (PCR) amplification,

as understanding Tm is vital for successful amplification. The Tm of DNA is also dependent

on factors other than bp and these are vital for understanding how DNA functions in different

environments.

There are several ways in which dsDNA can dissociate to become ssDNA, also known

as denaturation. Denaturation occurs when the hydrogen bonded base pairs are affected by

conditions such as heat,15 physical strain17 or chemicals (salt concentration44, pH45 or choa-

tropics46). The most common way to denature DNA is heating and this process is reversible

(if the DNA is not destroyed). The reverse process being where DNA hybridises, also known

as renaturation and refers to DNAs propensity to form structures spontaneously. For melting

temperature studies of DNA it is very important that DNA is in a suitable buffer that contains

the correct concentration of Na+ and H+ ions as the Tm is dependent on these factors.47

Physical strain melting of DNA is far less commonly used and often only used to

study mechanical strength of DNA. Orlandini etal.48 developed a model of what effect physical
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strain had on the Tm of DNA. Their simulations implied that indeed the more force applied to

DNA the lower the Tm. Danilowicz et al.49 used DNA tethered to a capillary tube at one end and

a magnetic bead on the other to investigate DNA unzipping, which they termed force-induced

melting. They found that not only did the DNA melt, but it went under several conformational

changes to the structure. The unzipping of the double-strand was discontinuous as a function

of time, replicating what occurs in vitro between DNA and proteins.50 Physical force-induced

melting of DNA is impractical and will not be used for this thesis. There are however less

complex ways to denature DNA at room temperature.

Other ways to denature DNA in solution at room temperature (or below Tm) include

using low salt concentration or chemicals called chaotropic agents. Low salt concentrations

result in the negatively charged backbone repelling each other. Schildkraut and Lifson51 were

one of the first to investigate this phenomenon, whereby they found that they could decrease the

melting temperature of DNA by ∼25 ◦C by simply decreasing the salt concentration (Na+ or

K+) from 0.60 to 0.01 M. The opposite is also possible as a high salt concentration (4.5 M)44

often favours renaturation of the DNA, increasing the Tm, by shielding the negatively charged

phosphates on the backbone of the DNA. Lowering the salt concentration decreases the overall

Tm due to the repulsive electrostatic forces on each strand.

Alkali conditions, such as 1M NaOH, can also cause DNA to denature due to the in-

creased OH− ions present decreasing the protons (deprotonation) available on the base pairs and

therefore disrupting hydrogen bonding of DNA.45 For RNA alkali conditions can be detrimen-

tal as it can cause breaking of phosphodiester bonds, effectively destroying the nucleic acid.52

Likewise, in acidic conditions DNA can also denature due to depurination, loss of purines

forming an abasic site on the DNA, essentially destroying the DNA sequence.53 In order to

denature DNA without the need for changing salt concentration, and preserving the DNA, there

are chaotropic agents.

Examples of chaotropic agents include cationic surfactants and high concentrations
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of guanidinium salt (6 M)54,55 and urea (7 M).56 Chaotropic agents can work by increasing the

entropy of the system by interfering with intramolecular interactions, this can include affects

such as repulsive forces between the two duplexed DNA strands. This has led to the develop-

ment of protocols that use urea (7 M) to analyse and purify ssDNA.57,58

Finally, there are a few chemicals that can help with the renaturation of DNA known

as crowding agents but will be referred to as DNA hybridisation rate accelerators in this thesis

(see Chapter 5.3.5.1).59 Rate accelerators work by crowding the solution and excluding the

DNA from the solution, due to excluded-volume effect. This is caused by the impermeability of

the rate accelerators, essentially meaning there is less space for the DNA to occupy and so there

is a higher probability of two ssDNA encountering and renaturing/hybridising. Amasino58

was able to increase the rate at which DNA renatured by adding polyethylene glycol (PEG).

PEG was a cheaper alternative to dextran sulphate, the most widely used rate accelerator at the

time.60,61

One final aspect that can affect the melting temperature is the formation of mis-

matches in the dsDNA. Mismatches are non-complementary base-pairing in DNA, which can

have devastating effects on dsDNA. The next section will discuss the effect that mismatches

can have on the Tm of dsDNA.

1.3.2.1. Mismatches

The longer the dsDNA sequence the more likely there will be the occurrence of mis-

matches. This is due to the stability associated with longer DNA strands as the more base

pairing that is occurring is able to stabilise any mismatches that are present.62 In the typi-

cal Watson-Crick base paired dsDNA there are eight possible mismatches regardless of which

strand each nt is present on. There are the four homo-mismatches: A•A, T•T, C•C and G•G;

then the four hetero-mismatches: A•G, A•C, T•C, T•G (where the • denotes mismatched base

pairing). There have been studies that investigated the effect of mismatches on the Tm using the
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NN model.10,63–69

Some mismatches have been found to be detrimental to the stability of the dsDNA,

while some have been found to be accommodated with no negative effects.70,71 Among the

most destabilising mismatches are those involving a C residue, which is able to deform the

sugar-phosphate backbone of the dsDNA.72 SantaLucia and Hicks34 have studied how mis-

matches affect the stability of the DNA using the NN model. They found a trend of G/C >

A/T > G•G > G•T ≥ G•A > T•T ≥ A•A > T•C ≥ A•C ≥ C•C (where slash denotes com-

plementary base pairing). They found the most and least stable mismatch had a ∆G◦37 of -2.22

kcal/mol (GGC/CGC) and +2.66 kcal/mol (ACT/TCA), respectively (underlined denotes the

mismatched base pair). Mismatches that involve G residues are the most stable, this is due to

the incorporation of the mismatch into the backbone without any detrimental effects. On the

other hand, mismatches that involved C residue were always destabilised.34 It was also noted

that these energies are accurate for any position, that were not the terminal or penultimate, in

the dsDNA.

SantaLucia and Hicks34 determined the effect of mismatches at the terminal or penul-

timate, using the NN model. They found that all mismatches at these positions were stabilising.

This was attributed to the negligible effect on the backbone or helical structure of the DNA. In

fact, if there was a mismatch present at the penultimate position and unhybridised terminal A/T,

there was significant stabilisation ranging from -0.21 (AC/TC) to -1.23 (CG/GA) kcal/mol. If

the mismatch and unhybridised A/T were at both ends the strand was stabilised by up to -2.5

kcal/mol.

Understanding where these mismatches occur is vital for genotyping techniques, as

many rely on the formation of a mismatch being unfavourable and therefore preventing du-

plexing of the DNA. For more information on mismatches see Demidov et al.73 Longer DNA

strands are able to overcome negative effects of a single mismatch. Often genotyping techniques

rely on a combination of heat and chemicals to allow for fast and accurate DNA analysis. The
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next section will discuss how DNA can be modified and detected, and how these methods have

allowed for more stringent DNA genotyping.

1.4. DNA modification and detection

This section will discuss ways that DNA can be detected quantified and modified.

Synthetic DNA modification, fluorophore coupling and DNA detection using fluorescence spec-

troscopy will be discussed in detail.

1.4.1. DNA modification

Modification of DNA refers to the introduction of a new functionality to DNA, such

as phosphorylation, methylation or amination. These modifications can occur anywhere along

a strand of DNA including the middle and terminal ends (3′ and 5′) and this section will go into

detail about how this is achieved.

Natural modifications include phosphorylation and methylation, often important for

gene control in cells.74 75 There are a long list of non-natural synthetic DNA modifications,

such as introduction of a fluorophore,76 quencher,77 linkers and modified bases.78 Synthetic

DNA can also allow for the inclusion of non-DNA nts. RNA can be inserted to allow for

enzyme digestion, such as uracil-DNA glycosylase (see Section 1.6.3.1). DNA modification is

widely used throughout research and companies (e.g., Integrated DNA Technologies, Inc) can

synthesise ODNs (short DNA sequences of 5-200 nt) with modifications for relatively low cost.

The most prominent route for ODN synthesis and modification is to use phospho-

ramidite chemistry, due to its compatibility with solid phase support and automation.79–81 This

technique allows for sequential addition of nts, which allows for the introduction of a modi-

fied nt to be added at any time (as long as it is compatible with the technique). This is very

useful for introducing fluorophores and quenchers at desired locations, but also for further post

13



modification of the synthesised ODNs. An important process is the coupling of an ODN with a

desired molecule or immobilisation on a surface.

1.4.2. Oligodeoxynucleotide coupling and surface immobilisation

A prominent method for post modification of DNA is to couple DNA using carbodi-

imide cross linking chemistry.82 Carbodiimide compounds allow for cross linking of molecules

with carboxylic acids (-COOH) and primary amine (-NH2) functionalities. A nt containing

either functionality can be introduced into the ODN using the phosphoramidite chemistry ap-

proach. Therefore, when deciding what functionality, the DNA should contain it is easier to

look at what the ODN will be coupled with. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride (EDC) and N,N′-dicyclohexylcarbodiimide (DCC) are popular carbodiimides,

the former allows for cross linking in acidic aqueous solutions and the latter for non-aqueous

solutions.83,84 The coupling occurs through the activation of the carboxylic acid by reaction

with the carbodiimide. This then allows for direct reaction with the primary amine. The final

product is a secondary amide that contains none of the carbodiimide cross linker, making it a

zero-length carboxyl-to-amine cross linker. N-hydroxysuccinimide (NHS) has been found to

increase the yield of the EDC reaction and is often used for the immobilisation of ODNs to

surfaces.84 Many commercial products are available with pre-coupled NHS on the surface that

allow for the immobilisation of amine functionalised ODNs in a one step process.85 Coupling

also allows for functionalisation of ODNs for PCR processes. Fluorophores can be introduced

into longer DNA sequences that cannot be synthesised cheaply.

1.4.3. Fluorophores

Fluorophores are chromophores that contain cyclic ring structures. Fluorophores can

be excited by a specific wavelength of light and then emit a different wavelength of light. These

are very useful for detecting DNA as it allows for multiple fluorophores to be used at once.
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Capillary electrophoresis with real time DNA sequencing using fluorophore detection has been

used as early as 1989 by Hunkapiller et al.,85 An example of this is for DNA fingerprinting

were four different fluorophores are used to detect PCR products in the same solution. This is

achieved by using capillary electrophoresis to separate PCR products based on size and then

any size overlaps are separated based on the fluorophore attached.86 Woolley and Mathies87

were able to take this one step further by fabricating a microfabricated electrophoresis chip

that allowed for high-speed, high-throughput DNA sequencing. However, a drawback to using

fluorophores is the requirement that DNA be modified, or ODNs need to be synthesised with

the fluorophores. An alternative to fluorophore attachment is to use intercalators that allow for

DNA visualisation (see Section 1.4.6).

1.4.4. Fluorescence quenching

Fluorescence quenching is the process through which a fluorophore’s intensity is de-

creased. This is usually done by the addition of a quenching molecule that is able to inter-

act with the fluorophore. Quenching is very useful for studying DNA as it can be detected

in sub µM quantities, and both quencher and fluorophore can easily be incorporated into DNA

strands.88 Usually the quenching effect is used to detect hybridisation or melting of DNA as the

intensity increases or decreases depending on whether the DNA is double-stranded or single-

stranded. The fluorophores are also compatible with processes such as PCR or enzyme diges-

tions. Two main types of quenching exist with two different quenching mechanisms. The first

is the more traditional type called dynamic quenching (Fig. 1.5 (a)), or more commonly known

as Föster resonance electron transfer (FRET) The second type is static or contact quenching

(Fig. 1.5 (b)), also known as Stern-Volmer quenching.89 Both have their advantages and disad-

vantage, and often both can occur in a single reaction. The following sections discuss each in

more detail.
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Figure 1.5: Comparison of (a) dynamic and (b) static quenching.

1.4.4.1. Dynamic quenching

Dynamic quenching (or FRET) is the most used and studied form of quenching. Dy-

namic refers to the fact that the quencher and fluorophore do not have to be locked in place

through dimerisation for quenching to occur. The important aspect for dynamic quenching is

the overlapping of the emission band of the donor (fluorophore) and the absorption band of the

acceptor (quencher), with the efficiency of the quenching being reliant on the degree of over-

lapping of the bands.90 The distance that FRET is effective is usually 20-100 Å, with a fall off

of 1/R6.91 This distance can be typically calculated using the equation:

EFRET =
R6

0

R6
0 + r6

(1.3)

Where EFRET is the efficiency of energy transfer, R0 is the Föster radius (50% transfer efficiency

between donor/acceptor), and r is the radius between the donor/acceptor.90

Examples of dynamic quenchers include, 5-carboxytetramethylrhodamine (TAMRA),

carboxyfluorescein (FAM) , carboxy-2’,4,4’,5,7,7’- hexachlorofluorescein (HEX) and 6-carboxy-

2’,4,7,7’- tetrachlorofluorescein (TET).
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1.4.4.2. Static quenching

Static quenching, also known as contact or Stern-Volmer quenching, is very similar

to dynamic quenching and often plays a part in it.89 Where dynamic quenching can occur over

a distance, static quenching refers to the formation of a dimer complex between the donor fluo-

rophore and the acceptor quencher.77 Hydrophobic interactions drive the dimerisation process

and allow for the transfer of electrons and therefore prevents the fluorophore from emitting

any light. Unlike dynamic quenching, that relies on the overlap of the emission band of the

donor and the absorption band of the acceptor, static quenching occurs when the absorption

bands of both donor and acceptor overlap. The intensity of the quenching effect does not rely

on the amount of overlap. As a result, strong quenching can occur even if there is only a

slight overlap of bands. Examples of static quenchers include Black hole quencher (BHQ) and

2,2’,6,6’-tetramethyl-piperidine-N-oxyl (TEMPO).91

There is often a lot of overlap between static and dynamic quenchers as most quenchers

undergo both forms of quenching, where quenching is reliant on which fluorophore quencher

combination as well as the physical distance that separates the two.

1.4.5. The effect of fluorophores on DNA stability

DNA hybridisation is dependent on many factors such as temperature, Tm of the

sequence, and whether there are stabilising and/or destabilising molecules in the environment.

This section will mainly focus on how intercalators and fluorophores affect the stability of the

DNA duplex. These affects include stabilisation and destabilisation and how the Tm is affected.

Bower et al.92 reported that dsDNA was stabilised when there were additional phos-

phates on the 5′ terminal ends of the DNA, i.e., increased Tm. Whereas any on the 3′ had

negligible effects. They determined that addition of 5′ phosphates stabilised dsDNA by about

-0.5 to -0.6 kJ/mol. This has led to studies about whether or not fluorophores and quenchers
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have effects on theTm of DNA.

Morrison and Stols76 found that the fluorophore-fluorophore and fluorophore-DNA

interaction had a large effect on the stability of the hybridisation. This work was extended by

Marras et al.77 where it was found that it was possible to increase the Tm of a 20 bp duplex by 2-

10 ◦C depending on the dye. In summary, it was found that the nature of the DNA stabilisation

and destabilisation was dependent on the fluorophore and quencher used.

Moreira et al.93 expanded on this by investigating the effects of additional dyes,

quenchers and linkers. They first studied several fluorophores and quenchers (mentioned as

modifiers) attached to DNA to determine the effect on the Tm, these include CY5, FAM and

BHQ (which are relevant to this thesis). By looking at the melting profiles they found that

several modifiers were able to increase (BHQ, Cy3 and Cy5), decrease (TAMRA and Texas

Red) or have no effect (FAM and HEX) on the Tm of a DNA sequence. Fig. 1.6 shows how

much more stable DNA containing a BHQ (Fig. 1.6, dashed line) or CY5 + BHQ (Fig. 1.6,

dotted line) are compared to unmodified DNA (Fig. 1.6, solid line). Moreira et al.93 found

that the stability could be increased by 1.8 Kcal/mol, and even increased the Tm by up to 4.3

◦C. They attributed this to the same effect that the addition of a 5′ phosphate group has on the

Tm of DNA. They then investigated the effect of linker length, such as amino C3, amino C6,

hydroxy C3 and triethyleneglycol, between the DNA and fluorophore. They determined that

the linker length had a small effect on the Tm of dsDNA. For dyes that were stabilising (Cy3)

the addition of a C3 linker decreased the Tm from 71.7 ◦C to 71.1 ◦C (-0.6 ◦C) and adding

a triethyleneglycol decreased the Tm from 71.7 ◦C to 70.7 ◦C (-1.0 ◦C). For destabilising dye

FAM, the linker further exacerbated the destabilising effect with a decrease from 70.2 ◦C to 69.6

◦C (-0.6◦C), which was 0.7 ◦C lower than the unmodified dsDNA. Therefore, it is important to

take note of how far away the dye is from the DNA itself. Longer linkers seem to have negative

effects on the Tm.

Mergny94,95 investigated how fluorophores affected DNA structures that were not a
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Figure 1.6: UV melting profiles of probe: target duplexes. Solid line: unmodified probe.
Dashed line: 5′ BHQ2 probe with 3′ Black Hole quencher. Dotted line: 5′ Cy5 dye and Iowa
3′ Black Red Quencher.93
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double helix. They determined that fluorophores could destabilise structures other than double

helices, with i-motifs and G4s (see Section 1.5.3.3 and 1.5.3.4 for detailed explanation) being

destabilised by 1 to 11 ◦C. The affect that dyes, quenchers and linkers have on DNA is vital to

consider when using DNA as a static structure or for a dynamic process. The next section will

discuss in detail the diverse types of DNA structures and applications.

1.4.6. Intercalators

Intercalators have been used for many years to visualise and characterise DNA. For

DNA visualisation intercalators are primarily used in agarose96 or PAGE.97 For DNA charac-

terisation flow cytometry,98 biochips99 and PCR100 applications have been used, in conjunction

with intercalators. This has also allowed for the study of enzyme activity (DNase, telomerase,

etc.),101–103 and they have potential to increase genotyping accuracy and reliability, a topic of

this thesis.

Intercalators are heterocyclic molecules that are able to slip between the base pairs of

dsDNA or interact with the negative charge on the backbone (dsDNA and ssDNA), resulting in

a fluorescent product that can be used as a reporter dye for DNA analysis.104,105 Another effect

that intercalators have, is to affect the structure and stability of DNA. This can be helpful for

elucidating biological functions such as DNA synthesis,106 gene transcription107 and transla-

tion,108 and also prevent tumour109–111 and viral112 incidences. Intercalators have been used

to study the mechanisms of enzymes such as helicase or translocase; both enzymes that affect

the structure of DNA.113,114 The high affinity intercalators have for DNA can often have fatal

effects on biological systems.115

The effect of an intercalator depends on the type of intercalator used. The two types

are mono- and bis-intercalators, where a bis-intercalator is usually a homodimer of a mono-

intercalator. Mono-intercalators, such as [(3,8-diamino-5-ethyl-6-phenyl phenanthridinium-

bromide)] (ethidium bromide),103,116,117 acridine orange [3,6-bis(dimethyl)acridiniumchloride
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hemi(zinc chloride salt)]110 and YO-PRO R© are able to intercalate between two bps.118,119

Whereas the bis-intercalator contains two intercalating groups such as bis-ethidium bromide

and YOYO R©, which are able to intercalate between four bps.111

Bis-intercalators have been looked at closely as possible anti-cancer drugs due to high

biological activity. This thesis will only focus on ethidium bromide as a means of affecting the

structure of DNA. Ethidium bromide effects are predominantly physical and affect the stability,

shape and length of the DNA, allowing for hybridisation methods such as DNA origami and

others to become more efficient and specific.102,109,111,120

There have been several studies of how intercalators can cause strain on the DNA

double helix.106,121,122 These studies have found that certain dyes that contain cyanine are able

to lengthen DNA without affecting the rigidity.123–127 Ughetto et al.128 and Wang et al.129

found that the lengthening of the DNA can be as drastic as 3.9 Å – 6.8 Å, which is more than a

single base pair adds (in B-form DNA). Gunther et al.,125 determined that the intercalation of

YOYO R© was able to increase the length of DNA by almost double. Intercalators are limited to

no more than one intercalator per two bps due to the neighbour exclusion principle.130,131 The

use of an intercalator can be useful for using strain to affect the Tm of dsDNA.

The next section will focus on ethidium bromide as it is relevant to work done in this

thesis and it is vital to understand the effects of it can have on DNA.

1.4.6.1. Ethidium bromide

Ethidium bromide is a very well-known and studied cationic intercalator, that has

mainly been used as a reporter molecule for agarose gel electrophoresis. However, in recent

years it has been studied for its structural effects on DNA.116,132–134 The main mode for in-

tercalation of ethidium bromide is to insert itself between base pairs of dsDNA and become

fluorescent like most other intercalators.135 Therefore it is highly specific for dsDNA and not

ssDNA. The intercalation is favoured due to the base stacking, or π-stacking, with the base pairs
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and the electrostatic complementation. The positive charge on the ethidium bromide mediates

an attractive electrostatic effect with the DNA.136–140 Nafisi et al.132 studied the stabilities of

DNA when intercalated with three intercalators (acridine orange, methylene blue and ethidium

bromide) and found ethidium bromide had the highest binding constant and the lowest dissoci-

ation equilibrium constant of KEB = 6.58 x 104 M−1 and Kd = 15 µM, respectively. This was

attributed to the greater accessibility of ethidium bromide to the DNA, compared to the other

two investigated.

Large three-dimensional (3D) DNA structures, known as DNA origami (see Section

1.7) have a wide range of possible conformations. The only way to control the structure formed

is by controlling the folding conditions. Ke et al.141 explored two methods that would al-

low finer control over the folding of the DNA origami structures. The first method was by

adding in a single nucleotide that would allow for increased bending at points where there were

crossovers, where DNA strands share a junction point and crossover, reducing static repulsion

and increasing stability.142,143 The second method was the addition of an intercalator that was

able to reduce the torsional strain caused by the added nucleotide. Greschner et al.120 went on

to explore ethidium bromide as a molecular chaperone to force a 3D DNA structure into the

lowest energy conformation. They found that ethidium bromide was able to successfully influ-

ence the hybridisation of the DNA into the most stable conformation, a ninja star, as opposed

to any other structure. This was noted to be due to the π-interactions of the aromatic stacking

between the base pairs of the DNA as well as the expanding and unwinding of the double helix.

They had found that the intercalation of the ethidium bromide prevented high energy structures

from forming. The ethidium bromide was also easily removed and because of no additional

folding steps the structures were not altered. This work showed that the intercalation of ethid-

ium bromide, and possibly other intercalators, created high energy barriers when the DNA was

folding, due to strain. This analysis was in line with other studies from Bjorndal et al.144 who

found that the Tm was affected by the presence of intercalators such as YO-PRO R©.
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1.5. Structural and dynamic DNA

DNA is primarily described in two ways: static and dynamic, with both being used

in a variety of DNA applications. Static DNA is structural DNA that once assembled does not

contain moving parts nor undergoes further change. Dynamic DNA often undergoes a structural

change or reaction that results in a changed final product. These are not exclusive as there are

many applications that use both types of DNA. This section we will discuss both types, with

an emphasis on one example of each, G4s (static) and toehold-mediated strand displacement

(dynamic).

1.5.1. DNA assembly/disassembly

The formation of DNA nanostructures can be controlled by the DNA sequence, en-

vironment and renaturation conditions. Researchers have taken advantage of DNA’s ability to

self-assemble and have engineered it to perform a range of tasks, such as molecular recogni-

tion,145 structural assemblies146 and DNA genotyping.147,148 Examples of DNA engineered to

perform tasks include DNA aptamers (see Section 1.5.3.7), DNAzymes and DNA origami (to

be discussed in more detail in the following). SsDNA is difficult to study as it often prefers

to form secondary structures to become more stable in the absence of a complementary strand,

especially in longer sequences (∼50 nt).149 This section will discuss all structures of DNA that

are not the double-helix as well as large 3D structures that can be assembled.

1.5.2. DNA origami

DNA origami will be briefly discussed as it is important to understand the how DNA

structures are designed to form larger macrostructures. DNA origami consists of short single

ODN staple strands, beginning at six and ranging to hundreds of nts, that hybridise to a larger

ssDNA scaffold molecule (usually extracted from bacteriophages). The scaffold can range from
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lengths of 700 – 7000 nts long to form a large nanostructure.147,150 Using specialised software,

such as CADNANO R©, it is possible to design a range of two-dimensional (2D) and 3D struc-

tures. Fig. 1.7 (left) shows a static half sphere, full sphere and oblong sphere designed by Han

et al.151 and Fig 1.7 (right) shows a DNA origami device that mimics macroscopic machinery

designed by Marras et al.152 DNA origami structures can be used in applications such drug de-

livery,153 single molecule detection154 and templates for nanoparticle (NP)155 or proteins.156

Functionality can be introduced into a DNA origami structure through incorporation of G4s, i-

motifs and hairpins or through modification of the staple strands (see review157). DNA origami

structures that change shape or are able to perform dynamic functions will be discussed in

Section 1.6.

Figure 1.7: Literature examples of static (left) designed by Han et al.151 and dynamic DNA
(right) designed by Marras et al.152.

1.5.3. Static structural DNA

Controlling and manipulating DNA on the nanoscale has led to advancements in

DNA research that allow for researchers to design complex DNA systems. The most basic

DNA structure is the double helix, mentioned earlier, however there exists several other pos-

sible non-canonical DNA structures. These structures are possible due to a combination of

canonical Watson-Crick bonds and Hoogsteen bonds (non-canonical)(see Fig1.8). Hoogsteen

bonds are an alternative base pairing that occur when the purine base is rotated 180◦ around
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Figure 1.8: Comparison of Watson-Crick (Canonical) and Hoogsteen (Non-canonical) base
pairing.

the glycosidic bond. This changes the binding conformation of the purine from an anti to a

syn conformation.158 The alternative structures include triple helices,159 hairpin (also known

as stem) loops,160,161 i-motifs and G4s.162 For this thesis G4s will be a main focus and so will

be explained in more detail in Section 1.5.3.4 However, this section will briefly discuss sev-

eral other possible structures, as it is vital for understanding how to control nucleic acids on a

nanoscale.

1.5.3.1. Triple helix DNA

Triple helices, or triple helix DNA, occur when there are three strands of DNA that

are bound together and require very specialised conditions in order to form. Whereby, a purine

rich ssDNA hybridises to a dsDNA in the major groove through pyrimidine-purine-pyrimidine

bonds.163 In this case the dsDNA, with already formed Watson-Crick base pairs, hybridises

through newly created Hoogsteen bonds with the third strand. This is made possible by the

recognition of T to A/T pairs and protonated C+ to C/G pairs. The resulting triple helix was the

basis for many of the first hypothesised structures of DNA before Watson and Crick.1,164,165

But, it wasn’t until the late 80’s that this structure was demonstrated, named the triple helix

forming oligonucleotide.159,166 This structure has been implicated in gene regulation (i.e., c-
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myc promotor).167 When the triple helix is formed, the pyrimidine strand (5′→ 3′) is parallel

to the purine (5′ → 3′) and anti-parallel to the already duplexed pyrimidine strand (3′ → 5′).

The C+ blocks Watson-Crick bonds from forming and stabilises the formation of Hoogsteen

bonds by an electrostatic interaction.168

1.5.3.2. Hairpin loops

Hairpin loops occur when nucleic acids have palindromic regions, where one single-

stranded nucleic acid has undergone intra-strand hybridisation (also known as intramolecu-

lar).169 A hairpin is made up of two parts, the stem and the loop. The stem contains the

palindromic regions and the loop is made up of unpaired nts that link to the two palindromic

sequences. The hybridised stem sections undergo conical Watson-Crick base pairing and form

a double helix. Hairpins occur in many biological pathways such as DNA replication,170 re-

pair171 and transcription.172

1.5.3.3. iMotif

i-Motifs are C-rich DNA sequences that are capable of forming an intramolecular

structure, made up of intercalating hemi-protonated cytosine•cytosine+ base pairs (C•C+).173,174

The name refers the fact that the base pairing is intercalated. i-Motifs are formed under slightly

acidic conditions and stabilised through three hydrogen bonds between each base pair.175 This

structure can consist of 1-4 strands and has been found to be naturally occurring in genomic

DNA.176–178

1.5.3.4. G-quadruplex

German chemist I. Bang179 observed that high millimolar concentrations of guanylic

acid formed a gel. It was later discovered through X-ray diffraction data that a tetrameric struc-

ture was assembled that gave aqueous solutions gel characteristics.180 This same phenomenon
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was observed in G-rich regions on DNA sequences that contained two or more runs of guano-

sine mono-phosphate tracts (G-tract). One or more strands that have G-tracts can fold into a G4

structure through Hoogsteen bonds (non-canonical). This is achieved first by four guanosine

monophosphates (Gs) forming a square planar G-tetrad (Fig. 1.9 (a)). Fig. 1.9 (a) also shows

how the G-trads are stabilised by the presence of a cation (see Section 1.5.3.5). These G-tetrads

are able to further stack with stabilisation from the monovalent cation (Fig. 1.9 (b), blue).

Figure 1.9: (a) Structure of a G-tetrad made up of four guanines with stabilisation by a
monovalent cation and (b) G-quadruplex made up of 4 ssDNA (black arrows) stabilised by a
monovalent cation, where the arrows indicate 5′ to 3′ directionality.

There are two types of G4 with two different structures that are possible from any

G4 sequence. The first type is intramolecular, a G4 that is made up entirely by one strand of

DNA, the second is intermolecular, a G4 made up of two or more strands of DNA. G4 struc-

tures are often determined using techniques such as single crystal diffraction,181 nuclear mag-

netic resonance(NMR) spectroscopy182, electrophoresis gel shift assay183 and circular dichro-

ism(CD).184

There are three G4 orientations that are possible, these include parallel, antiparallel

and hybrid of the two. Parallel is when all the directionality (5′ to 3′) of the nucleic acid runs

in the same direction. Fig. 1.10 (a-c) illustrates how parallel intermolecular and intramolecular

G4s are able to fold. The loop regions, regions of non-G residues that link the G-tracts (Fig.
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1.10 green), are bent in a way that they laterally cross the G-trad and has been found more likely

to form when in the presence of a co-factor, such as hemin (see Section 1.5.3.7).184 Antiparallel

is when all the directionality alternates between strands, often occurring in bimolecular G4s.

Fig 1.10 (d-f) illustrates how antiparallel intermolecular and intramolecular G4s are able to fold.

Unlike parallel, the loop regions do in fact form a loop on the top and bottom of the G-tetrads. If

both parallel and antiparallel structures exist in the same solution it is regarded as a mixture and

if a G4 contains 3 parallel and 1 antiparallel (or vice versa) this is described as a hybrid.184 Wu

et al.185 showed that proteins, such as thioflavin T, were able to switch G4 structures between

the two different hybrids (3 parallel + 1 antiparallel into 1 parallel + 3 antiparallel).

There is no way however to predict exactly what conformation a G-rich ODN will

take. This is due to being possible for any one sequence to form one or both orientations

(mixture) depending on the buffer conditions. Hazel et al.186 used predicative modelling and

NMR spectroscopy to determine rigidity of the loop regions. They found that short loop regions

(≥ 2) restricted the flexibility of G4, and that although the sequence was important it played less

of a role in flexibility. They also concluded that although some simulations were in agreement

with NMR data, it was not possible to predict if the G4 was parallel or antiparallel.

An intramolecular G4 is made up of four distinct regions, that include the terminal

ends (5′ and 3′), loops and G-tracts. The loop regions, consisting of nts that are not G, are

required to allow for the folding of the nucleic acid in onto itself. If the G4 does not contain

3 loop regions, and therefore 4 distinct G-tracts, then only an intermolecular G4 is possible.

However, this does not mean that a sequence with 4 distinct G-tracts will exclusively form an

intramolecular structure as both structures are possible.

Naturally occurring G4s have been of great interest to researchers as drug targets.188–196

Neidle et al.,194 von Zglinicki et al.191 and Hurley et al.196 have all tried to investigate ways of

targeting these naturally occurring G4s, known as telomeres, using anti-cancer drugs. Telom-

eres found on the ends of chromosomes contain sequence repeats that have been discovered to
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Figure 1.10: Diverse types of G4s: (a) intermolecular parallel (tetramolecular), (b)
intermolecular parallel (bimolecular), (c) intramolecular parallel (unimolecular), (d)
intermolecular antiparallel, (e) intermolecular antiparallel (bimolecular) and (f) intramolecular
antiparallel (unimolecular). Adapted from J. L. Huppert187

form G4s. These telomeric regions have been found to be highly preserved across all organ-

isms, with vertebrates having the repeat TTAGGG and plants having TTTAGGG.197 Naturally

occurring G4s, outside of telomeres, have been found to control gene expression by affecting

enzymes involved in DNA replication and transcription.198 Piazza et al.199 found that in ge-

nomic DNA the length of the loop regions were a way to help regulate gene diversity. There

have been many G4 studies both, in vitro and in vivo, that look at why these structures are

important. This thesis however will only focus on in vitro investigations.
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1.5.3.5. Cation and polymeric stabilisation of G4 structures

G4s have been found to be more thermodynamically stable than dsDNA and as a re-

sult slower to unfold than DNA or RNA hairpins.200 It has been shown that G4s are stabilised by

cations, usually monovalent, by complexing between the G-tetrads The most common cations

used are Group 1 metals with a stability order of K+ > Na+ > Li+.201,202 The Li+ ion was

thought to destabilise G4s, however Bhattacharyya et al.203 determined that it neither stabilised

nor destabilised G4s. But in fact, played a neutral role. This is helpful as Li+ ions are often

used as a control when studying the G4 structures. K+ ions are by far the most used cation for

G4 stabilisation by researchers, due to its strong electrostatic interaction and lower dehydra-

tion energy than other cations.182,204–208 Other stabilising agents used include quartet inducers,

which do not stabilise but do encourage the G4 structure formation, such as polymers (PEG)

or large heterocyclic structures.209 For destabilisation of G4s divalent cations such as Co2+,

Mn2+ and Mg2+ often used.210 Blume et al.211 determined that the effect of divalent cations

was similar to that of Li+ ions, whereby the size of the van der Waals radii of the divalent

cations is too small to sufficiently stabilise the G4. Co2+, Mn2+ and Mg2+ ions have van der

Waals radii of 1.64, 1.66 and 1.96 ρm, respectively, which is comparable to Li+ which has a

van der Waals radius of 2.32 ρm.212 They also noted that the divalent cations compete with K+

ions and therefore destabilise already formed G4s. Once a G4 had been folded or unfolded it

is important to determine the structure using well understood characterisation techniques. In

this thesis CD spectroscopy and PAGE were employed and are discussed in more detail in the

following section.

1.5.3.6. Circular dichroism spectroscopy and polyacrylamide gel electrophoresis analysis

of G4s.

CD spectroscopy is often used to determine what type of structure(s) have formed

based on the absorption of light and PAGE can be used to determine if the structures are inter-
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or intra-molecular based on molecular mass of the structure. CD spectroscopy is used to study

how chiral molecules interact with light. Most often used in biological studies of DNA and

protein structures, which change conformation based on the environment (e.g., pH, heat and

salt concentration).213 CD is defined by how a chiral molecule absorbs left circularly polarised

light (L-CPL) and right circularly polarised light (R-CPL) to different extents at different wave-

lengths. It is more specifically referred to as the difference between the amount of L-CPL and

R-CPL as a function of wavelength.214 This allows for the elucidation of simple and complex

structures, and for this thesis, specifically which conformation the G4s exist in based on se-

quence alone. Hardin et al.201 were some of the first researchers to investigate how telomeric

DNA G4s folded in the presence of monovalent cations using CD. They found that the chi-

ral environments of the bases were not the same once folded into a G4 structure, essentially

determining that the structure was hairpin like. It has since been shown that it is possible to

determine the structure of the G4 based on where positive and negative ellipticity peaks occur

on a CD spectrum. Parallel G4 have a distinctive positive maximum ca. 264 nm and a negative

minimum ca. 240 nm.184 Whereas, antiparallel G4 have a distinctive positive maximum ca.

295 nm and a negative minimum ca. 260 nm.184 A mixed, or hybrid, G4 will have peaks at

260 nm and 295 nm. Paramasivan et al.197 used CD spectroscopy to investigate what affect the

concentration of the stabilising cation had on the structure of the G4s. They determined that

different salts (i.e., Na+ and K+) were able to induce different structures. Indicating that buffer

conditions were important for experimental design. By changing which cations are present

determines which G4 structures are formed (see Section 1.5.3.4). A substantial portion of the

literature reviewed in this thesis used K+ ions as a G4 stabiliser. This thesis will be exclusively

using K+ ions as a G4 stabiliser due to its availability and biological compatibility.

1.5.3.7. Aptameric G4 structures

Aptamers are a generic term used for 3D structures made up of single-stranded nu-

cleic acid ligands that are able to recognise and complex target molecules. Aptamers can have
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high selectivity, being able to distinguish different enantiomers or functional groups.215 Ap-

tamers can simply bind a target, but others can mimic enzymes (biological catalysts) and per-

form reactions. Aptameric G4s are able to recognise and bind target molecules specifically, and

with high affinity. These targets can include ions, organic compounds and biologically relevant

targets.216–218 Certain G4s are able to complex with co-factors to form DNAzymes, such as the

peroxidase-mimicking structure (see Section 1.5.3.10).

The advantage that aptamers have over other biological ligands, such as antibodies

(the gold standard biological ligand) is the reversible denature and renaturing that they can un-

dergo without loss of function.219 This makes them a viable replacement for common antibody

techniques such as enzyme-linked immunosorbent assay (ELISA) (see Section 1.7.5).219 It has

been shown that there exist aptamers that have higher affinity for targets than antibody equiva-

lents, such as the aptamer MT32 protein of Apple Stem Pitting Virus (ASPV) with an affinity

of 54 nM compared to the antibody MT32 protein with an affinity of 290 nM.220 The aptamer

MT32 also showed exceptional specificity, being able to distinguish the ASPV from other virus

that often co-infect. This shows great promise for aptamers as a alternative to using antibodies.

Aptamers are also showing great promise as an alternative to therapies due to being almost

invisible to immune systems inside of a biological organism.221 One of the first therapeutic

aptamers was used to treat neovascular age-related macular degeneration, which was approved

by the US Food and Drug administration in 2004.222

Discovering aptamers for these purposes can be extremely difficult as there is no way

to know if a nucleic acid sequence is an aptamer for a target without in vitro testing and even

then, it can take a large amount of testing to find sequences with high affinity for the target

of interest. The next section will discuss two methods that are used to find aptamer sequences

in-vitro and then optimise the aptamer in silico.
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1.5.3.8. Systematic evolution of ligands by exponential enrichment and genetic algorithm

There are several ways developed that allow for the investigation and identification

of aptamers that can recognise and bind proteins or small molecules. Some of the first ways

of identifying G4 aptamers were computer simulation tools or immune-assays, however these

have drawbacks that are not easy to overcome. Computer simulation tools require that a pattern

for DNA-target recognition already be known and the immune-assay methods are limited to

proteins that are well understood.223,224 This section describes two common techniques that

can be used in combination for determining aptamer sequences with desirable traits, such as

increased binding affinity or increased DNAzyme activity.224,225 The first method is known as

systematic evolution of ligands by exponential enrichment (SELEX) and the second is a genetic

algorithm (GA). Both have been used in tandem to design G4 sequences that are able to bind to

a specific target of interest.215

SELEX is an in vitro selection method that is used to find sequences that can bind to

a specific target.146,225,226 The first steps of SELEX are to synthesise a library of random ODN

sequences, often taking sequences that are found in the genomes of organisms. The library

used can consist of up to 1014 sequences, however for G4 aptamer discovery this library can be

limited to sequences that are G-rich. The first step is to expose the target molecule of interest to

the sequences to determine which have the best affinity. This is done by removing non-binding

targets through affinity chromatography.224 PCR is then used to amplify all the sequences that

are bound to the target molecule and this is then repeated multiple times with more and more

stringent conditions until those sequences with the tightest binding affinity are identified. Once

the aptamer sequences have been discovered and published they are then used to make up a

large combinatorial aptamer library. Pfeiffer et al.227 recently took this one step further and

developed a method that allowed for using SELEX to discover nucleobase-modified aptamers.

Using click chemistry they were able to introduce new functionality into a ssDNA sequence

and then used SELEX to determine binding affinity. This shows that SELEX is a robust process
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that has a lot of potential use in biosensing applications.

A Genetic Algorithm GA is an in− silico technique that is used to mimic evolution.

Whereby, new generations only retain characteristics that help for specific purposes, such as

increased binding affinity of target molecules. GAs are often used to increase the binding affin-

ity or activity of aptamers found using SELEX.215 The purpose of this is to mirror the process

of natural selection, where useful traits, or information, are passed down through generations.

GAs are a multi-step process that, much like SELEX, is repeated several times. The first step

is generating new sequences from known sequences with the desirable trait. These sequences

are known as parent sequences. New sequences are then generated through a three step pro-

cess, shuffle, mutation and synthesis.215 Shuffling of the sequence is carried out by breaking

G4 aptamer sequences up into groups: 2 terminal ends (5′ and 3′) and 3 separate loop regions

that occur between the G-tracts. G-tract regions are the only regions to not change, the other

5 groups are shuffled within each group to produce a desired amount of new sequences. If

starting from a small number of parent sequences (i.e., 2) there is a high probability to make

the same sequence twice, particularly when trying to investigate many sequences at once (i.e.,

>10). Therefore, each sequence is then mutated at only one position (not in the G-tract region)

and synthesised to be tested for the desired property.215 Unlike SELEX, however, it is possible

to retain regions of the sequence that are useful. For example, if a loop region that contains the

sequence AAA is found to increase binding to target molecules there is a good chance that this

region will be retained multiple times throughout the GA process. Ikebukuro et al,228 used a

GA to improve a peptide that was able to inhibit trypsin. They then went on to use this in 2005

to design a GA that was able to improve G4 aptamers for thrombin inhibition. This thesis uses

the modified GA by Ikebekuro’s group.228

1.5.3.9. G4 interactions with organic molecules, proteins and co-factors

G4s have been found to interact with organic molecules in a variety of ways, rang-

ing from increased reactivity to increased/decreased fluorescence. For example, G4s have been
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shown to bind with fluorescent structures, such as N-methyl mesoporphyrin IX (NMM) and

function by either turning on or off fluorescence.111,229,230 Lu et al.231 found that benzothiazole-

substituted benzofuroquinolinium dye could selectively bind to G4s, showing a remarkable en-

hancement of the fluorescence.

Certain proteins are capable of driving the folding of G4s such as Oxytricha, which

allows for the stable formation of quartets,232 and RAP1 (a small GTPase protein), which is

capable of forcing G4s into parallel structures in the presence of K+ ions.233 Both proteins

are classified as telomeric binding proteins. Certain proteins are able to recognise and cleave

proximal to the G4, or resolve (unfold) its structure, all showing that G4s are important in

natural DNA.234–238

Furthermore, it has been established that G4s have the ability to inhibit telomeric

enzymes that extend DNA.239 Zahler et al.240 showed that the formation of telomeric G4s in the

presence of K+ ions prevented linear telomere extension. Bryan et al.241 investigated how G4s

interacted with proteins to elucidate the roles that DNA structures played in gene regulation.

They discovered that it was the intra-molecular G4s that inhibited telomerase from extending

DNA. This was not observed when the G4s were inter-molecular. Therefore, when studying the

interaction of G4s with proteins it is very important to understand what structures are present

as heterogeneous mixtures of structures will result in different protein interactions.242

Another route of G4 research has been to identify G4 aptamers, where the DNA

recognises the protein, for inhibiting or increasing enzyme activity. A very useful protein bind-

ing G4 has been the thrombin aptamer.243,244 The G4 thrombin aptamer has been found to

inhibit the formation of fibrin clots, this is due to the fibrogen binding site recognising and

tightly binding the loop regions of an antiparallel G4.245 On the other hand G4s have been

found to increase the activity of co-factors such as porphyrins.162,184,246 This thesis will focus

on one type of porphyrin, hemin, and its peroxidase-mimicking activity as it has been shown to

have many possible applications for biosensors.247
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1.5.3.10. Peroxidase-mimicking activity of G4/hemin aptamer

Peroxidases are a class of enzymes that can catalyse the oxidation of compounds.

This is done at the expense of peroxide, according to the following scheme:

ROOH +AH2 ⇀↽ ROH +A+H2O (1.4)

Hemin, the oxidised version of heme, is a co-factor of peroxidases and has been found to

have very low peroxidase activity. The peroxidase activity of hemin is further hindered by

the propensity to form dimers or trimers and the fact that oxidation of peroxide can destroy

it. Sen et al.248 225 were the first to report a hemin (along with two other porphyrins) binding

aptameric G4 sequence. They determined that the rate of peroxidase-mimicking activity was

increased due to the G4s forming a DNAzyme, a DNA sequence with catalytic properties, or

more specifically an apoenzyme (enzyme activated by binding cofactor). They also investigated

if it was possible to increase the affinity of G4s through SELEX and found two sequences that

were able to bind to hemin with sub-micromolar affinity.

Travasco et al.,225 Evans et al.249 and Dai et al.172 have gone on to report more G4

ODN sequences that have been found to have peroxidase-mimicking activity when complexed

with hemin. The advantage of G4s taking on peroxidase-mimicking activity is that it is easier to

detect using well established methods, such as enzyme-linked immunosorbent assay (ELISA).

ELISA techniques are often used to detect the presence of horseradish peroxidase and therefore

compatible with G4/hemin aptamer detection. Some examples of compounds used in ELISA in-

clude 3,3’,5,5’-tetramethylbenzidine (TMB), 2,2’-azinobis(3-ethylbenzothiozoline)-6-sulfonic

acid diammonium salt(ABTS) and luminol (referred to as substrates in this thesis). ABTS and

TMB are colorimetric assays that produce a distinct colour and luminol is a chemilumines-

cent assay. However, strong binding does not necessarily correlate with increased peroxidase-

mimicking activity.
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Cheng et al.184 investigated 19 G4 sequences, both naturally occurring and synthetic,

to determine which sequences yielded the fastest peroxidase-mimicking activity using ABTS.

They used CD to determine if the rate of peroxidase-mimicking activity was reliant on the

structure of the G4 (parallel, antiparallel or hybrid/mixture). It was determined that parallel

structures had an increased peroxidase-mimicking activity, when compared to the two other

possibilities. This was attributed to the ability for the G4s to end-to-end stack more easily than

other structures, as well as low steric hindrance from the loop regions.

Others have attempted to investigate how the peroxidase-mimicking activity of the

G4/hemin aptamer is reliant on sequence of the G4. Chen et al.250 determined that A repeats

inside of the loop regions were able to enhance the peroxidase-mimicking activity. Chang et

al.251 reported that when the G4 sequence was flanked by 3 C residues on either end there was

an enhancement of peroxidase-mimicking activity. Stefan et al.252 found that using nt supple-

ments, such as adenine triphosphate(ATP), enhanced the peroxidase-mimicking activity. All

this information is helpful for evaluating G4 sequences that are meant to have high peroxidase-

micking activity, especially for designing biosensors.

1.5.3.11. Biosensors

The advantage of using DNA for biosensors is the range of different possible read-

outs in addition to being active in a wider range of temperatures, as opposed to conventional

enzyme based biosensors (e.g., ELISA).253 Using G4 complexes allows for fluorescent,229,234

colorimetric,184,254 chemiluminescent255,256 and electrochemical257 readouts, which can be

very useful when designing an assay. These assays have been used to detect G4s, DNA, metal

ions, small molecules and proteins. Assays have also been developed for DNA genotyping

such as single nucleotide polymorphisms (SNPs) and biomarkers. Willner et al.258 designed a

chemiluminescent assay that was able to detect specific target DNA. They immobilised a DNA

probe, that was complementary to the target, to a gold surface. The target DNA contained two

regions, a complementary binding region and a G-rich sequence. Once bound the additions of
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hemin, luminol and peroxide resulted in a chemiluminescent signal. They also used gold NPs

to increase the sensitivity of the assay. Furthermore, the same group used a hairpin system that,

once hybridised with the target, produced a colorimetric readout using ABTS, effectively re-

ducing the need for the target to contain a G4 sequence and surface attachment.259 There have

been a range of fluorometric assays developed that rely on the G4s complexing with a molecule

that produces a fluorescent product. Xu et al.254 were able to develop a fluorescent biosensor

using thioflavin T that could selectively bind to RNA G4s to produce a fluorescent product.

Thioflavin T has also been used to detect G4 inducers such as thrombin, however the fluores-

cence was not detectable due to competition with the inducer.260 All these techniques have one

thing in common: the G4 is used as a reporter molecule. This shows that G4s are versatile,

robust and easily controlled under the correct conditions. All the publications described show

great promise for not only using G4s as a biosensor component but also the compatibility with

various other well-established methods. The next section will discuss using DNA to perform

functions dynamically.

1.6. Dynamic DNA

Dynamic DNA is able to perform activities, such as logic gates, programmable mo-

tion origami mechanisms, and DNAzymes.261–263 Fig 1.11 is an example of a dynamic DNA

technique that relies on the recognition of a DNA sequence which allows of the formation of

a DNAzyme. Elbaz et al.264 designed a biosensor that relied on a cascade of DNAzymes that

produce a G4 with peroxidase-mimicking activity (Fig. 1.11). Essentially, the system contained

two ssDNA (Fig. 1.11, 2 and 3) that hybridised with a G-rich sequence (Fig. 1.11, 4 (blue)).

Upon addition of a target DNA (Fig. 1.11, 1 (green)) a DNAzyme was created that could cleave

the G-rich sequence into two separate reporter G4/hemin complexes. Wen et al.263 developed a

similar system that could detect Pb(II), whereby the DNAzyme only cleaved when in the pres-

ence of Pb2+ ions. The advantage of this system was the recycling of the Pb2+ ions, as they

were not used up in the reaction and so allowed for a continuous production of the G4s. This
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Figure 1.11: Schematic for a G4 biosensor that relies on a cascade effect from DNAzymes.
Adapted from Elbaz et al.264

in turn increased the sensitivity of the biosensor. This same approach can be taken when using

electro-chemistry to detect the presence of G4s. Wu et al.257 used a gold electrode to detect an

electrocatalytic signal from the G4/hemin complex formation.

Another example of dynamic DNA is toehold-mediated strand displacement that is

often used for genotyping and logic gates. Fig 1.12 is an example of a simple And Or (XOR)

program using toehold-mediated strand displacement, developed by Liu et al.155. The output (1

or 0) is completely dependent on the input and so it can be used to replicate large scale circuitry

Figure 1.12: Example schematic of a logic gate that used toehold-mediated strand
displacement, developed by Liu et al.155. This scheme shows that a single dsDNA with
toeholds is able to form 1 of 2 states depending on what displacement strands are present in
solution. The reporter molecules used were gold nanoparticles (GNP) coupled to the DNA.
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1.6.1. Toehold-mediated strand displacement

Toehold-mediated strand displacement is a dynamic DNA phenomenon where a re-

action between a ssDNA molecule, referred to as a displacing sequence (DS), and a dsDNA

molecule occurs.265 This process consists of a target strand (Fig. 1.13, black) hybridised to a

shorter incumbent strand (Fig. 1.13, blue), that are semi-hybridised, and a DS (Fig. 1.13, red)

which is complementary to the target (Fig. 1.13, black). The semi-hybridisation of the target

strand with the shorter incumbent strand results in an overhang of nts referred to as a toehold (or

toehold domain). The DS is able to nucleate with the toehold (Fig. 1.13 (b)) and begin to com-

pete with the shorter strand in a random walk process, known as ’zippering’(Fig. 1.13 (c)). The

overall process is referred to as branch migration’ The reverse process is thermodynamically

unfavourable and six orders of magnitude slower and so the result is a fully complementary

dsDNA product.265

Figure 1.13: Schematic of the toehold-mediated strand displacement (a) DS (red) is added to a
target strand (black) with a toehold domain and a hybridised shorter incumbent strand (blue),
(b) DS nucleates with the target strands toehold, (c) the random walk ’zippering’ process
begins and (d) the shorter incumbent strand is displaced by the DS.

Another form of toehold mediated strand displacement is known as toehold-mediated

strand exchange (Fig. 1.14 (a)). This is a process whereby after the displacement has taken

place a second toehold region is created.6 This is very useful for techniques such as logic gates,

as it allows for the system to become reversible and also allows for equilibrium to be a more

prominent driving force on the reaction. These processes are also known as three-way branch

migration due to the involvement of three strands, four-way branch migration is if four strands

are involved. Four-way branch migration (to be expanded upon in Section 1.6.2.4) involves two

dsDNA exchanging complementary strands, through the formation of a Holliday junction, to
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form two new dsDNA products (Fig. 1.14 (b)).266

Figure 1.14: (a) Toehold-mediated strand exchange and (b) four-way branch migration with
formation of Holliday junction.266

There are several conditions that must be considered when designing a strand dis-

placement reaction and these will be discussed in further detail in the next sections.

1.6.1.1. Random walk: DNA ‘zippering’

The strand displacement process is described to have a random walk, this is due to the

step-wise melting and hybridisation of base pairs in a random direction along a strand of DNA.

This process is highly favourable and is used in nature by enzymes such as helicases (enzymes

that are able to ’unzip’ dsDNA)267 or transcriptases (mRNA transcription enzymes).268 For

these enzymatic processes, energy is only needed at the beginning and relies completely on the

random walk process to move across the DNA. The random part of the name refers simply to

the one-dimensional (1D) nature where by it is just as likely to move forward as it is to move

backwards (left or right) along the DNA strand.

There are various kinds of random walk processes that can occur on DNA, such as

totally random walk (probability of moving left or right is 1/2), completely biased random

walk process (probability of moving in one direction is 1) and general random walk.265,269 The

general random walk is simply a model that considers the various conditions that DNA exists
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in to determine which direction would (or would not) be favoured, as there are obstacles found

on a DNA strand in nature such as DNA-bound proteins.270 This thesis will concentrate on the

totally random walk process for toehold-mediated strand displacement, where the probability

is 1/2. A probability of one half is argued to be because there are no proteins involved (in vivo)

and two equal strands are competing to hybridise on a single target strand.265,271 The factors

that affect this type of random walk process are mostly reliant on the sequence of the DNA

strands. The only time the two strands are not equal is in the presence of mismatches, these

change the thermodynamics to favour the reverse (incumbent strand displacing the DS). This

can be further exacerbated in a Holliday junction during four-way branch migration process

(see Section 1.14.

Landon et al.269 created a forward biased toehold-mediated strand displacement by

placing nt spacer, ssDNA that linked two dsDNA sequences, inside of the path of the three-

way branch migration. The nt runs helped the process by acting like new nucleation sites

for the displacement process. The inclusion of inosine, a synthetic nt, into those regions also

allowed for increased displacement rates.269 Overall, they found that with the inclusion of

new nucleation sites the rate of displacement for a 1 nt toehold was increase by 7.5 orders

of magnitude. There are however several factors that must be taken into consideration when

performing a toehold-mediated strand displacement. Control over the kinetics can allow for

more reliable and robust strand displacement reactions.

1.6.2. Toehold-mediated strand displacement reaction kinetics

The rate of strand displacement is not used to describe the rate at which each base

pair is displaced during the branch migration, rather it is used to describe the net result of the

random walk process once the reaction has reached completion. This is due to the methods

used to detect the reaction, such as fluorescence or gel electrophoresis,272 which can only be

measured once the displacement reaction has been completed. The kinetics of the toehold-

mediated strand displacement process is based on several environmental factors in addition to
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the composition of the DNA strand. Factors include: temperature, salt concentration, toehold

length and presence of mismatches, both in or after the toehold. All these factors must be

considered when designing a successful strand displacement reaction.

1.6.2.1. Temperature

DNA hybridisation kinetics are highly reliant on the temperature of the environment

the reaction takes place in, due to the non-Arrhenius nature of DNA hybridisation (see Section

1.3). The displacement rate tends to be faster the higher the temperature, much like with typical

dsDNA hybridisation. The initial nucleation of the displacing sequence to the toehold domain

on the target strand mimics the thermodynamics required for nucleation between two ssDNA.

As mentioned previously DNA tends to hybridise best at temperatures that are above 20 ◦C,

up until the Tm of the dsDNA. In order for successful nucleation, it must be stabilised by two

or three base pairs. However, the number of base pairs required for nucleation increases with

temperature.265 The displacement reaction is also possible if there is no toehold present; but

is reliant on the fraying of the end base pairs.273 Fraying is the process whereby the ends of

the DNA become unpaired and open up, although this is limited to one or two base pairs,

and should not be confused for DNA zippering, which is the exchange of base pairs during

displacement.265

1.6.2.2. Toehold properties

Zhang and Winfree6 found that the ∆G◦ was affected by the length of the toehold

as well as the sequence. In particular, toehold domains that are primarily made up of strong

binding nts (G/C) decreased the free energy of the system. This was due to the stronger hy-

bridisation forces (i.e., three hydrogen bonds compared to two for A/T) and were classified as

a strong binding site. Whereas A/T were not able to decrease the free energy to the same de-

gree as the G/C for the same number of nts. These were classified as having a weak binding
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site. Table 1.1 shows the calculated binding energies of different toehold lengths containing: a

mixture of all nts (γ), strong binding nts (γs) and weak binding nts (γw). Table 1.1 also shows

the stabilising energies of the incumbent strand based on length; the longer the strand the more

stable the displacement process becomes. From this it was determined that the more G/C rich

the toehold was, the stronger the binding of the DS to the target. As a result, this allows for the

design of toehold domains that will favour the displacement of the incumbent strand. Fig. 1.15

shows a schematic of the corresponding regions of the target strand, incumbent strand and DS

from Table 1.1. The target strand (black) consists of two regions, the toehold region (γ) and the

target sequence (β ). The incumbent strand (blue) consists only of a complementary sequence

to target sequence (β ). The DS contains both regions (γ and β ) that are complementary to the

target strand.

Figure 1.15: Diagram of the target strand (black) with toehold region γ and target sequence β

with hybridised incumbent strand (blue, β ). The DS (red) contains complementary regions to
the target strand (γ and β )

Our group has previously reported on the effects of toehold length of 5 and 9 nts.271

It was found that the displacement reaction kinetics increased as the number of nts increased.

Looking at Table 1.1 it can be seen that a toehold region of 9 nt is ∼2 times more stable

than a toehold of 5. This is to be expected as the more nts used to nucleate the DS the more

thermodynamically favourable the random walk process will be. For this thesis we continued

to use the 9-nt long toehold for the mediation of the displacement process. Lastly the location

of the toehold is very important, as it can increase or decrease the rate of displacement of

the incumbent strand. Genot et al.274 used nt spacers after the toehold to try and control the

displacement process. They used a remote toehold, which consisted of a spacer (Fig. 1.16,

grey) that was inserted between the toehold domain (Fig. 1.16, blue) and a target domain (Fig.
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Table 1.1: Calculated binding energy of different length toeholds and sequence adapted from
Zhang and Winfree.6

Toehold lengthα Binding energy
(kcal/mol)

Toehold lengthα Binding energy
(kcal/mol)

γ0 +1.9 γs1 -1.1
γ1 +0.2 γs2 -3.2
γ2 -1.7 γs3 -5.0
γ3 -3.0 γs4 -8.0
γ4 -4.7 γs5 -10.3
γ5 -6.9 γs6 -12.1
γ6 -8.3 γs7 -15.1
γ7 -9.2 γs8 -17.3
γ8 -11.9 γs9 -19.2
γ9 -12.9 γs10 -21.2
γ10 -14.8 γw1 +0.2
γ15 -21.8 γw2 -0.8
β 0 +1.2 γw3 -2.1
β 1 -0.6 γw4 -3.8
β 2 -2.7 γw5 -4.3
β 3 -4.5 γw6 -5.3
β 4 -5.6 γw7 -7.0
β 5 -6.7 γw8 -7.5
β 6 -9.5 γw9 -9.0
β 7 -10.2 γw10 -8.9
α Superscript denotes number of nts in the toehold

1.16, pink). Spacers consisted of PEG, ssDNA or dsDNA and could be used to tune the rate

of the displacement. They found that the remote toeholds were able to increase the relative

rate of displacement. They also showed that more flexible spacers, such as the PEG or ssDNA,

resulted in faster relative displacement rates.
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Figure 1.16: Genot et al.274 describes the proposed mechanism for the remote toehold. The
target strand, labeled with fluorophore (F) and quencher (Q), is displaced from the substrate
(S) by an invading strand (I). The toehold and displacement domains on both the substrate and
invading strands are separated by spacer domains. Docking of the substrate and invading
strand by hybridization of the toehold domains is followed by an internal diffusion step, which
is required to align the displacement domains and initiate the branch migration reaction by
which the target strand is displaced from the substrate. Displacement is reported by quenching
of fluorescence from the target.

1.6.2.3. Mismatches

Although temperature may determine the maximum rate of the reaction, mismatches

can have the largest impact when it comes to impeding the displacement reactions. Toehold-

mediated strand displacement relies on the sequence specificity characteristics of DNA self-

assembly.265 Kim and Broadwater275 and Zhang et al.276 have studied the effect of a mis-

match occurring within the toehold region and have found that it was possible to completely

impede the displacement process with mismatches of >2 bp. However, 1 mismatch can be

stable enough to allow for the displacement to continue.275,277

Kim and Broadwater275 designed a model that contained mismatches in a strand dis-

placement reaction at different points along the DNA and found that a single mismatch could

slow down the rate of displacement by orders of magnitude. It was found that if there was a

mismatch formed within the first 4 nts of the toehold nucleation site that the time of displace-

ment was increased from microseconds to minutes. However, if a mismatch formed >6 bps
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after the toehold region the random walk process was completely impeded (Fig. 1.17). This

shows that mismatches formed in the toehold region is more tolerated then a mismatch formed

directly after the toehold-region. Fig. 1.17 shows the order of stability with perfect match be-

ing most stable, then a single mismatch in the toehold domain and finally a toehold within 6

bps after the toehold. This implied that the specificity of the displacement process was very

important both in and around the toehold region and that if a mismatch was in the invading

DS, after the toehold region, that there was a high kinetic barrier. Although it sounds counter

initiative this can be explained by the work of SantaLucia et al.34 who had already determined

that mismatches that were closer to the terminal ends of the DNA were found to be more stable

than those further in.

Figure 1.17: Increasing time required for strand displacement reaction from (a) a perfect
match, (b) a mismatch in the toehold and (c) a mismatch within 6 bps after the toehold region.

1.6.2.4. Four-way-branch migration: Holliday junction

Four-way branch migration, as mentioned earlier, is a displacement process that in-

volves two homologous dsDNA exchanging strands.266,278 This process occurs when the two

homologous dsDNA both complementary toeholds (also referred to as tails, see Fig. 1.14).

Once nucleated the strands form a four way intermediate, known as a Holliday junction, that

essentially begins to exchange strands through the random walk process.278 High affinity, high

selectivity, and robustness are vital to any, and all, hybridisation techniques. Three-way branch

migration satisfies all three of these requirements, however SNP genotyping has been an issue
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when it comes to high selectivity.271,277

Single mismatches can form stable enough bonds to allow for strand displacement to

occur, albeit it at a slower rate, as mentioned in the previous section. Panyutin and Hsieh278

studied four-way branch migration and how mismatches affected the rates. Although both

three-way and four-way branch migration are spontaneous, four-way branch migration gave

more control over the specificity but at the cost of the displacement rate.277 This is due to two

base pairs being broken and formed at a time; as opposed to three-way where only one base pair

is broken and formed. The extra base pairing involved requires higher energy to form and thus

it is impossible for a mismatch to be sufficiently stabilised to allow for displacement to occur.

Khodakov et al.271 discovered that once the length of the DNA was increased to 80

bp, considerably longer than any other toehold-mediated strand displacement experiments done

previously, SNP was found to have very little effect on the displacement process. They also

found that the only mismatch that was able to completely destabilise the strand displacement

reaction was a mismatch that involved C residue. This is expected as cytosine is the weakest

at forming mismatches and effectively hinders the process from going to completion.67,279 A

four-way branch migration system was designed to allow for adequate discrimination of all

four possible SNPs. This was achieved by introducing a protector strand onto the displacing se-

quence. A protector strand is a short sequence that is complementary to the displacing sequence

at the region where the mismatch is liable to form. This resulted in a Holliday junction forming

where the mismatch would occur. Mismatch discrimination power was improved; however, the

implications were a slower rate of displacement.

There is one other factor that determines the rate of toehold-mediated displacement

and that is whether the DNA is immobilised. Solution and immobilised DNA strand displace-

ment reactions have been shown to have vastly different rates and applications and will be

discussed in the next sections.
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1.6.3. Solution vs surface-immobilised DNA strand displacement reactions

Toehold-mediated strand displacement is a very versatile process and can be per-

formed in solution as well on surfaces. Solution based toehold-mediated strand displacement

reactions have a clear advantage over surface-immobilised displacement reactions in terms of

speed. In solution the DNA molecules have more chance to collide and react, however at the

cost of spatial localisation. Multiplex displacement reactions in the same solution simultane-

ously requires equipment able to detect and separate multiple fluorophores. However, there is a

limitation on the number of fluorophores that can be used in tandem, due to the requirement of

discrete colours needed for accurate detection of each fluorphore.86,280 Fluorophores are most

often used for solution based toehold-mediated strand displacement due to the relatively simple

set up, DNA modification and compatibility with real-time thermocyclers. Colorimetric meth-

ods have also been developed where the reaction results in the formation of a G-quadruplex,

however this completely eliminates the ability for multiplex reactions to be detected in a single

solution.272,281

Surface immobilised toehold-mediated strand displacement reactions allow for more

varied set ups, 2D (micro-arrays and microfluidic devices) or 3D (microparticles and NP). This

gives far more control over spatial localisation, however at the cost of speed due to the require-

ment of diffusion of the DS to the target, or vice versa.282 Detection systems for surface bound

DNA are more robust, as spatial control allows for multiple displacement reactions to occur on

the same surface in isolated locations.283

1.6.3.1. Solution based toehold-mediated strand displacement reactions

In order to determine successful strand displacement in solution, often parallel detec-

tion systems such as fluorometric, colorimetric or gel electrophoresis are needed to determine

completion of the reaction.86,281 Most detection systems use fluorescent methods such as FRET,

whereby successful displacement is detected by an increase or decrease in fluorescence. The
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following section will describe several methods that have used strand displacement reaction in

solution and different detection methods of the reaction.

It has been shown that it is possible to perform genotyping on extracted DNA by

toehold-mediated strand displacement, especially gender type DNA. Amelogenin (Amel) is the

gender determining gene based on the length of the X and Y chromosomes in humans. The

X chromosome has a 6 bp deletion, making it shorter in sequence when compared to the Y

chromosome. Khodakov et al.271 used toehold-mediated strand displacement to determine the

length of the Amel. The toehold-mediated strand displacement reactions were performed using

human DNA that had been amplified using PCR. The PCR process allowed for the introduction

of a toehold after digestion with an enzyme. The forward primer was labelled with a fluorophore

and the reverse contained deoxyuracil (dU) at position 5 (dU5), 9 (dU9) or both (dU5,9) (Fig.

1.18 (a)(i)). After PCR was completed the PCR product was digested with the enzyme uracil-

DNA glycosylase (UDG) which catalysed the release of uracil from the PCR product (Fig. 1.17

(a)(i)).

After the uracil had been removed, the shorter sequences (3, 4 or 7 bp) were no longer

stable enough to stay hybridised and became ssDNA, leaving a toehold of 5 or 9 nts long. Fig.

1.18 (b(ii)) shows that once the toehold has successfully been created, the toehold-mediated

strand displacement is able to proceed. The dU9 and dU5 were not as successful at displacement

as the dU5,9 displacement. The dU5 toehold was only 5 nts long and therefore the nucleation of

the displacement strand was not as stable as the dU9 toehold of 9 nts long. This is to be expected

as a 9 nt toehold is almost twice as stable than a 5 nt long toehold (Table 1.1). The digestion

of dU5,9 created two shorter protecting sequence with a low melting temperature of (Tm <10

◦C), much lower than that of the dU9 (45.3 ◦C) and therefore successfully dissociated at a

lower temperature (30 ◦C). This in turn allowed for the toehold-mediated strand displacement

to become more efficient at the 30 ◦C, which was the temperature the experiments were run at.

This work also showed how selective the toehold mediated strand displacement process can be.
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Although the X and Y Amel is only different by 6 nts, it was possible to displace all

the X without affecting the Y, with only half the male sample being displaced. Another article

published by this group showed that it was also possible to determine the gender by looking at

the melting data alone. Fig. 1.18 (b)(ii) shows the fluorescence results that show it fluorescence

is easily distinguishable between the X and Y chromosome based on the integrated fluorescence

(dF/dT) vs temperature (◦C) (Fig. 1.18 (b) (ii)). Male DNA can be clearly identified by the

melting peaks only being half the size of the female toehold-PCR + Xi, which would have

resulted in complete displacement.

Issues however did arise when trying to displace a sequence that had a singular mis-

match such as a SNP. They attempted to genotype mitochondrial DNA using toehold-mediated

strand displacement. It was found that they were able to distinguish between four different

samples using a SNP-T displacing sequence that contained an A at the SNP position. How-

ever, with SNP-C (G at the SNP position) they were unable to distinguish between any of the

samples. This is supported in literature that A•G and T•G cause minor disruption to the back-

bone of the dsDNA helix and therefore there is not enough energy difference to destabilise the

displacement process.10,66

Zhang et al.281 designed a toehold-mediated strand exchange process that used G4s

as a strand displacement facilitator. The formation of the G4 was amplified as more displace-

ment reactions took place. This strand displacement facilitation was achieved by including a

G-rich sequence, encoded for an ATP aptamer, on the ends of the incumbent strand which was

partially hybridised to the target strand. Once ATP was added to the system the G4 folded and

exposed more of the target strand, the incumbent strand was then the correct length to be com-

pletely displaced from the target strand. They were able to detect the displacement by using a

FRET detection system. In the same work they also used the G4 system as a detection system

and streptavidin, a protein with high affinity for biotin, as a strand displacement facilitator. In

order to do this the G4 sequence was split between the target strand and the DS, so that only

once the displacement reaction was completed the G4 formed. Once formed they used hemin
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Figure 1.18: (a) Schematic for creating a toehold (i) and performing toehold-mediated strand
displacement (ii) and (b)toehold-mediated strand displacement of Amel for both male and
female DNA and the integration of the melting curve.271

and ABTS to detect the G4. In order to facilitate the strand displacement reaction, the incum-

bent strand was modified to contain a biotin molecule. Streptavidin was added to the solution

and binds to the biotin on the strand. Once bound the incumbent stand/target duplex’s Tm was

lowered to below the DS/target duplex Tm. This shifted the strand displacement equilibrium

to the completed reaction. Adding a second biotin shifted the equilibrium even further, as it

affected the second toehold binding region.

Park et al.272 created a toehold-mediated strand exchange technique that relied on

a DNAzyme, that was activated in the presence of Cu2+ ions, to release the DS. Once the

incumbent strand was displaced a G4 formed in the presence of hemin, which was detected

with ABTS. Once the DS was released a second toehold region was created that allowed for a

second DS to nucleate and displace the initial DS. The original DS could then go on to displace

more incumbent strands. This is useful for signal amplification as it relies on a cascade effect

to increase the concentration of G4s present.
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1.6.3.2. Surface-immobilised DNA strand displacement reactions

Surface capturing of DNA is useful for screening subtle differences in genomic DNA

and can be performed on 2D and 3D surfaces. These techniques can be used for highly efficient

selection, separation and enrichment of DNA from a crude mixture. Examples of techniques

that use 2D surface immobilised DNA are DNA microarrays. These can be used to detect

mutations in DNA extracted from organisms.

1.6.3.3. 2D surface DNA strand displacement reactions

There are a variety of surfaces that DNA has been immobilised on, such as silica,

silicon and gold to name a few. This section will discuss the diverse ways that toehold me-

diated strand displacement has been performed on surfaces 2D flat surfaces. Wang et al.284

immobilised DNA that contained a toehold onto a quartz crystal balance that was able to detect

SNPs with great efficiency. This was achieved by having the target attached to the surface con-

tain a hairpin loop, that could only be opened if the correct sequence successfully nucleated.

Once open a second strand was able to hybridise with the now open hairpin loop and this was

detectable by the quartz crystal balance. This method was sensitive down to 25 nM and could

distinguish SNPs reliably.

Hwang et al.285 designed a system that relied on fluorescently tagged target DNA

being grafted to graphene. This allowed for a two-fold identification of successful displace-

ment reactions. When a successful displacement occurred, the fluorophore was activated when

the quencher tagged incumbent strand was displaced, as well as a distinct change in a current-

voltage (I-V) curve. However, these techniques were limited to a few samples at one time.

Others have developed methods that can be used to detect a large variety of strand displacement

reactions of surfaces by using microarrays. Microarrays are made up of many defined spots of

immobilised ssDNA on a surface, that allow for the analysis of multiple DNA sequences.286

Fig 1.19 shows a typical schematic of a DNA microarray, with each spot containing a different
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immobilised sequence. After immobilisation a solution containing many ssDNA sequences,

tagged with a fluorophore to allow for identification, is washed over, and only complementary

sequences will hybridise and be captured on the microarray. Upon identification it is possi-

ble to know the sequence of the DNA based on which spot fluoresces, this being useful for

identification of a large amount of mutations or to resolve an individual’s DNA in a complex

mixture using one microarray. Using microarrays, SNPs have successfully been genotyped,

however the process is slow and requires specialised equipment. As long as the sequences are

unique enough, i.e., have a mutation (≥1 bp) such as an SNP, the DNA microarrays function

appropriately.148

Figure 1.19: Schematic of a DNA microarray, where each spot has a different sequence
immobilised on the surface.287

Issues arise when analysing regions of DNA that contain multiple repeats of the same

sequence. Human identification, most often used in forensic cases, identify multiple known

short tandem repeats (STRs) sequences. STRs are comprised of a short sequence being repeated

multiple times, and the number of repeats is different between individuals. The main issue is
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determining subtle differences such as comparing 9 to 10 repeats, due to the 9 repeats being able

to bind strongly to a region containing 10 repeats, and vice versa, on the microarray. Kemp et

al.288 used enzymes to digest any overhanging sequences after the hybridisation of the targets to

capture probes, effectively removing any fluorescent probes from regions that contained capture

probes smaller than the target, and only hybridised DNA was the probes that related to the exact

length and higher of the STR. Issues arose from the lack of complete degradation of sequences

where the probe was only one repeat smaller than the target. The complementary probe was

found to only be 1.6 times brighter than the one repeat smaller probe. This method was only

tested for synthetic DNA that did not contain the number of repeats found in real-life DNA and

is yet to be tested using extracted DNA.

Pourmand et al.289 developed a microarray based on three-way branch migration that

relied on repeated strand displacement to remove any DNA that was not 100% complementary

in length. Fig. 1.20 shows the technique: (i) probes are immobilised on the surface of the

microarray, (ii) the addition of the target for initial hybridisation, (iii) and (iv) add the first

competing probe to remove strands longer than the capture probes, (v) addition of the second

competing probe removes all targets shorter than the capture probe and (vi) only the comple-

mentary sized target remains hybridised to the surface. This showed promise as the length

complementary probe was 2.8 times brighter than the probes that were longer and shorter than

the capture probe. This system is more reliable for genotyping using real-life DNA. Fig. 1.20

(b) is an example of a microarray that shows that only the 9 and 10 repeats remain and Fig 1.20

(c) is the histogram representing the remaining fluorescence in the microarray, indicating that

the samples were of 9 and 10 repeats in the STR.

1.6.3.4. 3D surface immobilised DNA strand displacement reactions

Microbeads or NPs are a 3D version of the surface immobilisation technique, that can

be used in much a similar way as the microarrays. This thesis will focus on toehold-mediated

strand displacement techniques used with microbeads.
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Figure 1.20: (a) Schematic representation of STR genotyping in a micro-array. First capture
probes for all potential lengths of a STR are immobilised onto a surface in (i) and an unknown
target STR is added and hybridises with all capture probes (II). 1st competing strand is added
to displace any target STR that is too long for capture probe (iii) and (iv) and 2nd competing
strand is added to displace any target STR that is too short for the capture probe (v) leaving
only fully complementary target STR (vi). (b) An example of a micro-array that shows only 9
and 10 repeats remain after both 1st and 2nd competing strands are added. (c) Histogram of
intensity of fluorescence of microarray.289

Khodakov et al.290 used microbeads (order of 1 µm) to capture and selectively re-

lease STRs based on a lock and key system. Fig. 1.21 shows the capture probes on the surface

allowed for capture of PCR product, that contained a PEG linker with a target sequence. Once

captured a toehold was created by the difference in length of the capture probe (24 nts) and

the target sequence (18 nts). The toehold essentially now being “locked”, required the addition

of a displacing sequence that was exactly complementary in sequence and length, the key, to

displace the captured sequence. This meant that multiple sequences could be captured on the

surface of the beads and have selective release of each unique sequence for analysis. This tech-

nique was improved upon later by the same group and used the rate accelerator PEG 6000 to

increase the rate of displacement from the surfaces, overcoming the diffusion issue that is faced
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Figure 1.21: Schematic of the capture of the ds-PCR products tagged with ss-ODN with
following sequences selective release via toehold- mediated DNA strand displacement
reaction. Domains a and a’, and b and b’ are self-complementary.290

when performing displacement reactions from surfaces.291

Yao et al.262 designed a system that used nanoparticles (NPs) and strand displace-

ment to genotype DNA (Fig. 1.22). Fig. 1.22 shows a gold nanoparticle (AuNP), refered to

as AuNP-1, was modified to allow the attachment of linker protector complex, that contained

the domains α and β . This could nucleate with a displacing sequence that contained a second

AuNP-2, containing the domain α . Once the protector group was displaced, it then goes on to

take place in a second displacement reaction. The second reaction involved dsDNA that con-

tained a quencher/fluorophore system, so once the displacement reaction had taken place the

fluorophore became fluorescent again and could be used to detect the kinetics of the reaction.

Toehold-mediated strand displacement shows great promise as a genotyping tool. The issues

that have to be overcome are the lack of sensitivity to SNPs. This thesis will discuss a possible

route for this in Chapter 3.

All these techniques show that G4s and toehold-mediated strand displacement are
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Figure 1.22: Schematic of the surface immobilised toehold-mediated strand displacement
technique, designed by Yao et al.262

useful techniques for genotyping and biosensing. However, this thesis will now discuss the

impact that DNA may have as an antimicrobial. There is research that suggests that natural

polymers are able to be used as antimicrobials and this thesis will now discuss those in more

detail.

1.7. Strategies to combat biofilms using synthetic and natural polymers

This section will discuss a possible use of DNA as an antimicrobial, an unexplored

alternative to common antimicrobials. The main target is biofilms, which are bacterial aggre-

gates that have been found to cause a range of issues for the medical sector. Due to antibiotic

resistance arising in bacteria there have been attempts to find alternatives that can target bacte-

ria.

1.7.1. Bacteria and biofilms

Bacteria (and fungus) exist in two distinct states, planktonic (single cells free in so-

lution) and sessile aggregates (biofilm).292 Sessile aggregates are able to excrete a protective

layer of mucilage that encapsulates cells onto the surface, known as a biofilm. Biofilms are
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comprised mostly of DNA, proteins and polysaccharides, known as extracellular polymeric

substance (EPS), which are excreted from cells.293 This allows for bacterial cells to prolifer-

ate and harbour persister cells, a small population of metabolically dormant cells that are able

to survive antimicrobial treatment.294 Antimicrobial resistant cells can be dangerous when it

comes to pathogenic microbial biofilms, causing chronic infection which can be difficult to

identify and treat.295

1.7.2. History of biofilms

Biofilms have been known about in one way or another since 1684 when Leeuwen-

hoek described ’animal’ in plaque, a sticky film, found on teeth, making it the first observation

of microbial aggregates.296 It was not until 1933 that microbial aggregates were first imaged

by micrograph.297 The first time biofilms were linked with infection was by HØiby and Olling

in 1977 after they noticed ’bacterial clumps’ in the lungs of patients with chronic cystic fibro-

sis.298 In 1981 biofilms were found to form even under high velocity fluid conditions, but only

after the surface had been conditioned with EPS, which meant that EPS was vital for the forma-

tion of a permanent biofilm.299 In 1987 Costerton et al.300 described the bacteria in glycocalyx

and how it allowed for pathogens to adhere to surfaces and persist. Costerton et al.301 went

on to describe biofilms as a structured community of bacterial cells enclosed in a self-produced

polymeric matrix. Bigger302 investigated the mechanism of penicillin treatment of bacteria and

determined that there were cells that were not resistant but ultimately still survived treatment.

These were termed persister cells. Persister cells are described as biologically dormant and do

not divide.

Moyed et al.303–306 identified genes in Escherichia coli (E. coli) that were responsible

for persister cells. For many years persister cells in biofilms had largely been ignored, until

Lewis linked them to antimicrobial resistance in biofilms.307,308 In the last two decades it has

been established that persister cells and biofilms form under physiological stress, in particular

starvation. This has led to the increase of antibiotic resistance and often arises due to the

59



continued survival of the colonies after multiple antibiotic treatments.309,310 The next section

will discuss how biofilms and persister cells have led to chronic infections that are extremely

difficult to treat.

1.7.3. Life cycle of biofilms

The biofilm life cycle can be broken down into five distinct phases.311 The first phase

is to condition the surface that will allow for the attachment of the bacteria and subsequent

growth of the biofilm. This can be done either through adsorption of molecules from the envi-

ronment or excretions from the microbes.292,312 An important aspect of the surface conditioning

phase is to make these conditions favourable for cell adhesion. Some bacteria have been found

to excrete DNA, as a method for conditioning the surface, through autolysis.313,314 DNA from

those cells then coats the surface and allow for the second phase to begin. It has been seen that

treatment of surfaces with DNase (enzyme that degrades DNA) can prevent the occurrence of

biofilms.

The second phase is the reversible adhesion stage whereby the microbes absorb to

the surface by physical forces or appendages (e.g., flagella). Flagella have been found to be

mechanosensory and allow for bacteria to sense a surface and then attach.315 Several factors in-

fluence whether or not the cells adhere to the surface these include available energy, orientation,

temperature and pressure. Surface functionality can also influence adherence to the surface, and

so researchers often try to make surfaces less favourable for bacterial adhesion. The forces that

are involved with adhesion are van der Waals forces, steric interaction and electrostatic (double

layer) interactions. These are referred to as Derjaguin, Verwey, Landau and Overbeek (DLVO)

theory.316 This theory is used to describe how all the forces, including hydrophobic and hy-

drophilic, balance to allow for the cells to physiosorb (physically absorb) to the surface.

The third phase is the irreversible adhesion, where the cells are immobilised onto the

surface, and is reliant on hydrophobic-hydrophilic interactions.317 Bacteria are able to extend
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flagella, or in some cases DNA, that allow them to overcome any unfavourable hydrophilic-

hydrophobic interactions and condition the layer even after adhering to the surface. Afterwards

the fourth phase begins, population growth, where adhered cells undergo binary fission to in-

crease and spread population on the surface.318 This is typically in a mushroom shape allowing

for the passage of nutrients to bacteria that exist at the surface of the biofilm.314 A lag phase is

observed before an exponential growth phase that allows for rapid population growth. To allow

for strong adhesion between the rapidly increasing cells polysaccharide polymers and divalent

cations are used. The final stages of biofilm development is reached when the cell division rate

is balanced by the cell death rate. Then the dead cells are released by the excretion of enzymes

that break down the biofilm and release cells back into the environment. This phase also sees

the cells released for colonisation of new surfaces.319 Fig. 1.23 shows a simplified schematic

of the five stages.

Figure 1.23: Life cycle of biofilm: (a) layer conditioning, (b) reversible adhesion, (c)
irreversible adhesion, (d) population growth and (e) final stage development.

1.7.4. Chronic infection

Chronic infections have been linked to the persisting pathology of biofilms. However

this connection has only been made recently.300,301,320,321 It has been determined that chronic

infections do not occur when planktonic microbials are present, these are able to be eradicated

by antimicrobial treatments fairly easily. Chronic infection only occur when biofilm forming

colonies are present.321 Chronic infections are characterised by slower progression compared

to that of acute infections, ambiguous symptoms (inflammation and tissue damage), and are

very difficult to treat with antibiotics. This can make it very difficult to research new treat-

ments. Combating chronic infections inside of the body has been extremely difficult due to

61



the starvation response, whereby bacteria become more tolerant to antibiotics in the absence of

a food source.310 As the hosts defences (immune system) and proliferating bacteria consume

all available nutrients the increased scarcity results in the activation of the starvation response.

This can lead to a decrease in the effectiveness of antibiotics, having a further affect of increas-

ing the likelihood of antibiotic resistant genes evolve. In biofilms, this is more likely to occur as

it is difficult for nutrients to penetrate into the biofilm. It has been found that in particular beta-

lactam antibiotics are unable to penetrate biofilms and require higher doses to be effective.322

Therefore, the starvation response in conjunction with decreased antibiotic penetration can re-

sult in the emergence of antibiotic resistant bacteria. In turn this has the possibility to produce

antibiotic resistant microbials, such as methicillin-resistant Staphylococcus aureus (S. aureus)

(MRSA), known as super bugs and can cause severe problems such as bloodstream infections,

pneumonia and surgical site infections.323,324

1.7.5. Antimicrobials and antifouling

Biofilms are a major threat to patients who have undergone any type of surgery or

insertion of a foreign medical device (catheters and pacemaker) as it is one of the major sources

of chronic infection.295,325,326 There has been a great deal of research to try and reduce the

prevalence of biofilms in these situations by trying to make more effective antimicrobials or

antifouling surfaces. The next sections will discuss new antimicrobials and antifouling surfaces.

1.7.5.1. Antimicrobials

The most commonly known antimicrobials are antibiotics. Antibiotics, such as peni-

cillin, have been used since the 1940’s to treat and prevent bacterial infections.326,327 Antimi-

crobials can act in one of two ways: 1) kill any bacteria or 2) inhibit the growth, both of which

are helpful in allowing the body’s own immune system to eradicate bacterial infection.328–330

There have been many different classes of antibiotics designed and synthesised that allow for
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treatment of almost all bacterial infections. Incorrect and overuse of antibiotics has led to the

rise of antibiotic resistant bacteria. The World Health Organisation (WHO)331 has reported that

E. coli, K. pneumoniae (K. pneumoniae), S. aureus, and Staphylococcus pneumoniae (S. pneu-

moniae) are the most common to have antibiotic resistance. Some countries are reporting up to

82% of infections being antibiotic resistant as of 2018, an unprecedented percentage. Another

issue that is cause for concern is that there are very few new antibiotic discoveries in recent

years, an issue that could mean that one day antibiotics will become ineffective entirely.332

Consequently, a new class of antibacterial agents must be developed, as there are very few an-

timicrobials currently that are compatible with treating in vivo infections.333 Antiseptics are

a type of broad antimicrobial that kill bacteria and are most often used by applying (through

cream or gel) to open wounds.334 General antiseptics include silver, hydrogen peroxide, provi-

done iodine, chlorohexidine and Dakin’s solution (most effective against S. aureus).335,336 The

main issue with these antiseptics is the damage to human tissue if not used correctly, for exam-

ple hydrogen peroxide is more harmful to fibroblasts than bacteria and is not recommended for

open wound treatment.320

Silver is one of the oldest antiseptics and has been used with varying success to treat

bacterial infections. For centuries silver dressings (such as bandages) have been used to keep

open wounds clean and has been found to have multiple pathways to kill bacteria. The multiple

pathways reduce the chance of microbial resistance whilst being much less toxic to human

tissue.337 Although useful there are several limitations. In order to prevent becoming toxic to

humans the silver concentration must be controlled, the area of effect is limited to the area of

a bandage and requires reapplication due to inactivation. This last limitation is an issue due

to silver bandages being used commonly for treatment of burn wounds, which can become

infected very quickly.338,339 However, like antibiotics, silver resistant bacteria have begun to

emerge and making it far more difficult to treat open wounds.340

More recently, NPs have been shown to have antimicrobial effects that outpace other

antiseptics or antibiotics, whilst being far less toxic to human cells. It is thought that due
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to the high surface area of the NPs they can be used in lower concentrations to achieve the

same results as other antimicrobials. Qi et al.341 created chitosan with copper loaded NPs

that showed antibacterial activity at sub-µg/mL levels. Azam et al.342 and Adams et al.343

investigated the antibacterial effect of gold and palladium NPs, respectively, and determined

that the size of the NPs had to be the correct size to penetrate the cell wall of the bacteria. NPs

have also been found to be useful when trying to prevent biofilm formation. De Faria et al.344

were able to prevent biofilm formation by exposing bacteria to graphene with biogenic silver

NPs while Kalishwaralal et al.338 achieved the same using silver NPs.

Treating preformed biofilms has been far more difficult, often requiring complex NPs

such as silver-gold bimetallic NPs to disrupt a biofilm. Mu et al.345 designed NPs that were

loaded with the antibiotic gentamicin, which allowed for more effective eradication of already

formed biofilms. The NPs were far more effective than gentamicin alone, showing promise

for eliminating persister cells using already well-established antibiotics. From this it can be

concluded that NPs can act as drug delivery vehicles, that transport antimicrobials across the

biofilm. By encapsulating the antibiotics with the NPs there is less chance of being inhibited by

enzymes or sticking to EPS. The local release also reduces the side affects to the host, in these

cases humans. Polymer NPs have also been used as antimicrobials. Beyth et al.346 synthesised

polyethylenimine NPs which showed bactericidal effects even when encapsulated in a biofilm.

The NPs were found to be effective in both in vivo and in vitro with high biocompatibility.

There have also been attempts to use polymers to combat bacteria and biofilms. Lo-

cock et al.,344 fabricated polymers that were efficient at removing biofilms by mimicking bi-

ological systems. They developed a system to remove biofilms, that were found to be bio-

logically compatible, consisting of positively charged guanylated polymethacrylates. The same

group further expanded this work to look at how changing the end groups of the polymers to see

if there was a change in antimicrobial activity.347 They found that attaching a cyanovaleric acid

and long lipophilic tail increased the antimicrobial potency against both bacteria and fungus.

The polymers were even found to be effective against dual-resistant strains of bacteria, such as
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vancomycin intermediate S. aureus (VISA). This shows that minor alterations to structure of

antimicrobials can influence the antimicrobial activity.

Researchers have also explored using naturally occurring antimicrobials systems con-

sisting of the synergetic relationship of peroxidase enzymes (e.g., lactoperoxidase or myeloper-

oxidase), hydrogenperoxide (H2O2), and thiocyanate ion (SCN-)348 The resulting hypothio-

cyanite ion (OSCN-) product has been shown to have antimicrobial activity. The production of

the OSCN- is tolerated by the host cells but not invading bacterial cells.349 However, Klebanoff

et al.350 determined that the components found in growth media often inhibited the antimicro-

bial activity by reacting with the (OSCN-) before being able to reach bacterial cells, making it

difficult to study in laboratory settings. The issue that faces all these techniques is toxicity to

organisms being treated. As a result it would be preferred to prevent the occurrence of biofilms

rather than to treat them once formed.

1.7.5.2. Antifouling surfaces

As the adage goes ’prevention is better than a cure’ and researchers have attempted

to prevent the formation of a biofilm rather than trying to eradicate the bacteria after a biofilm

has formed. One approach has been to immobilise antibiotics to the surface however this still

has the same limitations when dealing with antibiotic resistant bacterial strains.

Hickok and Shapiro351 immobilised antibiotics onto surgical implants and found that

it was able to decrease adhesion of bacteria, while still allowing for the adhesion of human

osteoblastic cells. Another approach was to immobilise bactericidal polymers to a surface that

killed any bacteria that came into contact with it.352 The main issue with these surfaces is

that once enough bacteria have been killed, the surfaces become inactive and the bacteria are

eventually able to adhere and proliferate.

Others have used microtopographies on surfaces that either prevent the adhesion of

bacteria to the surface or have bactericidal properties.353 These microtopographies prevent ad-
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hesion of bacterial cells and are commonly used in nature by a variety of different macroorgan-

isms. The most commonly cited is the lotus leaf, which create extreme hydrophobic interactions

on the surface that prevent the bacteria from getting close enough to the surface to adhere (due

to DLVO)354. Dickson et al.355 nanopatterned nanopillars of poly(methyl methacrylate) to

both prevent the adherence of bacterial cells and also kill any bacteria that were able to adhere

to the surfaces.

All these approaches have had very little success, with most surfaces becoming fouled

eventually over time. This can be attributed to the first stage of the biofilm formation, where the

bacteria condition the surface. Surfaces that kill bacteria by damaging the cell wall can help this

process as bacteria often lyse themselves to condition the surface, essentially hiding the surface

modifications.311 There are multitude of ways to combat bacterial biofilms, but none have yet

tried to use DNA. In this thesis we explore the use of G4 aptamer peroxidase-mimicking activity

to try eliminating bacterial growth inside of biofilms.

1.8. Summary

Chapter 1 has explored how DNA can be used as a tool for structural or analytical

purposes. Dynamic DNA processes are crucial steps for more reliable genotyping and biocom-

puting, having already been implemented in DNA arrays and logic gates. Toehold-mediated

strand displacement shows great promise in the fields of DNA genotyping. With the robustness

and reliability being almost unmatched. This technique is possible in solution as well as on

surfaces, which offers a variety of applications for this single process. The only issues faced

with this technique are cheaper alternatives to fluorophores and increased speeds, especially

on surfaces where it can take hours for complete displacement to occur. This thesis develops

an improved toehold-mediated strand displacement genotyping technique by using different

fluorophores and the intercalator ethidium bromide (Chapter 3).

There are many secondary structures, simple and complex, that can be formed by
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DNA depending on length, sequence and environmental conditions. Understanding how these

secondary structures form is key to designing successful experiments that rely on DNA struc-

ture formation. The most relevant structure for this thesis is the G4, which has many appli-

cations for biosensing. G4s show great promise as aptamers that could replace therapeutics

and well-established reporter fluorophore systems. It is important to understand the dynamics

of the peroxidase-mimicking activity as it will lead to the development and evolution of new

sequences that have increased DNAzyme activity. These new sequences will make to cheaper,

more robust alternative to the already established ELISA. The work in this thesis investigates

G4 sequences with increased peroxidase-mimicking activity by using the GA established by

Ikebukuro et al,215 as well as possible applications for G4s such as in biosensors or as antimi-

crobials (Chapters 4, 5 and 6).
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bition of hepatitis B virus specific DNA polymerase by intercalating agents. Medical

Microbiology and Immunology 1980, 168, 25–34.

[113] Bianco, P. R.; Brewer, L. R.; Corzett, M.; Balhorn, R.; Yeh, Y.; Kowalczykowski, S. C.;

Baskin, R. J. Processive translocation and DNA unwinding by individual RecBCD en-

zyme molecules. Nature 2001, 409, 374–378.

79



[114] Finkelstein, I. J.; Visnapuu, M.-L.; Greene, E. C. Single-molecule imaging reveals mech-

anisms of protein disruption by a DNA translocase. Nature 2010, 468, 983–987.

[115] Paramanathan, T.; Vladescu, I.; McCauley, M. J.; Rouzina, I.; Williams, M. C. Force

spectroscopy reveals the DNA structural dynamics that govern the slow binding of Acti-

nomycin D. Nucleic Acids Research 2012, 40, 4925–4932.

[116] Pohl, F. M.; Jovin, T. M.; Baehr, W.; Holbrook, J. J. Ethidium Bromide as a Cooperative

Effector of a DNA Structure. Proceedings of the National Academy of Sciences 1972,

69, 3805–3809.

[117] McMurray, C. T.; van Holde, K. E. Binding of ethidium bromide causes dissociation of

the nucleosome core particle. Proceedings of the National Academy of Sciences of the

United States of America 1986, 83, 8472–6.

[118] Shearer, C. J.; Yu, L. P.; Fenati, R.; Sibley, A. J.; Quinton, J. S.; Gibson, C. T.; Ellis, A. V.;

Andersson, G. G.; Shapter, J. G. Adsorption and Desorption of Single-Stranded DNA

from Single-Walled Carbon Nanotubes. Chemistry - An Asian Journal 2017, 12, 1625–

1634.

[119] Benvin, A. L.; Creeger, Y.; Fisher, G. W.; Ballou, B.; Waggoner, A. S.; Armitage, B. A.

Fluorescent DNA nanotags: supramolecular fluorescent labels based on intercalating dye

arrays assembled on nanostructured DNA templates. Journal of the American Chemical

Society 2007, 129, 2025–34.

[120] Greschner, A. A.; Bujold, K. E.; Sleiman, H. F. Intercalators as molecular chaperones

in DNA self-assembly. Journal of the American Chemical Society 2013, 135, 11283–

11288.

[121] Hayashi, M.; Harada, Y. Direct observation of the reversible unwinding of a single DNA

molecule caused by the intercalation of ethidium bromide. Nucleic Acids Research 2007,

35, e125.

80



[122] Nojima, T.; Kondoh, Y.; Takenaka, S.; Ichihara, T.; Takagi, M.; Tashiro, H.; Mat-

sumoto, K. Detection of DNA hybridization by use of a lanthanide fluorescent intercala-

tor that specifically binds to double stranded DNA. Nucleic Acids Research Supplement

105–106.

[123] Murade, C. U.; Subramaniam, V.; Otto, C.; Bennink, M. L. Interaction of oxazole yel-

low dyes with DNA studied with hybrid optical tweezers and fluorescence microscopy.

Biophysical Journal 2009, 97, 835–843.

[124] Paik, D. H.; Perkins, T. T. Dynamics and multiple stable binding modes of DNA inter-

calators revealed by single-molecule force spectroscopy. Angewandte Chemie - Interna-

tional Edition 2012, 51, 1811–1815.

[125] Günther, K.; Mertig, M.; Seidel, R. Mechanical and structural properties of YOYO-1

complexed DNA. Nucleic Acids Research 2010, 38, 6526–6532.

[126] Sischka, A.; Toensing, K.; Eckel, R.; Wilking, S. D.; Sewald, N.; Ros, R.; Anselmetti, D.

Molecular mechanisms and kinetics between DNA and DNA binding ligands. Biophysi-

cal Journal 2005, 88, 404–411.

[127] Rocha, M. S.; Ferreira, M. C.; Mesquita, O. N. Transition on the entropic elasticity

of DNA induced by intercalating molecules. Journal of Chemical Physics 2007, 127,

105108.

[128] Ughetto, G.; Wang, A. H.; Quigley, G. J.; van der Marel, G. A.; van Boom, J. H.; Rich, A.

A comparison of the structure of echinomycin and triostin a complexed to a DNA frag-

ment. Nucleic Acids Research 1985, 13, 2305–2323.

[129] Wang, A. H.; Ughetto, G.; Quigley, G. J.; Rich, A. Interactions between an An-

thracycline Antibiotic and DNA: Molecular Structure of Daunomycin Complexed to
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Selection and versatile application of virus-specific aptamers. The FASEB Journal 2010,

24, 4187–4195.

[221] Sundaram, P.; Kurniawan, H.; Byrne, M. E.; Wower, J. Therapeutic RNA aptamers in

clinical trials. European Journal of Pharmaceutical Sciences 2013, 48, 259–271.

[222] Apte, R. S. Pegaptanib sodium for the treatment of age-related macular degeneration.

Expert opinion on pharmacotherapy 2008, 9, 499–508.

[223] Sarai, A.; Kono, H. Protein-DNA Recognition Patterns and Predictions. Annual Review

of Biophysics and Biomolecular Structure 2005, 34, 379–398.

[224] Chai, C.; Xie, Z.; Grotewold, E. SELEX (systematic evolution of ligands by exponen-

tial enrichment), as a powerful tool for deciphering the protein-DNA interaction space.

Methods in Molecular Biology 2011, 754, 249–258.

[225] Travascio, P.; Li, Y.; Sen, D. DNA-enhanced peroxidase activity of a DNA aptamer-

hemin complex. Chemistry and Biology 1998, 5, 505–517.

[226] Einarson, O. J.; Sen, D. Self-biotinylation of DNA G-quadruplexes via intrinsic peroxi-

dase activity. Nucleic Acids Research 2017, 45, 9813–9822.

[227] Pfeiffer, F.; Tolle, F.; Rosenthal, M.; Brändle, G. M.; Ewers, J.; Mayer, G. Identification
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Chapter 2

Methods and materials

2.1. Synopsis

This chapter contains the information pertaining to the materials, reagents as well as

experimental procedures and characterisation techniques used in Chapters 3, 4, 5 and 6. All

relevant methods that are used throughout this thesis are described herein, with an explanation

of characterisation methods.

106



2.
2.

M
at

er
ia

ls

2.
2.

1.
C

he
m

ic
al

sa
nd

re
ag

en
ts

A
ll

ch
em

ic
al

s
an

d
re

ag
en

ts
us

ed
in

th
is

th
es

is
ca

n
be

fo
un

d
in

Ta
bl

e
2.

1,
w

ith
de

ta
ils

of
pr

ep
ar

at
io

n
an

d
st

or
ag

e
co

nd
iti

on
s.

Ta
bl

e
2.

1:
L

is
to

fc
he

m
ic

al
s

an
d

re
ag

en
ts

.

N
am

e
M

an
uf

ac
te

re
r

A
dd

iti
on

al
in

fo
rm

at
io

n
ra

te

R
ev

er
se

O
sm

os
is

w
at

er
(R

O
)

N
ot

ap
pl

ic
ab

le
Pr

ep
ar

ed
by

fil
te

ri
ng

th
ro

ug
h

a
se

m
i-

pe
rm

ea
bl

e
R

O
m

em
br

an
e

(1
8.

2
M

Ω
cm

)
M

ill
i-

Q
w

at
er

N
ot

ap
pl

ic
ab

le
Pr

ep
ar

ed
by

fil
te

ri
ng

th
ro

ug
h

re
si

n
m

em
br

an
e

fil
te

rs
to

a
re

si
st

iv
ity

of
18

.6
M

Ω
cm

D
im

et
hy

ls
ul

fo
xi

de
(D

M
SO

)
Si

gm
a-

A
ld

ri
ch

,U
SA

U
se

d
as

pu
rc

ha
se

d
10

,0
00

X
SY

B
R

T
M

Sa
fe

T
he

rm
ofi

sh
er

Sc
ie

nt
ifi

c,
U

SA
D

ilu
te

d
in

TA
E

-b
uf

fe
rt

o
1X

1-
et

hy
l-

3-
(3

-
di

m
et

hy
la

m
in

op
ro

py
l)

ca
r-

bo
di

im
id

e

Si
gm

a-
A

ld
ri

ch
,U

SA
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

-2
0
◦ C

2-
(4

-m
or

ph
ol

in
yl

)
et

ha
ne

su
l-

fo
ni

c
ac

id
hy

dr
at

e
(M

E
S)

Si
gm

a-
A

ld
ri

ch
,U

SA
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

to
m

ak
e

bu
ff

er
(s

ee
Ta

bl
e

2.
3)

2,
2’

-a
zi

no
-b

is
(3

-
et

hy
lb

en
zo

th
ia

zo
lin

e-
6-

su
lf

on
ic

ac
id

)d
ia

m
m

on
iu

m
sa

lt
(A

B
T

S)

W
ak

o
Pu

re
C

he
m

ic
al

In
-

du
st

ri
es

L
td

,U
SA

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
to

10
m

M

3,
3’

,5
,5

’-
te

tr
am

et
hy

lb
en

zi
di

ne
(T

M
B

)
W

ak
o

Pu
re

C
he

m
ic

al
In

-
du

st
ri

es
L

td
,U

SA
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

to
40

0
µ

M

30
%

ac
ry

la
m

id
e/

B
is

so
lu

tio
n

B
io

-R
ad

L
ab

or
at

or
ie

s,
U

SA
U

se
d

as
pu

rc
ha

se
d

4-
(2

-h
yd

ro
xy

et
hy

l)
-1

-
pi

pe
ra

zi
ne

et
ha

ne
su

lf
on

ic
ac

id
(H

E
PE

S)

W
ak

o
Pu

re
C

he
m

ic
al

In
-

du
st

ri
es

L
td

,U
SA

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
to

1
M

A
ga

rp
ow

de
r

Si
gm

a-
A

ld
ri

ch
D

is
so

lv
ed

in
R

O
w

at
er

to
m

ak
e

M
ue

lle
r-

H
in

to
n

ag
ar

(M
H

A
)1

.5
%

(w
/v

)p
la

te
s,

au
to

cl
av

ed
fo

r1
0

m
in

at
12

1
◦ C

,s
to

re
d

at
4
◦ C

A
ga

ro
se

po
w

de
r

T
he

rm
ofi

sh
er

Sc
ie

nt
ifi

c,
U

SA
D

ilu
te

d
in

Tr
is

-A
ce

tic
-E

D
TA

TA
E

)b
uf

fe
rt

o
1X

A
m

m
on

iu
m

pe
rs

ul
fa

te
(A

PS
)

B
io

-R
ad

L
ab

or
at

or
ie

s
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

to
m

ak
e

10
%

(w
/v

)s
ol

ut
io

n

107



Ta
bl

e
2.

1:
L

is
to

fc
he

m
ic

al
s

an
d

re
ag

en
ts

co
nt

.

N
am

e
M

an
uf

ac
te

re
r

A
dd

iti
on

al
in

fo
rm

at
io

n
ra

te

B
ac

L
ig

ht
D

ea
d/

L
iv

e
ki

t
(S

Y
TO

R ©
9

an
d

pr
op

id
iu

m
)

T
he

rm
ofi

sh
er

Sc
ie

nt
ifi

c,
U

SA
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

,s
to

re
d

at
4
◦ C

B
ov

in
e

se
ru

m
al

bu
m

in
(B

SA
)

Si
gm

a-
A

ld
ri

ch
,U

SA
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

-2
0
◦ C

C
ry

st
al

V
io

le
t2

%
(w

/v
)

Si
gm

a-
A

ld
ri

ch
,U

SA
U

se
d

as
pu

rc
ha

se
d

E
th

an
ol

am
in

e
Si

gm
a-

A
ld

ri
ch

,U
SA

U
se

d
as

pu
rc

ha
se

d
E

th
id

iu
m

br
om

id
e

(1
0

m
g/

m
L

)
Si

gm
a-

A
ld

ri
ch

,U
SA

D
ilu

te
d

in
TA

E
-b

uf
fe

rt
o

20
0

µ
M

E
th

yl
en

e
di

am
in

et
et

ra
ac

et
ic

ac
id

(E
D

TA
)

Si
gm

a-
A

ld
ri

ch
,U

SA
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

to
m

ak
e

bu
ff

er
s,

pH
ad

ju
st

ed
us

in
g

N
aO

H
(1

M
)o

rH
C

l(
1

M
)

to
pH

8.
0

E
xo

nu
cl

ea
se

1
(E

X
O

1)
N

ew
E

ng
la

nd
B

io
la

bs
,

U
SA

Fo
llo

w
ed

re
co

m
m

en
de

d
pr

oc
ed

ur
e,

st
or

ed
at

-2
0
◦ C

Fl
uo

ro
qu

in
ol

on
ic

ac
id

Pr
om

eg
a,

U
SA

Fo
llo

w
ed

re
co

m
m

en
de

d
pr

oc
ed

ur
e,

st
or

ed
at

-2
0
◦ C

G
la

ci
al

ac
et

ic
ac

id
Si

gm
a-

A
ld

ri
ch

,U
SA

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
to

m
ak

e
bu

ff
er

s
(s

ee
Ta

bl
e

2.
3)

G
oT

aq
R ©

Fl
ex

i
D

N
A

po
ly

-
m

er
as

e
Pr

om
eg

a,
U

SA
Fo

llo
w

ed
re

co
m

m
en

de
d

pr
oc

ed
ur

e,
st

or
ed

at
-2

0
◦ C

H
em

in
Si

gm
a-

A
ld

ri
ch

,U
SA

D
is

so
lv

ed
in

D
M

SO
,s

to
re

d
at

4
◦ C

H
yd

ro
ge

n
pe

ro
xi

de
30

%
(v

/v
)

Si
gm

a-
A

ld
ri

ch
,U

SA
D

ilu
te

d
in

M
ill

iQ
w

at
er

or
bu

ff
er

M
ag

ne
si

um
ch

lo
ri

de
Si

gm
a-

A
ld

ri
ch

,U
SA

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
to

m
ak

e
bu

ff
er

(s
ee

Ta
bl

e
2.

3)
M

ito
ch

on
dr

ia
lD

N
A

(m
tD

N
A

)
N

ot
ap

pl
ic

ab
le

E
xt

ra
ct

ed
ac

co
rd

in
g

to
K

ho
da

ko
v

et
al

.1

M
ue

lle
r-

H
in

to
n

B
ro

th
(M

H
B

)
(c

at
io

n
ad

ju
st

ed
)

Si
gm

a-
A

ld
ri

ch
,U

SA
D

is
so

lv
ed

in
R

O
w

at
er

,a
ut

oc
la

ve
d

fo
r1

0
m

in
at

12
1
◦ C

,s
to

re
d

at
4
◦ C

N
,N

,N
’,N

’-
te

tr
am

et
hy

le
th

yl
en

e-
di

am
in

e
(T

E
M

E
D

)
Si

gm
a-

A
ld

ri
ch

,U
SA

U
se

d
as

pu
rc

ha
se

d

O
xa

ci
lli

n
so

di
um

,9
5%

sa
lt

Q
ia

ge
n,

G
er

m
an

y
Fo

llo
w

ed
re

co
m

m
en

de
d

pr
oc

ed
ur

e
Pe

gy
la

te
d-

he
m

in
(P

E
G

-h
em

in
)

N
at

io
na

l
In

st
itu

te
of

M
a-

te
ri

al
Sc

ie
nc

e
(N

IM
S)

,
Ja

pa
n

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
,s

to
re

d
at

4
◦ C

Po
ly

et
hy

le
ne

gl
yc

ol
60

00
(P

E
G

60
00

)
A

PS
Fi

ne
ch

em
,U

SA
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

to
m

ak
e

10
%

(w
/v

)P
E

G
60

00
so

lu
tio

n

108



Ta
bl

e
2.

1:
L

is
to

fc
he

m
ic

al
s

an
d

re
ag

en
ts

co
nt

.

N
am

e
M

an
uf

ac
te

re
r

A
dd

iti
on

al
in

fo
rm

at
io

n
ra

te

T
7

E
nd

on
uc

le
as

e
I

w
ith

N
E

B
2

bu
ff

er
N

ew
E

ng
la

nd
B

io
la

bs
,

U
SA

Fo
llo

w
ed

re
co

m
m

en
de

d
pr

oc
ed

ur
e,

st
or

ed
at

4
◦ C

T
M

B
su

bs
tr

at
e

so
lu

tio
n

Si
gm

a-
A

ld
ri

ch
,U

SA
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

4
◦ C

T
R

IS
ba

se
Si

gm
a-

A
ld

ri
ch

,U
SA

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
to

m
ak

e
bu

ff
er

s
(s

ee
Ta

bl
e

2.
2.

3)
U

ra
ci

l-
D

N
A

gl
yc

os
yl

as
e

(U
D

G
)

N
ew

E
ng

la
nd

B
io

la
bs

,
U

SA
Fo

llo
w

ed
re

co
m

m
en

de
d

pr
oc

ed
ur

e,
st

or
ed

at
4
◦ C

N
,N

,N
’,N

’-
te

tr
am

et
hy

le
th

yl
en

e-
di

am
in

e
(T

E
M

E
D

)
Si

gm
a-

A
ld

ri
ch

,U
SA

U
se

d
as

pu
rc

ha
se

d

T
M

B
su

bs
tr

at
e

so
lu

tio
n

Si
gm

a-
A

ld
ri

ch
,U

SA
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

4
◦ C

T
R

IS
ba

se
Si

gm
a-

A
ld

ri
ch

,U
SA

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
to

m
ak

e
bu

ff
er

s
(s

ee
Ta

bl
e

2.
2.

3)
U

ra
ci

l-
D

N
A

gl
yc

os
yl

as
e

(U
D

G
)

N
ew

E
ng

la
nd

B
io

la
bs

,
U

SA
Fo

llo
w

ed
re

co
m

m
en

de
d

pr
oc

ed
ur

e,
st

or
ed

at
4
◦ C

109



Ta
bl

e
2.

2:
L

is
to

fm
at

er
ia

ls

N
am

e
M

an
uf

ac
te

re
r

A
dd

iti
on

al
in

fo
rm

at
io

n
ra

te

20
/1

00
L

ad
de

r
O

lig
o

le
ng

th
st

an
da

rd
s

ID
T

D
N

A
Te

ch
no

lo
gy

,
U

SA
D

ilu
te

d
ac

co
rd

in
g

to
m

an
uf

ac
tu

re
r’

s
in

st
ru

ct
io

ns
in

T
E

bu
ff

er
(s

ee
Ta

bl
e

2.
3

30
K

A
m

ic
on

R ©
U

ltr
a

C
en

tr
if

u-
ga

lF
ilt

er
s

M
ill

ip
or

e,
G

er
m

an
y

U
se

d
as

pu
rc

ha
se

d

B
cM

ag
T

M
,m

ag
ne

tic
be

ad
s

w
ith

N
-h

yd
ro

xy
su

cc
in

im
id

e
(N

H
S)

fu
nc

tio
na

lis
ed

su
rf

ac
e

B
io

cl
on

e,
U

SA
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

-2
0
◦ C

C
or

ni
ng

R ©
D

N
A

-B
in

d
8X

12
-

w
el

ls
C

or
ni

ng
In

c,
U

SA
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

4
◦ C

C
os

ta
rR ©

M
ul

tip
le

W
el

l
C

el
l

C
ul

tu
re

Pl
at

es
:

12
-w

el
l

pl
at

e
an

d
96

-w
el

lp
la

te
s,

fla
tb

ot
to

m

C
or

ni
ng

In
c,

U
SA

U
se

d
as

pu
rc

ha
se

d

e-
PA

G
E

L
m

in
ig

el
10

-2
0%

A
T

TO
,J

ap
an

U
se

d
as

pu
rc

ha
se

d
E

pp
en

do
rp

h
tu

be
s

(0
.5

-2
m

L
)

E
pp

en
do

rf
,G

er
m

an
y

U
se

d
as

pu
rc

ha
se

d
PC

R
Tu

be
s,

0.
2

m
l

Q
IA

G
E

N
,N

et
he

rl
an

ds
U

se
d

as
pu

rc
ha

se
d

Pe
tr

id
is

he
s

C
or

ni
ng

In
c,

U
SA

U
se

d
as

pu
rc

ha
se

d,
us

ed
to

m
ak

e
M

H
B

ag
ar

(M
H

A
)p

la
te

s
(s

ee
Ta

bl
e

2.
1)

Si
lic

on
e

co
up

on
s

B
io

Su
rf

ac
e

Te
ch

no
lo

gi
es

C
or

po
ra

tio
n,

U
SA

A
ut

oc
la

ve
d

an
d

st
or

ed
in

as
ep

tic
co

nd
iti

on
s

Q
ui

ck
-L

oa
d

R ©
50

bp
la

dd
er

N
ew

E
ng

la
nd

B
io

la
bd

s,
U

SA
D

ilu
te

d
ac

co
rd

in
g

to
m

an
uf

ac
tu

re
r’

s
in

st
ru

ct
io

ns
in

T
E

bu
ff

er
(s

ee
Ta

bl
e

2.
3

SY
B

R
R ©

G
re

en
Ia

nd
G

ol
d

T
he

rm
o

Fi
sh

er
Sc

ie
nt

ifi
c,

U
SA

U
se

d
as

pu
rc

ha
se

d

N
ov

ex
T

M
H

i-
D

en
si

ty
T

B
E

Sa
m

-
pl

e
B

uf
fe

r(
5X

)
T

he
rm

o
Fi

sh
er

Sc
ie

nt
ifi

c,
U

SA
U

se
d

as
pu

rc
ha

se
d

110



Ta
bl

e
2.

3:
L

is
to

fb
uf

fe
rs

N
am

e
R

ea
ge

nt
s

A
dd

iti
on

al
in

fo
rm

at
io

n
ra

te

10
X

A
B

T
S

bu
ff

er
1.

37
M

N
aC

l,
10

0
m

M
Ph

os
ph

at
e,

27
m

M
K

C
l

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
,p

H
ad

ju
st

ed
us

in
g

N
aO

H
(1

M
)o

rH
C

l(
1

M
)t

o
pH

6

B
cM

ag
T

M
co

up
lin

g
bu

ff
er

Po
ta

ss
iu

m
ph

os
ph

at
e

(1
0

m
M

),
N

aC
l(

0.
15

M
)

U
se

d
as

pu
rc

ha
se

d,
pH

5.
5

H
E

PE
S

bu
ff

er
1

M
H

E
PE

S
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

,p
H

ad
ju

st
ed

us
in

g
N

aO
H

(1
M

)o
rH

C
l(

1
M

)t
o

pH
9

C
or

ni
ng

R ©
D

N
A

-B
in

d
bu

ff
er

(C
or

ni
ng

In
c,

U
SA

)
Pr

op
ri

et
ar

y
U

se
d

as
pu

rc
ha

se
d,

st
or

ed
at

4
◦ C

M
E

S
bu

ff
er

2-
(4

-m
or

ph
ol

in
yl

)
et

ha
ne

su
lf

on
ic

ac
id

hy
dr

at
e

(0
.1

M
)

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
,p

H
ad

ju
st

ed
us

in
g

N
aO

H
(1

M
)o

rH
C

l(
1

M
)t

o
pH

4.
5

N
E

B
2

bu
ff

er
(N

ew
E

ng
la

nd
bi

-
ol

ab
s)

B
is

-T
ri

s-
pr

op
an

e-
H

C
l

(1
0

m
M

),
M

gC
l 2

(1
0

m
M

),
di

th
io

th
re

ito
l

(1
m

M
)

U
se

d
as

pu
rc

ha
se

d,
st

or
ed

at
-2

0
◦ C

Ph
os

ph
at

e
bu

ff
er

ed
sa

lin
e

(P
B

S)
13

7
m

M
N

aC
l,

10
m

M
Ph

os
ph

at
e,

2.
7

m
M

K
C

l
D

is
so

lv
ed

in
M

ill
i-

Q
w

at
er

,p
H

ad
ju

st
ed

us
in

g
N

aO
H

(1
M

)o
rH

C
l(

1
M

)t
o

pH
7.

5

N
ov

ex
R ©

H
i-

D
en

si
ty

T
B

E
Sa

m
-

pl
e

B
uf

fe
r

T
he

rm
o

Fi
sh

er
,U

SA
U

se
d

as
pu

rc
ha

se
d

R
ea

ct
io

n
bu

ff
er

T
R

IS
ba

se
(1

0
m

M
),

E
D

TA
(1

m
M

),
K

C
l

(5
0

m
M

)

D
is

so
lv

ed
in

M
ill

i-
Q

w
at

er
,p

H
ad

ju
st

ed
us

in
g

N
aO

H
(1

M
)o

rH
C

l(
1

M
)t

o
pH

4.
5

111



2.2.2. Oligodeoxynucleotides used for toehold-mediated strand displacement reactions

The following are details about the primers and displacing oligodeoxynucleotide

(ODN) sequences used for toehold-mediated strand displacement reactions in Chapter 3.

Table 2.4: Sequences and melting temperature of primers and displacing (DS) ODNs. All
ODNs in this table were purchased from IDT DNA Technology (USA), made up to 100 µM
and stored at -20 ◦C.

ODN sequenceα 5′ =⇒ 3′ Tm
◦C

Forward primer-
dU-4,9

CTAGdUG3dUAG4TG2CT 68.0

Reverse primer-
ATTO 647N

ATTO647N—ATGCT2ACA2GCA2GTACAGCA2T 64.1

DS(A) CTAGTG3TGAG4TG2CT3G2AGT2GCAGT2GAT
GTGTGATAGT2GAAG2T2GAT2GCTGTACT2GC
T2GTA2GCAT

DS(T) CTAGTG3TGAG4TG2CT3G2AGT2GCAGT2GAT
GTGTGATAGT2GATG2T2GAT2GCTGTACT2GC
T2GTA2GCAT

DS(G) CTAGTG3TGAG4TG2CT3G2AGT2GCAGT2GAT
GTGTGATAGT2GAGG2T2GAT2GCTGTACT2GC
T2GTA2GCAT

DS(C) CTAGTG3TGAG4TG2CT3G2AGT2GCAGT2GAT
GTGTGATAGT2GACG2T2GAT2GCTGTACT2GC
T2GTA2GCAT

α Underlined is the complementary nucleotide to the single nucleotide polymorphism (SNP) in the toehold PCR
product (TPP) (see Section 2.3.1 for preparation).

2.2.3. Oligodeoxynucleotides for genetic algorithm

The following describes the ODNs used in, and resulting from, a genetic algorithm

for G4 screening as per Chapter 4.
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Table 2.5: Sequences and melting temperature of G4 ODN sequences that had the highest
peroxidase-mimicking activity, EAD-2 and G3A3 sequences. All ODNs in this table were
purchased from Eurofins Scientific (Japan), made up to 100 µM and stored at 4 ◦C.

ODN sequenceα 5′ =⇒ 3′ Tm
◦C

7-02 G3A3G3CACG3CG3 60.8
7-01 G3TA3G3CACG3TG3 55.5
5-04 G3A3G3A3CG3CG3 56.8
G3A3 (G3A3)3G3 53.4
EAD-2 CT(G3A)3G3 52.2

2.2.4. Oligodeoxynucleotides used for enzyme treatment and surface immobilisation onto

microplates and microbeads

The following describes the ODNs used for G-quadruplex formation and testing their

reactivity to T7 endonuclease I digestion, as described in Chapter 5, Section 5.3.2. This section

describes the ODNs used to immobilise to both microplates and microbeads for determination

of the peroxidase-mimicking activity, results shown in Chapter 5, Section 5.3.4 and 5.3.6.

Table 2.6: Sequences and melting temperature of G4 ODN sequences that had the highest
peroxidase-mimicking activity, EAD-2 and G3A3. All ODNs in this table were purchased
from Eurofins Scientific (Japan), made up to 100 µM and stored at 4 ◦C.

ODN sequenceα 5′ =⇒ 3′ Tm
◦C

T7 endonuclease I digestion

G4(G) 001 TAT2G3T2G3T2G3T2G3T2GTCA2CTACAGAC 67.3
TATCA2CT

G4(G) 002α AGT2GATAGTCγ TGTAGT2GAC 47.3

G4(G) 003α AGT2GATAGTTγ TGTAGT2GAC 45.7

Microplate and microbead immobilisation

G4(G) 001 TAT2G3T2G3T2G3T2G3T2GTCA2CTACAGAC 67.3
TATCA2CTT20—NH2

G4(G) 002α AGT2GATAGTCγ TGTAGT2GAC 47.3

G4(G) 003α AGT2GATAGTTγ TGTAGT2GAC 45.7

G4 structure forming sequences are labelled in bold.
The underlined nucleotide in the sequence results in either a perfect match (β ) or single mismatch (γ) dsDNA.
α Indicates the reverse complementary sequence for G4(G) 001 and G4(G) 001T from the 24th nt to the 47th nt.
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2.2.5. Antimicrobial studies

2.2.5.1. Oligodeoxynucleotides sequences for G4 formation used for antimicrobial studies

The following shows the ODN sequences used to form G4 structures that were then

used in antimicrobial studies as described in this Chapter 6, Section 6.3.3.

Table 2.7: Sequences and melting temperature of ODNs used for antimicrobial studies,
including sequences used for coupling with antibiotics (see Section 6.3.1). All ODNs in this
table were purchased from IDT DNA (USA), made up to 100 µM and stored at 4 ◦C

ODN sequenceα 5′ =⇒ 3′ Tm
◦C

G4 G3A3G3CACG3CG3 60.8

NH2G4 NH2—ATGA2T2C2G3A3G3CACG3CG3 70.9
CACAC2A—Cy3.5

G4 structure forming sequences are labelled in bold.

2.2.5.2. Bacterial strains

The following are the bacterial strains used in the antimicrobial studies of the G4

sequences (Section 2.2.5.1) in Chapter 6, Section 6.3.3.

Table 2.8: Strains of non-biofilm and biofilm forming bacteria used to study the affects of G4
ODN in Chapter 6, Section 6.3.2.2. Stored at 4 ◦C on MHB agar plates.

Strain Notation Additional information

Staphylococcus aureus (S.
aureus)

ATCC 25923 Non-biofilm forming2

Staphylococcus aureus (S.
aureus)

ATCC 29213 Biofilm forming33

Staphylococcus
epidiermidis (S.
epidermidis)

RP62A Biofilm forming4
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2.3. Methods

2.3.1. Toehold-strand displacement analysis

2.3.1.1. PCR amplification of DNA containing one of four SNPs (SNP–A, SNP–T, SNP–G

and SNP–C)

PCR was performed using 1X Gotaq R© Flexi buffer with a final MgCl2 concentration

of 2.5 mM, 0.2 mM of each standard of deoxynucleic triphosphate (dATP, dTTP, dGTP and

dCTP), 0.2 mM of both the forward and reverse primers (Table 2.4) and 5µg of mtDNA (Table

2.1), isolated according to Khodakov et al.1 The PCR amplification regime used was 95 ◦C for

15 s, 36 cycles of 94 ◦C for 15 s, 61 ◦C for 15 s, 72 ◦C for 25 s with a final elongation of 72 ◦C

for 1 min.

2.3.1.2. Preparation of toehold PCR products (TPPs)

Directly after PCR was completed, EXO 1 (2.5 U) was added to the PCR tube and

the mixture was mixed with a plastic pipette. The PCR mixture was then incubated at 37 ◦C

for 30 min and then 80 ◦C for 20 min. UDG (2.5 U) was added to the PCR mixture and gently

mixed with a plastic pipette. The PCR mixture was incubated at 36 ◦C for 15 min, 80 ◦C for 15

min and then cooled to room temperature. This resulted in the production of a 71 bp TPP with

a 9 nt toehold overhang.

The PCR mixture is purified using Amicon Ultra 0.5 30K following the manufacturer

recommendations and performing the final elution with 1X TEM buffer. Confirmation of PCR

amplification was determined using 4% agar gel electrophoresis (see Section 2.4.3). Quantifi-

cation of the eluted PCR TTP was carried out using a standard curve on a Roto-Gene Q 6-plex

real time PCR thermocycler (Qiagen, Germany) (see Section 2.4.2).
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2.3.1.3. Toehold-mediated strand displacement reactions

To achieve toe-hold mediated strand displacement, the 71 bp TPP with a 9-nt toehold

overhang (2 pmol) was diluted with 1X TEM buffer to 0.15 µL, 15 µL was placed into four

individual thin-walled PCR tubes (0.2 mL) and briefly centrifuged. The reaction was carried

out with 5 times the concentration of DS over the TPP. DS (DS(A), DS(T), DS(G) and DS(C))

(see Table 2.4) were diluted to 10 pmol (1X TEM buffer) and then each DS was added to

one of the lids of the four tubes. The tube lid was then carefully closed, and the tube placed

into the thermocycler avoiding mixing of the DS and the TPP before the run protocol started.

Acquisition of fluorescent signals was performed within the orange channel (see Section 2.4.2)

at a gain of 6.67 within a time interval of 5 s between fluorescent reads. Normalisation of the

raw fluorescence was carried out by dividing the signal values by the initial signal value.

2.3.1.4. Toehold-mediated strand displacement reactions in the presence of ethidium bro-

mide

To determine the effect of an intercalating dye, ethidium bromide, on the reaction rate

constant and specificity of the toehold-mediated strand displacement reactions, the displace-

ment reactions were carried out as described in Section 2.3.1.3. with the following changes.

71 bp TPP with a 9-nt toehold overhang (2 pmol) and ethidium bromide were dissolved into

1X TEM buffer (15 µL) to a final concentration of 0.15 µL and 11.85 µM, respectively. The

solutions were then incubated at a concentration 79X that of the DNA for 1 h prior to the dis-

placement reaction. This ensured that all DNA intercalation sites were filled without a large

excess of free ethidium bromide. Based on the TPP length (71 bp in the dsDNA + 9-nt in the

toehold) there will be 79 potential sites for ethidium bromide molecules to intercalate in the

DNA.
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2.3.2. Genetic algorithm for increased peroxidase-mimicking G4 aptamers

2.3.2.1. Folding of G4 structures

The ODN concentrations were measured using a Nanodrop 2000 and then diluted

down to 50 µM in a 1X TE buffer. The procedure for folding the G4 was as follows: Each G4

ODNs (50 µM, 4 µL) (see Table 2.5 and Appendix C) was diluted in Reaction buffer(32 µL)

containing K+ ions (50 mM, see Table 2.3). The solution was placed in a thermocycler and first

heated to 95 ◦C then cooled to 30 ◦C over a 30 min time period. Once cooled, hemin (2 µL) or

PEG-hemin (2 µL) was added to a concentration of 8 µM.

2.3.2.2. Circular dichroism

Circular dichroism (CD) was performed by first folding the G4 ODN according to

Section 2.3.2.1. The folded G4 ODN solution was then diluted to 2 µM in 50 mM KCl +

10 mM Tris-HCl pH 8.0 buffer. Each sample was then placed in a J-1500 CD Spectrometer

(JASCO, Tokyo, Japan) and spectra measured at 220 to 320 nm using a 1 mm path-length

cuvette. The baseline of each spectrum was corrected for signal contributions by the buffer

with and without the G4 aptamer.

2.3.2.3. TMB assay

In order to measure the peroxidase-mimicking activity of the G4 structures a TMB

assay was performed. First a folded G4 solution (5 µM, 5 µL) was added to a 96-well plate. A

TMB substrate solution (195 µL, containing H2O2, see Table 2.3) was added to each well. The

96-well plate was then placed in a microplate reader and the absorbance measured at 652 nm

every 30 s for 10 min. The results where then analysed using OriginPro 9.0 software applying

linear fit function to determine slope of each curve.
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2.3.2.4. Michaelis-Menten kinetics

In order to determine the kinetics of the peroxidase-mimicking reaction a Michaelis-

Menten model was used.5 All G4 sequences (5 µM) from Table 2.5 were folded as per Section

2.3.2.1 and added to a 96-well plate. To each sequence six different hydrogen peroxide (H2O2)

concentrations in TMB (295 µL, without H2O2) were added, namely 0, 0.5, 1.0, 2.0, 4.0 or 8.0

mM, carried out in triplicate. The 96-well plate was then placed in a microplate reader and the

absorbance at 630 nm measured every 30 s for 10 min. The results where then analysed using

OriginPro 9.0 software with a linear fit function to determine the slope of each curve. The slope

of the linear fits were then used in the Michaelis-Menten equation (see Chapter 4, Eq. 4.1), to

determine the maximum velocity (Vmax) and Michaelis constant (Km) of the G4 aptamers.5

2.3.3. G4 T7 endonuclease I digestion and immobilisation of 2D and 3D surfaces

2.3.3.1. T7 endonuclease I digestion of G4

Equimolar concentrations of the ODN G4(G) 001 (10 µM) were added to either

G4(C) 002 or G4(T) 003 (see Table 2.6) in a 0.5 mL PCR tube. 5X NEB 2 buffer was then

added to make a 1X NEB 2 buffered solution (see Table 2.3). The ODN mixtures were heated

to 95 ◦C and cooled to room temperature over a 30 min time period. T7 endonuclease I (2.5 U)

was added and incubated at 37 ◦C for 1 h, 3 h or overnight, making sure the temperature was

kept below 40 ◦C. The samples were then analysed using native 10-20% (v/v) polyacrylamide

gel electrophoresis (PAGE).

2.3.3.2. G4 surface immobilisation onto Corning R©DNA-Bind 96-well plates 96-well plates

In order to determine the peroxidase-mimicking activity of immobilised single-stranded

G4 on a surface the following procedure was conducted.
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For the immobilisation of the G4 sequences (Table 2.6) onto Corning R© DNA-Bind

96-well plates (NHS-functionalised) the following procedure was followed: 1 µL of G4(G)

001T (amine-functionalised) ODN (100 µM) was added to 999 µL of immobilisation buffer

(100 µL) (Table 2.3) and then 50 µL added to each of the 96-well plate. The wells were left

at room temperature for 2 h. The immobilisation buffer was removed and ethanolamine (50

µL) was added and incubated for 10 min to ensure that no unreacted NHS was present on the

surface.

2.3.3.3. Wash procedure

The wells were then washed with a 1X SSC wash buffer and with subsequent washes

in 0.2X SSC wash buffer and then Milli-Q water. This was done to remove any physiosorbed

DNA.

2.3.4. TMB assay procedure

G4(G) 001T immobilisation success was then determined by measuring its peroxidase-

mimicking activity by first adding 10% w/v hemin in Reaction buffer (5 µL) (Table 2.3) into the

well and then adding TMB substrate solution (195 µL, containing H2O2, see Table 2.1). The

96-well plate was then placed in a microplate reader and the absorbance measured at 559 nm

every 30 s for 10 min. The results where then analysed using OriginPro 9.0 software applying

linear fit function to determine the slope of each curve.

2.3.4.1. ABTS assay for surface immobilised G4 aptamers

In order to measure the peroxidase-mimicking activity of the G4 structures a TMB as-

say was performed. First a folded G4 solution (5 µM, 5 µL) was added to a 96-well plate. First

immobilised G4 aptamers were folded by heating to 70 ◦C and cooling to room temperature.

Hemin 10% (w/v) solution (5 µL) was added to the wells to form the immobilised G4/hemin
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aptamers . A ABTS substrate solution (1 mM ABTS, 0.02% H2O2, 50 mM KCl and 1X ABTS

buffer) was added to each well. The 96-well plate was then placed in a MTP-880 Lab (SF-6)

Microplate reader and the absorbance measured at 414 nm every 30 s for 10 min. The results

where then analysed using OriginPro 9.0 software linear fit function to determine slope of each

curve.

2.3.4.2. Luminol assay for surface immobilised G4 aptamers

In order to measure the peroxidase-mimicking activity of the G4 structures a TMB

assay was performed. First immobilised G4 aptamers were folded by heating to 70 ◦C and

cooling to room temperature. Hemin 10% (w/v) solution (5 µL) was added to the wells to form

the immobilised G4/hemin aptamers . 195 µL luminol substrate solution (25 µM HEPES, 20

mM Kcl, 200 mM NaCl, 0.5 mM Luminol, 0.5% H2O2 and 30 mM Milli-Q water) was added to

each well. Hydrogen peroxide 30% (v/v) was added to initiate the reaction and then the 96-well

plate was then placed in aa MTP-880 Lab (SF-6) Microplate reader and the chemiluminescent

signal measured for 5 s. The ANOVA was determined using Microsoft Excel 2016.

2.3.4.3. Surface immobilisation on magnetic beads

To test the peroxidase-mimicking activity of G4 on 3D surfaces G4(G) 001T was

immobilised onto NHS-modified magnetic beads (Table 2.2). The following procedure was

followed: 10 mg of BcMagTM beads were weighed out, suspended in immobilisation buffer

(Table 2.3) and vortexed for 30 s. Amine-modified DNA (100 µM, 10 µL) was added and

placed in a thermomixer overnight at 50 ◦C. The beads were then washed with 1X SSC, 0.2X

SSC and Milli-Q water (see Table 2.3). The beads were then stored at 4 ◦C in TE buffer

(10 mg/mL) (Table 2.3). The peroxidase activity of the G4 coupled beads was then tested.

Before use the G4 coupled beads were mixed. A 5 µL sample of the mixture was extracted and

then placed in a 1 mL cuvette. The peroxidase-mimicking activity was determined by adding
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10% (w/v) hemin in reaction buffer (5 µL) into the cuvette and then adding TMB substrate

solution (195 µL, containing H2O2). The solution was mixed and then placed into a UV/Visible

(UV/Vis) spectrophotometer (Varian Cary R© 50 UV-Vis Spectrophotometer, Agilent, USA) and

the absorbance measured at 559 nm. The results where then analysed using OriginPro 9.0

software linear fit function to determine the slope of each curve.

2.3.4.4. TMB assay for surface immobilised G4 aptamers

In order to measure the peroxidase-mimicking activity of the G4 structures a TMB

assay was performed. First immobilised G4 aptamers were folded by heating to 70 ◦C and

cooling to room temperature. A TMB substrate solution (195 µL, containing H2O2, see Table

2.3) was added to each well. The 96-well plate was then placed in a MTP-880 Lab (SF-6)

Microplate reader and the absorbance measured at 559 nm every 30 s for 10 min. The results

where then analysed using OriginPro 9.0 software linear fit function to determine slope of each

curve.

2.3.5. G4 antimicrobial studies

2.3.5.1. Antibiotic coupling to G4 structures

The antibiotics, fluoroquinolonic acid (FQ) or oxacillin (OX), were coupled to the

sequence NH2G4 (Table 2.7). This was achieved by coupling the carboxylic acid functional

group on each antibiotic to the amine functional group on the NH2G4 using EDC coupling.

Briefly, NH2G4 (100 µM, 5 µL) was added to excess antibiotic (45 µL) in 0.1 M MES buffer

and vortexed for 60 s. EDC (20% (w/v), 50 µL) in 0.1 M MES buffer was added to the NH2G4

antibiotic mixture and vortexed for a further 60 s. The mixture was incubated at 25 ◦C with

alternating shaking for 30 s at 1400 rpm and 30 s of standing for 20 min using a thermomixer.

The antibiotic attached ODN was labelled FQG4 and OXG4 after the attachment of fluoro-

quinolonic acid and oxacillin, respectively.
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2.3.5.2. DNA precipitation

After the antibiotic coupling was performed the ODN solutions (FQG4 and OXG4)

were precipitated out of solution using the ethanol precipitation method.6 In brief, ethanol

that was 3 times the volume of the ODN solution was added and chilled to -20 ◦C overnight.

The ODN solution was then centrifuged at 12.3 relative centrifugal force (RCF) for 5 min and

the supernatant removed leaving behind a pellet. The pellet was washed with 80% ethanol

(20% (v/v) water) and chilled to -20 ◦C for 2 h, centrifuged for 5 min at 12.3 RCF and the

supernatant removed. The ODN pellet was re-suspended in 1X TE buffer (25 µL) (Table 2.3).

The concentration of the re-suspended ODNs was determined using a standard curve carried out

on a RotoGene Q 6-plex real time PCR thermocycler (Qiagen, Germany) (see Section 2.4.2).

By determining the concentration of the DNA, assuming 100% attachment of the antibiotic to

ODN, it was possible to determine the concentration of the antibiotic present on the DNA.

2.3.5.3. Bacterial cell preparation

Mueller-Hinton Agar (MHA) (Table 2.1) plates were prepared according to manufac-

turer’s instructions by combining Mueller-Hinton broth (MHB) with agar (Table 2.1) and stored

at 4 ◦C. Before use, the plates were left at room temperature for 10 min or until completely dry

inside of a biosafety cabinet. A single colony of cells (S. aureus or S. epidermidis) was spread

onto an MHA plate and grown for 24 h at 37 ◦C to obtain a fresh colony to be used for inoc-

ulation. A single colony from the MHA plate was inoculated into a fresh MHB (10 mL) and

incubated at 37 ◦C for 24 h, with shaking at 75 rpm. After incubation the optical density at 600

nm (OD600) and the number of cells was calculated (OD600 of 1 is equal to 8 x 108 cells). The

bacterial cells were then diluted to ∼8 x 105 in PBS buffer to make a cell suspension.
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2.3.5.4. Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) was determined using the serial dilu-

tions method. The antibiotics tested were methicillin derived oxacillin (OX) and the previous

synthesised OXG4 aptamer (Section 2.3.5.1). OX was diluted from a stock solution (10240

µg/mL) to 8.0, 4.0, 2.0, 1.0, 0.5, 0.25 and 0.125 µg/mL. The OXG4 was diluted to 10.000,

5.000, 2.500, 1.250, 0.625 µM which is equivalent to 2.000, 1.000, 0.500, 0.250 and 0.125

µg/mL of coupled antibiotic when diluted by a factor of 2. The OX and OXG4 aptamer serial

dilutions (20 µL) were added to 96-well plates (ignoring the first column and row). A cell

suspension (20 µL) was added to dilute the concentration of all samples by half. The 96-well

plate was incubated at 37 ◦C for 20 h (S. aureus ATCC 25923). The plates were then removed,

and visual inspection of the plates determined if there was successful growth of bacterial cells.

Visual inspection was used to determine if any bacterial growth was successful.

2.3.5.5. Biofilm growth

Biofilm growth was determined through colony forming unit (CFU) assay, crystal vi-

olet (CV) staining and confocal fluorescence scanning microscopy (CFSM) of silicone coupons.

Biofilms were grown by preparing a cell suspension in MHB (50 µL) (see Section 2.3.5.3) that

was then added into 3X 96-well plates (ignoring the first column and row) and incubated at 37

◦C for 90 min, shaking at 75 rpm. Afterwards the cell suspension was removed and MHB (1

mL) was replaced and the 96-well plates further incubated for 24 h at 37 ◦C, with shaking at 75

rpm. The 96-well plates were then washed with PBS solution to remove planktonic cells. One

96-well plate was used to determine the CFU of the biofilms (see Section 2.3.5.7). The two

remaining 96-well plates were used for CV staining (see Section 2.3.5.8). These 96-well plates

were dried upside down at 60 ◦C for 1 h prior to use.
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2.3.5.6. Growth of biofilms on silicone coupons

At the same time, previously prepared sterilised silicone coupons that had been incu-

bated in bovine serum albumin (BSA) overnight, then washed in PBS solution to remove excess

BSA, were placed into a 12-well plate (ignoring the first column and row) with a cell suspension

in MHB (1 mL) and incubated at 37 ◦C for 90 min, with shaking at 75 rpm. Afterwards the cell

suspension was removed and the MHB (1 mL) was replaced. The plates were further incubated

for 24 h at 37 ◦C, with shaking at 75 rpm. The silicone coupons are then removed and placed

into PBS solution and vortexed for 5 min to remove any planktonic cells and then stained using

BacLight Dead/Live kit for 40 min. The coupons were washed with PBS solution and analysed

using a Confocal TCSPC fluorescence scanning microscope (CFSM, see Section 2.4.4) with

a 100x objective. Blue and yellow excitation with SYTO R© 9 and propidium emission filters

were used to detect the staining.

2.3.5.7. Colony forming unit (CFU) assay

The drop plate method was used to evaluate the CFU.7 Briefly, PBS solution (50 µL)

was added to each well that contained a biofilm. Then the biofilm was scratched off using

a plastic pipette tip. This was performed 3 times for each well to ensure all the biofilm was

removed. The PBS solution with scratched off biofilm from each well was placed in separate

Eppendorf tubes and vortexed for 2 min and sonicated for 10 min to break apart the biofilm.

Each sample was diluted 10-fold eight times. 10 µL of each dilution for each sample was

dropped onto a horizontal MHA plate and the plate was lifted vertically to allow for the drop

to run down the plate. The plates were incubated at 37 ◦C for 20 h. All the spots on each plate

were counted, 1 spot was equivalent to 1 CFU, and multiplied by the dilution factor.
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2.3.5.8. Crystal violet (CV) staining

The 96-well plates from Section 2.3.5.5 that had been dried upside down at 60 ◦C

for 1 h were used here. Each well within the plate that contained a biofilm was filled with 2%

(w/v) crystal violet (100 µL), making sure to add to the wall and not directly to the surface of

the well. The 96-well plate was left at room temperature for 30 min. The crystal violet solution

was washed off several times to ensure excess crystal violet was removed. Ethanol (95% (v/v),

200 µL) was added and incubated for 10 min at room temperature. The ethanol supernatant

was then transferred to a new 96-well plate and the OD600 measured.

2.4. Characterisation methods

2.4.1. UV/visible spectroscopy: Nanodrop 2000

All ODN concentrations were calculated using UV/vis spectroscopy on a Nanodrop

2000 instrument. Nucleotides have a maximum absorbance peak at 260 nm (A260) and so

absorbance at this wavelength can be used to evaluate the DNA.8 However, it is important to

measure absorbance from 230 nm to 320 nm to determine concentration, purity and the Tm

of DNA in a solution. A320 is used to measure the turbidity of the solution. At an ODN

concentration of 50 µg/mL with a 1 cm path length the A260 = 1. Therefore, the concentration

is determined by using the following Eq. 2.1:

Concentration(
µg
mL

) = (A260−A320)×dilutionfactor×33
µg
mL

(2.1)

Any molecules, such as proteins, that interfere with the A260 value can be quantified

using the A280. This is due to aromatic compounds in proteins having an absorbance peak at

A280. By using the following Eq. 2.2, the purity of the DNA is quantifiable:
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DNApurity =
A260−A320

A280−A320
(2.2)

A DNA purity of 1.7-2.0 is regarded as good-quality DNA, whereas lower values in-

dicate contamination of the DNA solution. To see any other contaminants that are not proteins,

such as chaotropic salts or other organic compounds, the measurement at 230 nm is used.8

Nanodrop UV-Vis instruments are most often used for this type of analysis as they allow for

quantification of DNA at low volumes ( 2 µL). All synthetic ODN used throughout this thesis

was had a purity of ≥ 1.8.

2.4.2. Roto-Gene Q 6-plex: Real-time thermocycler

All modified, TPP and antibiotic coupled, ODN concentrations and toehold-mediated

strand displacement reactions were quantified using a Roto-Gene Q 6-plex. The Roto-Gene Q

6-plex is a real-time PCR (RT-PCR) instrument equipped with 6 excitation and 6 emission chan-

nels for fluorescence spectroscopy measurements (see Table 2.9). The software provided with

the instrument was used for analysis of data. To determine the concentration of all fluorophore-

modified ODNs containing fluorophores a standard curve was generated using the software

provided. The standard curve was made up of 0, 0.063, 0.125, 0.250, 0.500, 1.000 µM of

fluorophore-modified ODN.

2.4.3. Electrophoresis

Gel electrophoresis is a chromatography method that is used to separate nucleic acids

(DNA or RNA) based on nt or bp length.9,10 The phosphate-sugar backbone has a single charge

per nucleotide, so the charge to weight ratio is 1.However, in native nucleic acid electrophoresis

methods there are several factors that can affect the how the nucliec acid strands travel through

the gel. Secondary structures such as hair pin loops, G4s and imotifs can change the cross-
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Table 2.9: Dye channel selection chart with all 6 excitation and 6 emission channels available
on the Roto-Gene Q 6-plex.

Channel Source nm Detector nm Compatible dyes

Green 470 510 FAM, SYBR Green1,
Fluorescein, Alex Fluor 488

Yellow 530 555 JOE, VIC, HEX, TET, CAL
Fluor Gold 540, Yakima
Yellow

Orange 585 610 ROX, CAL Fluor Red 610,
Cy3.5, Texas Red, Alexa
Fluor 568

Red 625 660 Cy5, Quasar 670, Alexa
FLuor 633

Crimson 680 710 hp Quasar705, Alexa Fluor 680

High resolution melt 460 510 SYTO 9, EVAGreen

sectional area of the nucleic acid strand and increase or decrease the rate at which the strand

travels through the gel.11 After Gels are primarily made up of agarose or polyacrylamide and

form semi-solid porous structures that allow for the diffusion of nucleic acids when a charge is

applied. The addition of known ODN weight standards (a ladder) allows for the determination

of the nucleic acid length.

For agarose gel electrophoresis the following procedure was followed: a agarose gel

4% (w/v) was prepared by dissolving agar powder in 1X TAE buffer and heating until powder

was completely dissolved. 1X SYBR R© safe was added to the agar solution and then poured

into a mould and cooled for 30 min. Once solidified the agar gel was placed in a Bio-Rad

mini electrophoresis tank (Bio-Rad Laboratories, USA) containing 1X TAE buffer. TPP (3 µL)

was added to Go Flexi R© buffer containing dye (3 µL) and then added to a well in the gel.

Electrophoresis was performed at 100 V for 30 min and the gels were imaged on a Gel Doc R©

(Bio-Rad laboratories, USA).

For the native 10-20% PAGE, that were made in house the following procedure was

followed: A separation gel was prepared by mixing 30% (w/v) acrylamide/bis solution (19:1)

(3.2 mL), 5X TAE buffer (2.4 mL), 10% (w/v) APS (200 µL) and then made up to 12 mL with
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Milli-Q water. TEMED (10 µL) was then added and mixed and this facilitated polymerisation.

The mixture (6 mL) was then quickly added to Mini-Protean R© gel cassette sandwiches (∼ 3
4

filled) to allow for the PAGE gel to polymerise. Next a stacking gel was prepared by mixing

30% (w/v) acrylamide/bis solution (19:1) (1.6 mL), 5X TAE buffer (2.4 mL), 10% (w/v) APS

(200 µL) and then made up to 12 mL with Milli-Q water. TEMED (10 µL) was then added to

begin polymerisation. The stacking gel mixture was then added on top of the separation PAGE

gel and Mini-Protean R© combs (10 well, 1.0 mm, 44 µL) were inserted. Once the stacking

PAGE gel had polymerised the combs were removed.

Once polymerised the gels were inserted into a Mini-Protean R© buffer tank (Bio-Rad

laboratories, USA) containing 1X TAE buffer. ODN samples (10 µM, 2 µL) were added to

Novex Hi-density loading dye (40 µL), Milli-Q water (158 µL) and 5 µL added to each well.

PAGE was run at 80 V for 65 min and stained with either SYBR R© gold or SYBR Green II.

All gels were viewed using a Gel Doc R© using the appropriate viewing plate. The

ODN length was determined by using a standard curve extrapolated from the ladder by plot-

ting the known ODN lengths against distance travelled in the gels using Excel software. Gel

electrophoresis was used to determine if the PCR was successful and the molecularity of G4s.9

For G4 structures if the calculated length was twice, three or four times the actual length of the

ODN, then the structure was determined to be intermolecular.

2.4.4. Confocal fluorescence scanning microscopy

All silicone coupon samples with biofilms were analysed using Confocal fluorescence

scanning microscopy (CFSM). CFSM is a technique that allows for sample 3D reconstruc-

tion.12 CFSM allows for an image to be viewed not only in the X and Y co-ordinates but also

the Z. This is achieved by passing a laser beam through a light source aperture that is focused

by an objective. The laser excites any fluorophores that are present in the sample. Light that is

emitted by the fluorophores is reflected by a semi-mirror away from the light source and toward
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a detector. To reach the detector, the light must first pass through a pin hole objective that only

allows the central plane of light through. Emission filters are then used to filter out light that

is not the colour of the fluorophores emitted light. Finally, the light reaches a photo-multiplier

detector. An image is then built up by scanning the surface of the sample pixel-by-pixel in a

raster fashion.
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Chapter 3

Investigation of the effect of ethidium bromide on

toehold-mediated strand displacement

3.1. Synopsis

This Chapter details the investigation of the effect of the DNA intercalator ethidium

bromide on the toehold-mediated strand displacement reaction for improved genotyping of sin-

gle nucleotide polymorphisms (SNPs). In order to achieve this a modified method described

by Khodakov et al.1 was used, as set out in Chapter 2, Section 2.3.1.1 to 2.3.1.4. First, a

polymerase chain reaction (PCR) was performed using mitochondrial DNA (mtDNA), which

contained one of the four possible SNPs (adenine (A), thymine (T), guanine (G) or cytosine

(C)), using modified primers. These modified primers included: a forward primer modified

with a fluorophore, used for detection of the PCR product, and a reverse primer modified with

deoxy-uracil (dU), which allowed for the fabrication of a toehold for toehold-mediated strand

displacement reactions in the presence of a displacing sequence. After purification of the PCR

product displacing sequences (complementary strands of deoxynucliec acid (DNA)), containing
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a dark quencher, were added to the purified PCR product and the fluorescence quenching mea-

sured to determine the SNP identity. The fluorophore, 6-fluorescein (6-FAM), used in previous

literature,1 could not be used in this study as it has overlapping excitation wavelengths to that

of the intercalating ethidium bromide to be studied. Therefore, the fluorophores ATTO 550 and

ATTO 647 were evaluated.

Sections 3.3.2.2 and 3.3.3 of this chapter have been published in Fenati, R. A.; Connolly, A.

R.; Ellis, A. V. Single nucleotide polymorphism discrimination with and without an ethidium

bromide intercalator. Anal. Chim. Acta. 2017, 954, 121–128.
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3.2. introduction and purpose

Genotyping of DNA is used to determine subtle differences in the genome of living

organisms. SNPs are examples of these minute differences where a single base change in a

DNA sequence can occur in at least 1% of a population. These single base changes come about

due to mutations occurring in an individual’s genome, or passed down from parents. The de-

tection of SNPs is therefore useful for medical diagnostics as they can be used as biomarkers

for genetic diseases.2 This Chapter uses toehold-mediated strand displacement reactions in or-

der to identify SNPs in real-life DNA samples that are often used for evolutionary studies.3 In

this work the hyper variable region 1 (HV1) of mitochondrial DNA (mtDNA), that is known

to contain an SNP, was amplified using PCR and genotyped using the toehold-mediated strand

displacement reaction. The HV1 region of mtDNA is routinely used for forensic and evolution-

ary studies, and so makes an excellent example of how toehold-mediated strand displacement

reactions can be used for analysis of real-life DNA.4 The mtDNA used in this Chapter was the

same as prepared by Khodakov et al.1 and all verification data can be found in their manuscript.

This mtDNA was used in this thesis to evaluate the efficacy of ethidium bromide on toehold-

mediated strand displacement reactions. A schematic of the full method of toehold-mediated

strand displacement reactions is shown in Fig. 3.1.

In brief, a forward primer (purple) containing deoxy-uracils (dUs) (orange boxes)

and a reverse primer (red) labelled with a fluorophore (F) were used to amplify a region of

mtDNA (Fig. 3.1, Step 1). PCR was performed to synthesise a double-stranded DNA (dsDNA)

SNP PCR product (so-called SPP, Fig. 3.1, Step 1). This SPP contained the dUs at the 5th

and 9th position on the incumbent strand (purple) and was labelled with a fluorophore on the

target strand (red). A toehold PCR product (TPP) was then generated by digesting the SPP

with the enzymes exonuclease 1 (EXO 1) and uracil-DNA glycosylase (UDG) (Fig. 3.1, Step

2). The digestion of the two dUs in the incumbent strand allow for a toehold to be created

of 9-nucleotides (nts) long. To perform the toehold-mediated strand displacement reaction a
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Figure 3.1: Schematic of toehold-mediated strand displacement. Step 1: A region of the
template mitochondrial DNA (mtDNA, black) that contains the single nucleotide
polymorphism (SNP, green) is amplified with PCR using the modified reverse (red) primer
labelled with a fluorophore (F) and the forward primer (purple) which contains deoxy-uracils
(dUs, orange) at the 5th and 9th position. This creates multiple copies of the SNP PCR product
(SPP), a copy of the region of the template mtDNA, with the fluorophore (F) and dUs at the
5th and 9th position on the target strand (red) and incumbent strand (purple), respectively. Step
2: The toehold PCR product (TPP) is then formed by the digestion of the SPP of step 1 with
uracil-DNA glycosylase (UDG) to remove the dUs which creates a short toehold on the
incumbent strand (purple). Step 3: The displacing sequence (DS) (light blue) containing a
quencher (Q) is added to the TPP in solution and nucleates with the toehold of the incumbent
strand. Toehold-mediated strand displacement then proceeds as the DS hybridises, nucleating
at the toehold, with the target strand of the TPP until the incumbent strand of the TPP is
completely displaced into solution. Static quenching occurs when Q on the DS comes into
contact with F on the target strand of TPP to form a dimer whereby fluorescence is quenched.
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displacing sequence (DS) (Fig. 3.1, Step 3 light blue) that was labelled with a quencher was

hybridised to the target strand (red) of the TPP thus displacing the incumbent (purple) strand of

the TPP (see Chapter 1, Section 1.6.1 for more detail).

The rate of strand displacement can be determined by monitoring the decrease in flu-

orescence of the fluorophore with a fluorometer, on the target strand, as it becomes quenched by

the dark quencher on the DS. This chapter investigates ways to increase specificity of toehold-

mediated strand displacement reactions, described by Khodakov et al.1 for the purpose of SNP

genotyping (see Chapter 1, Section 1.6.3 for more details) using ethidium bromide. The ad-

dition of ethidium bromide forms a high energy barrier that leads to the formation of DNA

structures with the lowest possible energy. In other words, only the lowest energy base pairs

(bps) will form (canonical Watson-Crick base pairs, see Chapter 1, Section 1.3) and, in this

case, prevent high energy base pairs forming such as mismatches (non-canonical Watson-Crick

base pairs). This should help to decrease the likelihood of mismatches forming during the

toehold-mediated strand displacement reaction. In previous work, the fluorophore 6-FAM was

chosen because it was possible to be detected using the Roto-Gene 6plex real-time PCR (RT-

PCR) device.1 However, due to the overlapping of excitation wavelengths (and to some degree

the emission wavelengths) of 6-FAM and ethidium bromide would lead to difficulties in the

fluorescence measurement (Table 3.1). Therefore two new fluorophores, ATTO 550 and ATTO

647N were investigated to determine which fluorophore would be more suitable for this study

(Table 3.1).

The fluorophores ATTO 550 and ATTO 647N were chosen due to their high intensity,

approximately 1.3 times brighter than 6-FAM, and lack of overlapping maximum absorbance

wavelength (λex) or maximum fluorescence emission wavelength (λfl) with ethidium bromide

(Table 3.1). However, due to the fluorophores being slightly more hydrophobic (according to

the manufacturer)7 than 6-FAM there may be slight differences with the PCR. These difference

include different annealing temperatures for the fluorophore-labelled primers or the toehold-

mediated strand displacement reaction, such as different quenching modes (contact vs Föster
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Table 3.1: The properties maximum excitation wavelength (λex), maximum fluorescence
emission wavelength (λfl), quantum yield (Φ), molar extinction coefficient (εmax) and intensity
of 6-FAM, ethidium bromide, ATTO 550, ATTO 647N and Black hole quencher 1 (BHQ-1).

Fluorophore λex nm λfl nm Φ (%) εmax
(cm−1M−1)
(x 104)

Intensity
(x 104)

6-FAM5 495 520 95 7.50 7.13
ethidium bromide 482 616 15 5.68 0.09
(low salt buffer)6

ATTO 5507 554 576 80 12.00 9.60
ATTO 647N7 646 664 65 15.00 9.75
BHQ-18 480-580 - - 34.00 -

resonance electron transfer (FRET), see Chapter 1 Section 1.4.4). This may result in a change

in the the rate of the reaction as hydrophobic interactions may drive the reaction to completion.9

3.3. Results and discussion

3.3.1. ATTO 550 and ATTO 647N effect on PCR and toehold-mediated strand displace-

ment trials

This Section first discusses the results from the PCR of the SPP (see Fig. 3.1, Step

1) using the forward primer, containing the dU at the 5th and 9th position, and with two sep-

arate reverse primers, one labelled with ATTO 550 and one labelled with ATTO 647N. The

procedures for these experiments can be found in Chapter 2, Section 2.3.1.1.

3.3.1.1. PCR amplification using ATTO 550 and ATTO 647N

The PCR process is outlined in Fig. 3.1, Step 1, whereby the forward and reverse

primers amplify a region of the template mtDNA. These primers were designed to amplify a

single region of 80 bps.1 The PCR process was performed using GoTaq Flexi R© DNA poly-

merase protocol due to its ability to amplify DNA using primers that contain non-canonical nt

residues, such as the dU in the forward primer.
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MtDNA containing a C at the SNP position was used to evaluate the two new fluo-

rophores. After PCR of the mtDNA the resulting SPPs labelled with either ATTO 550 or ATTO

647N, were analysed using an agarose gel 4% (w/v) in gel electrophoresis as shown in Fig. 3.2.

Here after the resulting SPP will be referred to as SPP–C, where the C indicates the nt (cyto-

sine) at the SNP position on the SPP. The second part of this section will discuss the fabrication

of the toehold PCR product C (hereafter referred to as TPP–C) using the SPP–C, where the C

indicates the nt at the SNP position.

Figure 3.2: Agarose gel 4% (w/v) electrophoretograms of the SNP PCR products (SPPs)
labelled with either the fluorophore (a) ATTO 550 or (b) ATTO 647N. For visualisation, the
gel was stained with 1x SYBR R© safe and viewed using a Gel DocTM EZ. A DNA Ladder
(Quick-Load R© Purple 50 bp DNA ladder) was used as the reference.

Fig. 3.2 (a) shows that the gel electropherogram of the SPP labelled with the flu-

orophore ATTO 550 shows two bands. The first band at the top was calculated to have the

expected length of ∼80 bp (corresponding to the desired SPP labelled with ATTO 550) while

the bottom band had a calculated length of ∼55 bp. This secondary band was due to non-

specific PCR amplification of the target mtDNA resulting in an undesired non-specific PCR

product. Non-specific PCR products occur when the PCR procedure is not optimised for the

primers being used. To understand why non-specific PCR products can be produced, first it

must be understood how the PCR process can be performed successfully (i.e., only the desired

target region is amplified).
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Several steps must be followed for successful amplification of the target mtDNA. The

first step is the denaturing of the double stranded mtDNA by heating to 95 ◦C, as dsDNA of

any length will become single-stranded DNA (ssDNA) at that temperature. The next step is

the annealing step, whereby the temperature is lowered to allow for the hybridisation of the

forward and reverse primers. Primers (both forward and reverse primers) are known sequences

of oligodeoxynucleotides (ODNs) that are able to hybridise next to the target region on the

mtDNA, one primer is used for each strand in the original double stranded mtDNA (that now

exists as two complementary ssDNA). The temperature of the annealing step is often just below

(3-5 ◦C) of the melting temperature (Tm) of the primers hybridised to the DNA (if the tempera-

ture of the annealing step is above the Tm of the hybridised primers, the primers will denature.

The final step is the elongation step that extends the now hybridised primers to make a comple-

mentary strand to the target. All these steps are repeated to create multiple copies of the same

region of DNA, hence it is referred to as amplification of the target mtDNA.

The formation of secondary structures during amplification is explained in the follow-

ing. Fig. 3.3 shows the reverse primer (red) labelled with the fluorophore (F, red) hybridising

with the correct binding site on a target strand that has already been amplified using the reverse

primer (purple). The reverse primer in this case will amplify the target strand that contains the

SNP of interest. In Fig. 3.3 the SNP position is underlined and contains the G residue, as it is

the complementary to the C SNP of interest. Due to the nature of DNA energetically favouring

being as dsDNA it is possible for the primers to anneal to a random binding site on the target

DNA. However, the more complementary the primer is to the binding site the more stable the

dsDNA formed. Correct hybridisation of the primers occurs if the temperature of the annealing

step is low enough to allow the primer to hybridise with the target region (temperature of the

annealing step is below the Tm of the hybridised primer), but high enough to prevent incorrect

hybridisation (non-complementary hybridisation) of the primer to the DNA. This prevents any

non-specific amplification of the target strand of DNA that would result in a non-specific SPP.

Once the primer has hybridised to the correct binding site and after the elongation step the target
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region is successfully amplified.

Figure 3.3: Example of correct annealing and elongation of the mtDNA using the reverse
primer (red) labelled with the fluorophore (F, red) to the strand of mtDNA that has already
been amplified with forward primer (purple). Complementary Watson-Crick bps are indicated
by |. The SNP position is underlined.

During PCR it is possible for primers to form incorrect hybrids with the target DNA.

In this case, the primer hybridises to the target strand even though the sequence of the primer

is not fully complementary to the sequence of that particular section of the target strand, which

after the elongation step yields a non-specific SPP.

Non-specific PCR amplification can occur due to a number of different factors (i.e.,

high magnesium concentration, incorrect temperature used for the annealing step), but for this

case in particular it is thought that the temperature used for the annealing step is not correctly

optimised to only allow the fully complementary hybridisation of the primer to the target strand

to occur when the primer is labelled with ATTO 550. This could occur due to the presence of

ATTO 550 stabilising hybridisation of the primer to the target strand, increasing the stability

(and therefore the Tm) of incorrect hybrids of the primer and the target strand enough that the

annealing temperature is no longer high enough to denature these incorrect hybrids. This leads

to non-specific SPPs forming after the elongation step.

If the temperature of the annealing step is too high then the primers are not able to

anneal to the target DNA, however if too low then non-specific hybridisation can occur.10,11

If the mismatches are not able to prevent extension of the primer a non-specific PCR product
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is created. Fig. 3.4 shows an example of non-specific annealing and extension of the forward

primer (red) labelled with the fluorophore (F, red).

Figure 3.4: Example of incorrect annealing and elongation using reverse primer (purple)
labelled with the fluorophore (F, red) to the strand of mtDNA that has already been amplified
with forward primer (purple), showing nearest neighbour stabilised Watson-Crick bonds (|),
complementary Watson-Crick bonds (:) and mismatches (•). The SNP position is underlined.

For the amplification of the mtDNA the temperature of the annealing step was set

below the Tm of both primers, in this case it was set to 61 ◦C (see Chapter 2, Section 3, Table

2.4). The appearance of the non-specific SPP in Fig 3.2 (a) shows that the ATTO 550 may be

increasing the Tm of the reverse primer above the calculated 64.1 ◦C. Thereby, decreasing the

binding energy barrier and stabilising the formation of mismatches, such as those that can be

seen in the non-specific SPP in Fig. 3.4.

In this particular case it would result in a non-specific SPP product that is 50 bp

in length and contains the fluorophore and the dU required for the toehold fabrication. This

could be attributed to several factors, such as the fluorophore being moderately hydrophobic or

increased stabilisation through base stacking of the fluorophore with nucleotides on the target

strand. However, due to the structure of ATTO 550 not being published this would require

further study that is outside the scope of this project.

Oligo Analyzer (Integrated DNA, USA) shows that there are many possible regions

where the primers could have hybridised along the target.12 Fig. 3.4 shows the most likely

region, that would result in a non-specific PCR product of ∼55 bp (more non-specific binding
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regions can be found in Appendix A for comparison). This is the most likely product seen for

two main reasons.

The first is the amount of complementary Watson-Crick bonds present. There are

four that are nearest-neighbour stabilised (high stability Watson-Crick bonds (|) in Fig. 3.4),

that is, two bp have a neighbour either side to provide stability. There are eight complementary

Watson-Crick bonds that are complementary (Fig. 3.4) but are not stabilised by neighbour-

ing bps. Under conventional PCR conditions (i.e., the fluorophore does not add stability) the

temperature used for the annealing step should prevent the primer hybridising in the incorrect

region. However, it appears that the ATTO 550 is able to stabilise this product enough to allow

for the elongation step to go to completion resulting in the product of 50 bp. Once the 50 bp

non-specific SPP has been created it will contain a region for both primers to hybridise and

will be amplified in the same manner that the desired PCR product is being amplified, albeit

resulting in a lower concentration.

The second reason this non-specific PCR product is likely being amplified is the

formation of the T•G mismatch (the • denotes a mismatch and non-canonical Watson-Crick

base pairing) seen in at the 3′ end of the fluorophore labelled reverse primer (Fig. 3.4, red). As

mention in Chapter 1 Section 1.3.2.1, T•G mismatches are as stable as the complementary A/T

bp (where the / denotes canonical Watson-Crick base pairing). Fig 3.5 shows how T residue

is able to form a stable bond with A or G residue. A/T base pairing requires the formation

of two hydrogen bonds (Fig. 3.5, top). This creates a stable bp and so therefore when a T•G

mismatch forms it is still able to form two stable hydrogen bonds (Fig. 3.5, bottom).13,14 The

complementary bp and the mismatch would be stable enough to allow for primer hybridisation

and then subsequent GoTaq polymerase elongation. All other non-specific hybridised primers

either do not contain enough stable bonds or do not have 3′ stabilised regions that would allow

for the elongation to occur. Fig. 3.5 also reveals that the SNP position is no longer present in

the SPP and hereafter will be referred to as the ∼55 bp SPP (not the SPP–C).
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Figure 3.5: Diagram of how A and T form a complementary base pair (top) and how G and T
form a mismatched base pair.

Several steps can be taken to optimise the PCR procedure to prevent the secondary

non-specific PCR product, such as changing the temperature of the annealing step, magnesium

concentration or redesign the primer. However, all these changes would require extra time to

optimise. Removal of the secondary non-specific PCR product could result in loss of the desired

SPP and so this was not undertaken. The crude SPP labelled with ATTO 550 (containing both

∼80 bp and ∼55 bp products) was used in toehold-mediated strand displacement reactions in

the following section without further purification to ascertain whether the SPP (∼55 bp) would

interfere with the reactions. The analysis of the SPP labelled with ATTO 647N (Fig. 3.1 (b))

shows only one band at ∼80 bp, corresponding to the desired SPP–C. In this case the resulting

SPP was of high enough purity with no undesired secondary products. Therefore, the SPP

labelled with ATTO 647N was used without any further purification.

143



3.3.1.2. Fabrication of the TPP–C with ATTO 550 and ATTO 647N and toehold-mediated

strand displacement reaction

This section will discuss the fabrication of TPP–C (see Fig. 3.1, Step 2) labelled with

either ATTO 550 or ATTO 647N, and subsequent use in toehold-mediated strand displacement

reactions with different DSs (see Fig. 3.1, Step 3). TPP–C was produced by digestion of SPP-

C, labelled with either ATTO 550 or ATTO 647N, with the enzyme EXO 1 to remove excess

primers (forward and reverse) not incorporated into the SPP. This was followed by a digestion

with the enzyme UDG to digest the dUs (at the 5th and 9th positions) to produce the 9-nt toehold

on the incumbent strand of the SPP-C and create the toehold that allowed for the nucleation of

the DS ( Fig. 3.1, Step 2). The labelled TPP–C was then purified using 30 K Amicon R© Ultra

Centrifugal Filters. The procedure can be found in Chapter 2, Section 2.3.1.1, which resulted in

a pink coloured product appearing due to concentration of the fluorophore containing TPP. The

labelled TPP–C where then used in toehold-mediated strand displacement reactions without

any further validation.

For the TPP–C solution, labelled with ATTO 550, there will be the expected TPP–Cs

of two differing lengths (∼55 bp, ∼80 bp) observed in the SPP-C labelled with ATTO 550 by

gel electrophoresis (Section 3.3.1.1).

All labelled TPP–Cs were then treated individually with one of four different DSs

where each DS possessed a different nt at the SNP position on the DS strand, where the nt had

the base A, T, G, or C, denoted as DS(A), DS(T), DS(G), DS(C), respectively. All of these DSs

contain the quencher BHQ-1. The toehold-mediated strand displacement reaction was carried

out according to the procedure set out in Chapter 2, Section 1.6.1 (Fig. 3.1, Step 3). The

four different toehold-mediated strand displacement reactions of TPP–C (displacement of the

incumbent strand of TPP–C with either DS(A), DS(T), DS(G), or DS(C)) were monitored by

measuring the decrease in fluorescence of the reaction, as successful displacement of incumbent

strand of the TPP–C by the DS puts the quencher on the DS close enough to the fluorophore on
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the target strand of the TPP–C, quenching the fluorophore and decreasing the fluorescence.

Measuring the reduction of the fluorescence during the reaction therefore indicates

whether the DS strand was successful in displacing the incumbent strand of the TPP–C. Addi-

tion of 5 times the concentration of DS to the TPP–C will result in a pseudo-first order kinetic

curve if displacement is successful.1

Fig. 3.6 shows an example toehold-mediated strand displacement kinetic curve for

the displacement of the incumbent strand of TPP–C with DS(A), when the TPP–C is labelled

with either ATTO 550 (black) or ATTO 647N (red). Appendix B shows ATTO 550 and Fig. 3.9

shows ATTO 647N labelled TPP–C displacement kinetic curves with each DS separately.

Figure 3.6: Toehold-mediated strand displacement kinetic curves (relative fluorescence unit
(RFU) versus time) of the displacement reactions of the incumbent strand of TPP–C, when
TPP–C is labelled with either the fluorophore ATTO 550 (black line) or ATTO 647N (red
line), with DS(A). The fluorescence was measured on a Roto-Gene 6plex. Each set of data
plotted is an average of 3 replicates. Every 20 data points was omitted for ease of viewing.
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From Fig. 3.6 (black line) it can be seen that the displacement of TPP–C labelled

with ATTO 550 has resulted in a decrease in fluorescence to 0.65 RFU in the first 50 s despite

the presence of a A•C mismatch. There is then a further decrease of 0.1 RFU over the next 950

s. The decrease in fluorescence indicates that a fast toehold-mediated strand displacement has

taken place. The ATTO 647N decreases by 0.1 relative fluorescence unit (RFU) over 1000 s,

indicating a slow strand displacement reaction (Fig. 3.6 red line).

The C at the SNP position is thought to be too unstable to form a mismatch that

is able to continue the random walk process of the strand displacement reaction (see Chapter

1, Section 1.6.1.1). However, it should be noted that the strand displacement reaction of the

TPP–C labelled with ATTO 550 in Fig 3.6 was created from the SPP labelled with ATTO

550 solution from Fig. 3.2 without any isolation of the ∼80 bp SPP. Therefore, the toehold-

mediated strand displacement reaction involves both the ∼55 bp TPP and ∼80 bp TPP–C. Fig

3.7 demonstrates the full procedure of how the non-specific SPP is created, the TPP fabricated

and the TPP undergoing successful toehold-mediated strand displacement
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Figure 3.7: Schematic of toehold-mediated strand displacement of the non-specific SNP PCR
product (SPP), the 55 bp TPP, produced using the reverse primer labelled with ATTO 550.
Step 1: A region of the template mitochondrial DNA (mtDNA, black) that contains the single
nucleotide polymorphism (SNP, green) is amplified with PCR using the modified reverse (red)
primer labelled with a fluorophore (F) and the forward primer (purple) which contains
deoxy-uracils (dUs, orange) at the 5th and 9th position. However due to non-specific
hybridisation of the reverse primer this creates multiple copies of the non-specific SPP without
the SNP present, but does create copies of the region of the template mtDNA, with the
fluorophore (F) and dUs at the 5th and 9th position on the target strand (red) and incumbent
strand (purple), respectively. Step 2: The toehold PCR product (TPP) is then formed by the
digestion of the SPP of step 1 with uracil-DNA glycosylase (UDG) to remove the dUs which
creates a short toehold on the incumbent strand (purple). Step 3: The displacing sequence
(DS) (light blue) containing a quencher (Q) is added to the TPP in solution and nucleates with
the toehold of the incumbent strand. Toehold-mediated strand displacement then proceeds as
the DS hybridises, proceeding from the toehold, with the target strand of the TPP until the
incumbent strand of the TPP is completely displaced into solution. For the non-specific SPP
the DS strand forms a loop that allows for the toehold-mediated strand displacement to
proceed. This still allows for the formation of a dsDNA that brings the quencher close enough
to the fluorophore to allow for quenching.
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The decrease to 0.65 RFU in the first 50 s (Fig. 3.6, black line) is most likely due

to the toehold-mediated strand displacement of the incumbent strand from the ∼55 bp TPP

labelled with ATTO 550. The displacement is still able to take place due to the DS being ∼30

bp longer than the non-specific TPP, allowing for the formation of a loop region (see Fig. 3.7

Step3). This due to ssDNA being flexible, see Chapter 1, Section 1.3.18 As stated previously,

the ∼55 bp TPP no longer contains the SNP (C residue in this case) and therefore there is

no barrier to impede the strand displacement. This is thought to be the process as this is not

seen in the displacement kinetic curve of the TPP–C labelled with ATTO 647N, which had no

non-specific SPP.

The ∼80 bp TPP–C labelled with ATTO 550, would account for the slower decrease

of 0.1 RFU over the remaining 950 s. Due to the presence of the shorter ∼55 bp TPP the re-

action can no longer be deemed as a pseudo-first order reaction. From Fig 3.6 (red line) the

displacement that takes place between the TPP–C labelled with ATTO 647N and DS(A) only

decreases by 0.1 RFU in 1000 s. This result indicates that TPP–C labelled with ATTO 647N

has better discrimination power than TPP–C labelled with ATTO 550 in the toehold-mediated

strand displacement reaction. Therefore, further work investigating the toehold-mediated reac-

tion was done using the reverse primer labelled with ATTO 647N for the remaining SNPs (A,

T and G). Full analysis of the all TPP labelled with ATTO 647N will be discussed in the next

section.

From Fig 3.6 (red line) we see that the displacement that takes place between the

TPP–C labelled with ATTO 647N and DS(A) only reaches 0.9 RFU in the 1000 s. This indi-

cates that although there is some toehold-mediated strand displacement taking place it is not to

the same degree as the TPP-C labelled with ATTO 550. This result indicates that TPP-C la-

belled with ATTO 647N has better discrimination power than TPP-C labelled with ATTO 550

in the toehold-mediated strand displacement reaction. Therefore, further work investigating the

toehold-mediated reaction was done using the reverse primer labelled with ATTO 647N for the

remaining SNPs (A, T and G). Full analysis of the all TPP labelled with ATTO 647N will be
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analysed in the next section.

From Fig 3.5 it can be determined that using the reverse primer labelled with ATTO

550 would only be viable if it was possible to either prevent the occurrence of the non-specific

SPP or isolation of the correct∼80 bp SPP. For this project the use of ATTO 647N is satisfactory

and so will be used for the remainder of this Chapter.

3.3.2. Toehold-mediated strand displacement of TPP–C, TPP–G, TPP–A and TPP–T us-

ing ATTO 647N

This section will now focus on the production of the SPP of all the four possible

SNPs (SPP–C, SPP–G, SPP–A and SPP–T), the fabrication of the four TPPs (TPP–C, TPP–G,

TPP–A and TPP–T) and then finally the toehold-mediated strand displacement of all the TPPs.

It must be noted that the only difference between the four TPPs is the nt at the SNP position.

This allows for accurate comparison of all the TPPs and will give insight into how each SNP

will affect the toehold-mediated strand displacement process. The SNP is flanked by the same

nt in all the strands and will be referred to as the “trimer sequence” as these are the only bps that

play a role in the random walk process of the toehold-mediated strand displacement reaction.

This is based on the nearest-neighbour interactions, whereby it is assumed that the only way for

a bp to form is if the neighbour bp is first stable enough (see Chapter 1, Section 1.3.2 for further

details).19 The trimer sequence of the target strand (see Fig.3.1, red) is TXC (3′ to 5′, where X

is any nt: C, G, A and T) and the complementary trimer sequence of the DS is AXG (5′ to 3′,

where X is any nt: C, G, A and T). The DS is expressed in the 5′ to 3′ direction as the direction

of the random walk starts at the 3′ and ends at the 5′ end of the target strand. Therefore, the

first bp formed is a T/A bp which does not have as stable pairing as the closing bp, G/C. This

will have an impact on the random walk process that will be discussed throughout this Chapter.

Firstly, all four SPP must be created to allow for fabrication of the TPP and then subsequent

toehold-mediated strand displacement reaction.
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3.3.2.1. Amplification of all four SPP–C, SPP–G, SPP–A and SPP–T

As seen in Section 3.3.2 it was possible to amplify SPP–C using the primer labelled

with ATTO 647N without any secondary non-specific SPP forming. For this section the re-

maining SPP were created using the same procedure, however different mtDNA were used.

For SPP–G, SPP–A and SPP–T mtDNA containing G, A or T at the SNP position was used,

respectively. All four SPPs were analysed using 4% (w/v) agarose gel electrophoresis, shown

in Fig. 3.8.

Figure 3.8: Agarose gel 4% (w/v) electrophoretogram of the four SPPs possessing different
nts, (a) SPP–C, (b) SPP–G, (c) SPP–A and (d) SPP–T, all labelled with the fluorophore ATTO
647N. For visualisation, the gel electrophoretogram was stained with 1x SYBR R© safe and
viewed using a Gel DocTM EZ. A DNA ladder (Quick-Load R© Purple 50 bp DNA Ladder) was
used as the reference.

Fig. 3.8 shows that all the PCR products, using the primer labelled with ATTO 647N,

resulted in SPPs of identical lengths of approximately 80 bp. This is to be expected as the only
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difference between each SPP is the nt at the SNP position. There are also no secondary bands

observed, and this indicates that there is no further purification required before using in the

fabrication of the toehold in the next Section.

3.3.2.2. Toehold-mediated strand displacement reaction with TPPs labelled with ATTO

647N

This section will discuss the fabrication of the TPPs (see Fig. 3.1, Step 2) when,

labelled with ATTO 647N, and subsequent use in the toehold-mediated strand displacement

reaction with different DSs (see Fig. 3.1, Step 3). TPP–C, TPP–G, TPP–A and TPP–T were

produced from SPP–C, SPP–G, SPP–A and SPP–T. The TPPs were separately fabricated using

the enzyme EXO 1 to remove excess primers (forward and reverse) not incorporated into the

SPP. This was followed by a digestion with the enzyme UDG to digest the dUs (at the 5th and

9th positions) to produce the 9-nt toehold on the incumbent strand of the SPP-C and creating

the toehold allows for DS to nucleate (Fig. 3.1, Step 2). TPPs were then separately purified

using 30 K Amicon R© Ultra Centrifugal Filters. The procedure for producing TPPs can be

found in Chapter 2, Section 2.3.1.1. After purification the TPPs were used without any further

validation.

Each TPP was treated in separate experiments with each of the four different DSs

(DS(A), DS(T), DS(G), or DS(C)). All of these DSs contain the quencher BHQ-1. The toehold-

mediated strand displacement reaction was carried out according to the procedure set out in

Chapter 2, Section 2.3.1.3 (Fig. 3.1, Step 3). The four different toehold-mediated strand dis-

placement reactions (displacement of the incumbent strand of each TPP with either DS(A),

DS(T), DS(G), or DS(C)) were monitored by measuring the decrease in fluorescence of the

reaction. Measuring the reduction of the fluorescence of the reaction, producing a toehold-

mediated strand displacement curve, therefore indicates whether the DS strand was successful

in displacing the incumbent strand of the specified TPP. Figure 3.9 shows the kinetic curves of

the toehold-mediated strand displacement of (a) TPP–C, (b) TPP–G, TPP–A and TPP–T (la-
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belled with ATTO 647N) with DS(A) (black), DS(T) (pink), DS(G) (blue) and DS(C) (green)

containing BHQ-1. The line of best fit (Fig. 3.9, red dotted line) for the toehold-mediated strand

displacement kinetic curves was calculated using the non-linear curve fitting function (see Eq.

3.1) in OriginPro 9 (Origin Corporation, USA).

Where F is the fluorescence intensity at time t, F0 is the initial fluorescence intensity,

F1 is the intensity after reaction completion, k is the rate constant, [DS]0 is the initial concen-

tration of the displacing sequence, and t is the time in seconds.

Figure 3.9: (a) TPP–C, (b) TPP–G, (c) TPP–A and (d) TPP–T (labelled with ATTO 647N)
with DS(A) (black), DS(T) (pink), DS(G) (blue) and DS(C) (green) containing BHQ-1. Each
set of data plotted is an average of 3 replicates. Every 20 data points was omitted for ease of
viewing and the red dashed lines are the fits obtained using OriginPro 9 software.

All plots gave R2 ≥0.95. An excess of DS was used to make use of the pseudo first

order kinetics equation described by Baker et al.20

F = F1 +(F0−F1)e−kt[DS]0 (3.1)
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The ratio between the reaction rate (kcomplementary) and the reaction rate of non-

complementary sequences (knon−complementary) was then used as a kinetic discrimination ratio,

Rk. (Eq. 3.2).

Rk =
kcomplementary

knon−complementary
(3.2)

One-way ANOVA analysis was used to determine whether there was any significant

difference between the averages (means) of the complementary and non-complementary dis-

placements for each TPP, where F < Fcrit (a value that is corresponding to a 0.05% confidence

interval (CI)). shows that the means of the means are not the same, implying discrimination. A

CI of 95% and degrees of freedom of F(1,10) were computed for all results. If the p value was

below p = 0.05 the F value was considered to be within the 95% CI and statistically significant.

Table 3.2 shows the rate constants of displacement (denoted as kDS) as well as the kinetic dis-

criminator ratio (Rk) calculated from the kinetic curve in Fig. 3.9. The results for each TPP will

be discussed in the following sections.

3.3.2.3. TPP–C, labelled with ATTO 647N, toehold-mediated strand displacement

The fastest displacement (<250 s) occurred when TPP–C was displaced with its

complementary DS (DS(G)) and reached below 0.2 RFU (<80% displacement of incumbent

strands) (Fig 3.9 (a), blue). All other toehold-mediated strand displacement reactions with

non-complementary DS were far slower with only DS(T) reaching below 0.8 RFU (≈ 20% dis-

placement of incumbent strands) in 1000 s (Fig 3.9 (a), pink). The rates for TPP–C with DS(T),

DS(A), DS(C) and DS(G), as shown in Table 3.9, were kDS = 1946 (±424) M−1 s−1, kDS =

947 (±9) M−1 s−1, kDS = 1209 (±99) M−1 s−1 and kDS = 9453 (±114) M−1 s−1, respectively.

The kDS of the toehold-mediated strand displacement reaction of TPP–C follows the order of

DS(A) <DS(C) < DS(T) << DS(G). The Rk values of the toehold-mediated strand displace-

ment reactions of TPP–C with the different DSs indicate that the rate of reaction of TPP–C with
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complementary DS (DS(G)) was 4.9 times faster than the rate of the reaction of TPP–C with

the fastest non-complementary DS (DS(T)) (Table 3.2). This result is not unexpected, as any

mismatches that involve the C nt (in this case the SNP on the target strand of TPP–C is a C

residue) are the weakest of all the possible mismatches and decrease the rate of displacement

due to the inability to form proper base stacking as well as the deformation of the phosphate

back bone.4,5,8

Table 3.2 also shows that the highest Rk value of the toehold-mediated strand dis-

placement reactions of TPP–C was achieved when the SNP of the DS was an A nt (reaction

with DS(A)), giving a Rk = 10.1. 5′ bps play an important role in stabilising its nearest neigh-

bour as it must first successfully form for the next bp to hybridise. In this case the closing

group is an A/T, which is not as stable as G/C (see Chapter 1, Section 1.3.2). In this case the C

mismatch that would form requires a stable neighbour in order to form a bp. Thus, in the case

where the A/T is the closing group that forms a bp with low stability the mismatch in the dis-

placement reaction is approximately 10 times slower to form than the complementary reaction.

This gives the highest degree of discrimination.

The ANOVA for TPP–C was calculated to be F( 1,10)= 901, Fcrit = 4.96, p = 3.93 x

10−16. The ANOVA results, like Fig. 3.9 (a) and the Rk values (Table 3.2), show that TPP–C

has excellent discrimination power as the F value is larger than the Fcrit and that it is statically

significant within the 95% CI.

3.3.2.4. TPP–G, labelled with ATTO 647N, toehold-mediated strand displacement

In the toehold-mediated strand displacement reaction of TPP–G labelled with the

different DSs, discrimination was not achieved, as it is not possible to distinguish the comple-

mentary DS (in this case DS(C), Fig. 3.9 (green)) from non-complementary based on Fig. 3.9

(b).

The toehold-mediated strand displacement reactions with DS(T), DS(G) and DS(C)
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all reach under 0.3 RFU (≈ 70% displacement of incumbent strands) by 1000 s (Fig. 3.9

(b), pink, black and green). DS(A), although slower, was still able to displace the incumbent

stand and reach a RFU of 0.7 (≈ 30% displacement of incumbent strands) in 600 s (Fig. 3.9

(b), black). This is due to the stability of the G•A mismatch, much in the same way as the

G•T mismatch (see Chapter 1, Section 1.3.2.1). The ANOVA analysis of the toehold-mediated

strand displacement reactions of TPP–G with the different DSs indicates the reactions are in-

distinguishable from each other.

As shown in Table 3.2, the kDS values of the toehold-mediated strand displacement

reaction of TPP–G with DDS(T), DS(A), DS(C) and DS(G), where DS(C) is the complementary

sequence, are kDS = 6511 (±38) M−1 s−1, kDS = 4222 (±29) M−1 s−1, kDS = 5551 (±47) M−1

s−1 and kDS = 4986 (±27) M−1 s−1, respectively (follows the order of DS(A) < DS(G) <

DS(C) < DS(T)).

The rates of TPP–G with non-complementary DS(A) and DS(T) displacements are

relatively high with kDS = 6511 (±38) M−1 s−1 and kDS = 4222 (±29) M−1 s−1, respectively,

compared to the complementary rate of kDS = 4986 (±27) M−1 s−1 (Table 3.2). For all other

TPPs (Fig. 3.9 (a, c and d)) the DS(C) has the slowest displacement kinetic curve, often not

reaching below 0.95 RFU, in the case of TPP–G the DS(C) is the complementary DS.

The kDS observed for the toehold-mediated strand displacement reactions of TPP–G

are high, regardless of the DS used. This is explained by the fact that mismatches formed

between hybridised DNA strands that involve the G nt are stable enough that the displacement

process occurs regardless of the nt pairs forming between the hybridised DNA strands. Allawi

and SantaLucia19,21 and Tikhomirova et al.10 have described that the most stable mismatched

pairings of nts occur between G•T, G•A, and G•G bps (where the • indicates non-canonical

Watson-Crick base pairing). The TPP–G used in these displacement reactions possesses a G

residue at the SNP position on the target strand, meaning that the DS used in the reaction will be

forming a G mismatch. As any nt pairing between DNA strands involving a G nt is known to be
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fairly stable,10,19,21 this leads to the kDS of the toehold-mediated strand displacement reactions

of TPP–G being relatively high regardless of the DS used. In regards to the TPP–G with DS(T)

Table 3.2 shows that the rates are similar to that of the complementary TPP–A with DS(T),

having rates of kDS = 6511 M−1 s−1 and kDS = 6282 M−1 s−1, respectively.

Interestingly, the toehold-mediated strand displacement reaction of TPP–G with DS(C)

(the complementary DS) (TGC/ACG) is not the fastest, as would be expected. In fact, the

highest kDS is observed for the toehold-mediated strand displacement reaction of TPP–G with

DS(T), which results in a G•T mismatch between the strands of DNA (TGC/ATG). The reason

for this may be explained by the fact that a mismatch between a G residue and a T residue can

be accommodated into the helical structure of DNA via changes in the sugar phosphate back

bone.17,21,22 Subsequently, due to the formation of two hydrogen bonds it behaves similarly to a

nt pairing of an A residue and a T residue match (TAC/ATG), which form two hydrogen bonds

when hybridising. Fig. 3.5 shows how both A/T and G•T base pairs have two hydrogen bonds

that allow for a stable formation of dsDNA, where the Watson-Crick edge of the G residue is

able to form stable hydrogen bonds with the Hoogsteen edge of the T residue (see Chapter 1,

Section 1.3.2.1 and 1.5.3 for more detailed explanation). Although Hoogsteen bonding is not as

stable as Watson-Crick base pairing, the G residue is still able to form a base pair stable enough

to allow for the displacement reaction to continue.

The ANOVA for TPP–G was F(1,10) = 0.267, Fcrit = 4.96, p = 0.616. Not only is

the F value far lower than the Fcrit value, the p value is well above 0.05 (less than 95% CI).

Therefore, it is not possible to distinguish the complementary from the non-complementary

toehold-mediated strand displacement reactions.

3.3.2.5. TPP–A, labelled with ATTO 647N, toehold-mediated strand displacement

The results of the toehold-mediated strand displacement reaction of TPP–A with the

different DSs indicates that that the toehold-mediated displacement reactions that involve non-

157



complementary DS(A) and DS(C) could be used accurately to discriminate TPP–A (Fig. 3.9 (c),

pink and green). However, the DS(G) could not be used for the same accurate discrimination

(Fig. 3.9 (c), blue). The complementary toehold-mediated strand displacement using DS(T)

reached an RFU of ∼0.8 (≈ 20% displacement of incumbent strands) in 1000 s (Fig 3.9 (c),

pink). The toehold-mediated strand displacement reaction with DS(G) reached a RFU of ∼0.5

(≈ 50% displacement of incumbent strands) in 600 s (Fig. 3.9 (c), blue). As expected the

DS(C) underwent very little toehold-mediated strand displacement reaching only ∼95 RFU in

1000 s (Fig. 3.9 (c), green).

Table 3.2 shows the kDS values of the toehold-mediated strand displacement reaction

of TPP–A with DS(T), DS(A), DS(C) and DS(G), where DS(T) is the complementary sequence

to the target sequence of TPP-A, were kDS = 6282 (±41) M−1 s−1, kDS = 2360 (±18) M−1

s−1, kDS = 1157 (±18) M−1 s−1 and kDS = 4642 (±42) M−1 s−1, respectively. The rate of

displacement of the incumbent strand follows the order of DS(C) < DS(A) < DS(G) < DS(T).

The rate of displacement of the incumbent strand of TPP–A is fastest when the com-

plementary DS (DS(T)) was used, and slower when the nt of the SNP of the DS used was

mismatched to the SNP of the target strand of the TPP–A. The displacement reaction of the

incumbent strand of TPP-A using DS(C) shows the slowest rate, due to C mismatches (when

the nt mismatch between two DNA strands involves a C residue). C mismatches are known

to result in the weakest interactions between DNA strands, and decrease, or prevent, strand

displacement from occurring and therefore it is expected that they will have the lowest dis-

placement rates.10,11,13

This is also supported by the fact that the kDS of the toehold-mediated strand dis-

placement reaction of TPP–A with DS(T) (resulting in an A nt and a T nt match) is similar to

the kDS of the toehold-mediated strand displacement reaction of TPP–G with DS(T) (resulting

in a G residue and a T residue mismatch), which are kDS = 6282 M−1 s−1 and kDS = 6511 M−1

s−1, respectively (Table 3.2).
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The best discrimination between a DS with a non-complementary nt for the target

strand of TPP–A was achieved when the non-complementary nt was a C nt, showing Rk = 5.4

(Table 3.2).

The ANOVA for TPP–A was F(1,10) = 16.6, Fcrit = 4.96, p = 0.002. The ANOVA

results show that it was possible to discriminate, with the F value being higher than the Fcrit and

this is statistically significant.

3.3.2.6. TPP–T, labelled with ATTO 647N, toehold-mediated strand displacement

The results of the toehold-mediated strand displacement of TPP–T with all four DS

is similar to that when using TPP–A (Fig. 3.9 (d)). The complementary reaction with DS(A)

reached <0.2 RFU in 250 s (Fig. 3.9 (d) black). However, the displacement reaction with

DS(G) reached ∼0.3 RFU in roughly the same time period of time (Fig. 3.9 (d), blue). DS(T)

only reached ¡0.5 RFU in 600 s (Fig. 3.9 (d), pink) and DS(C) showed a negligible RFU

decrease (Fig. 3.9 (d), green).

As shown in Table 3.2, the kDS values of the toehold-mediated strand displacement

reaction of TPP–T with DS(T), DS(A), DS(C) and DS(G), where DS(A) was the complemen-

tary sequence, were kDS = 4861 (±136) M−1 s−1, kDS = 8069 (±63) M−1 s−1, kDS = 446 (±38)

M−1 s−1 and kDS = 7010 (±41) M−1 s−1. The rate of the toehold-mediated strand displacement

reaction follows the order of DS(C) << DS(T) < DS(G) < DS(A), with increasing rate of dis-

placement. The kDS of the toehold-mediated strand displacement reactions of TPP–T with the

complementary DS(A) was shown to be the fastest, while the rate using DS(C) was the slowest.

This is because it results in a C nt mismatch between the target strand of the TPP–T and DS(C).

Thus resulting in the highest Rk value (Rk = 18.1, Table 3.2), showing that the best discrimina-

tion from a non-complementary nt for the TPP–T was achieved when a C was present. This Rk

value is higher than that observed for TPP–A with DS(C) (Rk = 5.4) and may be due to the fact

that the base pairing is now a A nt to C nt mismatch (purine-pyrimidine) system rather than a T
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nt to C nt (pyrimidine-pyrimidine) system.13

The ANOVA calculated was F(1,10)= 5.255, Fcrit = 4.96, p = 0.045. Once again, the

ANOVA results showed that it was possible to distinguish between the toe-hold mediated strand

displacement reactions between TPP–T with complementary target strands to the DS used, as

compared to when the TPP-T has a non-complementary target strand to the DS used in the

reaction. The F value however is not much greater than the Fcrit but is within the 95% CI. This

concurs with Fig. 3.9 (d) as the only DS that makes discrimination difficult is DS(G). This is

for the same reasons described in Section 3.3.2.5.

3.3.2.7. Using ATTO 647N for investigation of toehold-mediated strand displacement re-

action

In both the toehold-mediated strand displacement reactions of TPP–A and TPP–T the

complementary DS (TPP/DS) (i.e., TPP–A with DS(T) (TAC/ATG) and TPP–T with DS(A)

(TTC/AAG)) were shown have the fastest rates, while the displacement rates with DS(C)

for both TPP–A (TAC/ACG) and TPP–T (TTC/ACG) were the slowest. Allawi and Santa

Lucia11,13 have found that TAC/ACG and TTC/ACG are amongst the most destabilising trimer

sequences. This therefore results in slower rates of the toehold-mediated strand displacement

reactions observed when using DS(C) with TPP–A or TPP–T (as compared to when using

DS(A), DS(G), or DS(T)).

Overall it was found that the displacement rates for the TPPs with their complemen-

tary DSs follows the order of TPP–G ≤ TPP–A < TPP–T < TPP–C. This indicates that when

the SNP on the TPP is either a C nt or a T nt (a pyrimidine) the rate of displacement is higher

than when the SNP on the TPP is an A residue or a G residue (a purine).

It can be concluded from Fig. 3.9 that it is possible to use the primers labelled with

ATTO 647N to produce TPPs for investigating the effect of ethidium bromide on the toehold-

mediated strand displacement reaction. There are no non-specific SPP formed that interfered
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with the analysis (as occurred when using TPP-C labelled with ATTO 550) and ATTO 647N

does not have any fluorescent interference from the ethidium bromide.

The next section will therefore discuss the investigation of the effect that ethidium

bromide has on the toehold-mediated strand displacement reaction. Ethidium bromide inter-

calates by inserting itself between two bp in dsDNA (see Chapter 1, Section 1.4.6 for further

details). This has been shown to stretch the DNA both in diameter and length.23 Therefore,

ethidium bromide should destabilise mismatches that may occur during the random walk pro-

cess of the toehold-mediated strand displacement reaction and provide better discrimination.

3.3.3. Toehold-mediated strand displacement with ethidium bromide

In order to study the effects of the ethidium bromide on the toehold-mediated strand

displacement reaction the procedure from Chapter 2, Section 2.3.1.4 was followed. In brief,

each TPP (TPP–A, TPP–T, TPP–C and TPP–G) was treated with ethidium bromide first be-

fore being treated (in separate experiments) with each of the four different DSs (DS(A), DS(T),

DS(C) and DS(G)) separately. All of these DSs contained the quencher BHQ-1. The con-

centration of the ethidium bromide was 79X that of the TPPs being studied, as there are 79

possible intercalation sites once the toehold on the target strand has nucleated with the DS. The

concentration of the ethidium bromide was chosen to allow for maximum intercalation but to

also keep the concentration low enough to not cause interference with the fluorophore detection

(i.e., keep the solution colourless to allow transmission of light).

The four different toehold-mediated strand displacement reactions (displacement of

the incumbent strand of each TPP with either DS(A), DS(T), DS(C) or DS(G)) were monitored

by measuring the decrease in fluorescence of the fluorophore (ATTO 647N). Measuring the

reduction of the fluorescence of the reaction therefore indicated whether the DS stand was

successful in displacing the incumbent strand from the specified TPP

All the TPP toehold-mediated strand displacement reaction kinetic curves performed
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in the presence of ethidium bromide are shown in Fig. 3.10. As with the previous sections all

curve fitting for the kinetic curves was performed using Equation 3.1 and all kinetic discrimi-

nation ratios, Rk, where calculated using Equation 3.2.

Figure 3.10: (a) TPP–C, (b) TPP–G, TPP–A and TPP–T (labelled with ATTO 647N) with
DS(A) (black), DS(T) (pink), DS(G) (blue) and DS(C) (green) containing BHQ-1 and in the
presence of ethidium bromide. Data plotted is an average of the results of 3 replicates. Every
20 data points was omitted for ease of viewing and the red dashed lines are the fits obtained
using OriginPro 9 software.

Table 3.3 shows the kDS as well as Rk values, calculated from the kinetic curves in

Fig. 3.10. Table 3.2 also shows the data from the previous section to allow for comparison of

the toehold-mediated strand displacement in the absence and presence of ethidium bromide.

3.3.3.1. TPP–C, labelled with ATTO 647N, toehold-mediated strand displacement in the

presence of ethidium bromide

The displacement with DS(T) in the presence of ethidium bromide had a negligible

decrease in fluorescence (Fig. 3.10 (a), pink), as opposed to without ethidium bromide where it

reached below 0.8 RFU (Fig. 3.9 (a), pink).
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TPP–C (Table 3.3) displacement with DS(T), DS(A), DS(C) and DS(G) had rates of

kDS(T) = 179 (±42) M−1 s−1, kDS(A) = 199 (±24) M−1 s−1, kDS(C) = 157 (±22) M−1 s−1 and

kDS(G) = 11853 (±101)M−1 s−1, respectively. The kDS followed the order of DS(A) < DS(T)

< DS(C) << DS(G).

The TPP–C with DS(G) was the most clearly distinguishable SNP in the complemen-

tary reaction from the non-complementary reactions. From Table 3.3 it can be seen that the Rk

values increased considerably for displacement reactions with DS(T) and DS(C), increasing by

an order of magnitude. However, the discrimination power of TPP–C was already the highest

and so ethidium bromide seems to increase the destabilising ability of C mismatches. This may

be because C mismatches impact on the DNA backbone, often stretching it open slightly,24,25

and providing more space for the intercalation of the ethidium bromide. This prevents the

prevalence of the mismatches forming and so all the mismatches are slowed considerably.

The ANOVA results for TPP–C were calculated to be F(1,10) = 7877, Fcrit = 4.96, p

= 8.7 x 10−16. Similar to without the ethidium bromide, the ANOVA results shows that TPP–C

displacement with all four DS has a high discrimination power, indicated by the high F value

(7877 > Fcrit 4.96) and the low p value.

3.3.3.2. TPP–G, labelled with ATTO 647N, toehold-mediated strand displacement in the

presence of ethidium bromide

Once again, the displacement kinetic curves in the presence of ethidium bromide (Fig.

3.10 (b)) are similar to in the absence of ethidium bromide (Fig. 3.9 (b)), showing that it is still

not possible to distinguish DS(C), DS(A) and DS(T). Ethidium bromide has the least effect on

the displacement rate of TPP–G (Table 3.3) with DS(T), DS(A), DS(C) and DS(G), showing

kDS = 7066 (±33) M−1 s−1, kDS = 3826 (±23) M−1 s−1, kDS = 6042 (±52) M−1 s−1 and kDS

= 6386 (±24) M−1 s−11, respectively. The kDS of the toehold-mediated strand displacement

reaction of TPP–C in the presence of ethidium bromide follows the order of DS(A) < DS(C) <
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DS(G) < DS(T).

There is however a general increase in displacement rates for DS(T), DS(C) and

DS(G) with increases of ∆kDS = 555 M−1 s−1, ∆kDS = 491 M−1 s−1, and ∆kDS= 1400 M−1

s−1. DS(A) showed the only decrease of ∆kDS = -396 M−1 s−1. This is hypothesised to be due

to the further stabilisation of the mismatch (and perfect match with DS(C)) from the ethidium

bromide. Primarily due to the π stacking of the ethidium bromide with the G residue.

The ANOVA for TPP–G was calculated to be F(1,10) = 0.102, Fcrit = 4.96, p = 0.755.

Similar to without intercalated ethidium bromide in the TPP–G the ANOVA analysis showed

that it is not possible to distinguish the TPP–G using the toehold-mediated strand displacement

reaction as the F value is well below the Fcrit.

3.3.3.3. TPP–A, labelled with ATTO 647N, toehold-mediated strand displacement in the

presence of ethidium bromide

There is little change observed for TPP–A with all four DSs with and without ethid-

ium bromide, Fig. 3.10 (c) and Fig. 3.9 (c), respectively. Notably, the displacement reaction

with DS(G) did not go below 0.5 RFU (≈50% displacement of incumbent strands) in the pres-

ence of ethidium bromide unlike without ethidium bromide.

The TPP–A displacement with DS(T), DS(A), DS(C) and DS(G) gave displacement

rates kDS = 6171 (±136) M−1 s−1, kDS = 1548 (±12) M−1 s−1, kDS = 5.3 (±0.1) M−1 s−1 and

kDS = 5480 (±80) M−1 s−1. The kDS of the toehold-mediated strand displacement reaction of

TPP–C in the presence of ethidium bromide follows the order of DS(C) < DS(A) < DS(G) <

DS(T).

In this case there appears to be no discernible change between the rate of the com-

plementary reaction with DS(T), with ethidium bromide (kDS = 6171 (±136) M−1 s−1) and

without ethidium bromide (kDS = 6282 (±41) M−1 s−1), indicating that the adenine-thymine
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interaction is not stabilised, or remains unaffected, by the base stacking interactions of the ethid-

ium bromide. There is however a decrease in the rate for the non-complementary DS(A) and

DS(C) displacement (i.e., TAC/AAG and TAC/ACG mismatches, respectively) with ethidium

bromide (∆kDS = -812 M−1 s−1) compared to without ethidium bromide (∆kDS = -1152 M−1

s−1). Both of these low reaction rate mismatches appear to be destabilised by the presence of

ethidium bromide, thus further decreasing the rates of reaction. Interestingly, the DS(G) rates

increased with the introduction of ethidium bromide, ∆kDS = 838 M−1 s−1, indicating that this

A residue to G residue (TAC/AGG) or purine/purine mismatch is stabilised by the intercalator.

Table 3.3 shows that the best discrimination from a non-complementary nt for the

TPP–A was achieved when a C was present, Rk = 1164.3. This is substantially larger than

without ethidium bromide (Rk = 5.4) indicating that ethidium bromide intercalation retards the

rate of reaction.

The ANOVA results for TPP–A were calculated to be F(1,10) = 6.88, Fcrit = 4.96, p

= 0.025. The ANOVA analysis once again revealed that it was possible to distinguish TPP–A

using toehold-mediated strand displacement reaction, with the F value being larger than the Fcrit

and the p value being below 0.05 and so within the 95

3.3.3.4. TPP–T, labelled with ATTO 647N, toehold-mediated strand displacement in the

presence of ethidium bromide

Finally, the toehold mediated strand displacement reaction kinetic curves for TPP–T

with all four DSs in the presence of ethidium bromide (Fig. 3.10 (d)) shows little change from

the displacement in the absence of ethidium bromide (Fig 3.9(d)). The most noticeable change

was the lag effect seen with DS(G), where it only reaches <0.3 RFU in 600 s with ethidium

bromide (Fig 3.10 (d), blue) as opposed to 400 s without (Fig. 3.9 (d), blue)).

The displacement rates for TPP–T (Table 3.3) with DS(T), DS(A), DS(C) and DS(G)

were kDS = 6013 (±54) M−1 s−1, kDS = 8419 (±51) M−1 s−1, kDS = 1.04 (±0.01) M−1 s−1 and
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kDS = 5897 (±55) M−1 s−1. The kDS of the toehold-mediated strand displacement reaction of

TPP–C in the presence of ethidium bromide followed the order of DS(C) < DS(T) < DS(G) <

DS(A).

As expected the complementary DS(A) had the faster rate of displacement. The pres-

ence of ethidium bromide only slightly increased this reaction, ∆kDS = 350 M−1 s−1. The rate

of displacement of DS(T) in the presence of ethidium bromide was also increased, ∆kDS = 1152

M−1 s−1. A decrease in the rate of displacement for DS(C) and DS(G) was observed with a

∆kDS = -445 M−1 s−1 and ∆kDS = -1113 M−1 s−1.

The ANOVA results for TPP–T were calculated to be F(1,10) = 6.277, Fcrit = 4.96,

p = 0.031 The ANOVA analysis once again revealed that it was possible to distinguish TPP–T,

using toehold-mediated strand displacement reaction, with the F value being larger than the Fcrit

and the p value being below 0.05.

3.3.3.5. Effect of ethidium bromide on the toehold-mediated strand displacement reaction

In general, there was an increase, or negligible change, in the Rk values when ethid-

ium bromide was introduced into the displacement reaction with only the Rk value between

TPP-G and DS(G) decreasing. The Rk values are important for determining the kinetic dis-

crimination power of the displacements and the effect of the ethidium bromide. The RK val-

ues that contain the C mismatches, C•A, C•T and C•C (i.e., TPP-C and DS(C) with non-

complementary displacements) were the largest values obtained. C mismatches were the weak-

est mismatch and therefore this mismatch was the more destabilising to the overall DNA struc-

ture and the reason for the high discriminatory power and Rk values.

The ethidium bromide appears to increase the discriminatory power of the C mis-

matches, with the largest increase being 447 orders of magnitude for TPP-T with DS(C) (i.e.,

ACG/TTC). There is also a decrease in the displacement rate for TPP-C with DS(T) (ATG/TCC)

in the presence of ethidium bromide. It must be noted that when a C•T mismatch forms there is
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a large gap that occurs due to the restraints from the DNA backbone preventing strong hydrogen

bonds from forming. The reasoning for the decreased displacement rate here may be due to the

fact that the intercalation of ethidium bromide allows the DNA to unwind adequately to prevent

full hybridisation and therefore prevent the creation of the mismatch.

For A mismatches, A•A, A•G and A•C, an increasing trend was also observed. The

intercalation of the ethidium bromide can potentially stabilise the A•A mismatch through base

pair stacking as the mismatch has a high propensity for stacking. There is a slight increase

with the A•G, comparing intercalated to not interacalated (Table 3.3), implying the ethidium

bromide has small affect on the formation of this particular mismatch.

Overall it was found that the displacement rates for the TPPs with intercalated ethid-

ium bromide, with the four DSs, followed the order of TPP–G ≤ TPP–A < TPP–T < TPP–C

for their complementary displacing sequences. As with the previous complementary toehold-

mediated strand displacement reactions it was found that the 80% displacement was reached in

relatively the same time from when ethidium bromide was added. TPP-C was still the fastest of

the TPPs to undergo toehold-mediated strand displacement. However, TPP–G saw a increase in

the displacement rate allowing for displacement in ∼250 s with ethidium bromide (Fig. 3.10),

whilst taking ∼400 s without (Fig. 3.9). This increased rate of displacement however did not

increase the specificity of the reaction. Therefore, it can be concluded that the ethidium bromide

had very little effect on the rate of displacement and specificity.

3.4. Concluding remarks

In this chapter, two fluorophores, ATTO 550 and ATTO 647N, were evaluated for use

in the investigation of how ethidium bromide affects the toehold-mediated strand displacement

reaction.

First, the effect of two different fluorophore labels on the SPP were examined to de-
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termine the effect they had on the PCR amplification and toehold-mediated strand displacement

process. Using primers labelled with ATTO 550 was found to result in the production of two

SPPs. There was the desired ∼80 bp SPP as well as a secondary non-specific SPP calculated to

be around ∼55 bp in length. It was determined that the ATTO 550 must stabilise non-specific

hybridisation of the primer that resulted in the non-specific SPP. This was not seen using the

primer labelled with ATTO 647N, which only produced the desired SPP of ∼80 bp.

SPP, labelled with ATTO 550 and ATTO 647N were then used to fabricate TPP and

perform a toehold-mediated strand displacement reaction. Using the TPP labelled with ATTO

550 resulted in uncharacteristic displacement kinetic curves that did not follow pseudo-first

order kinetics. This was determined to be due to the production of the secondary non-specific

SPP during the synthesis of the TPP interfering with the toehold-mediated strand displacement

reactions.

In comparison, the toehold-mediated strand displacement reactions of TPP labelled

with ATTO 647N were compatible with both PCR, TPP preparation and the toehold-mediated

strand displacement reactions. ATTO 647N was able to increase the toehold-mediated strand

displacement reaction, however it did not improve the discrimination power. Any mismatches

that involved C were too unstable and hindered the displacement process. This meant that

TPP–C had the highest discrimination power and was able to be easily distinguished when

using all four DS.

Experiments involving the addition of ethidium bromide as an additive in the toehold-

mediated strand displacement reaction showed that it was possible to increase the discrimina-

tion power of TPP–C, increasing the ability to distinguish when a C SNP was present. The

addition of ethidium bromide also increased the discrimination power when the DS(C) was

used to discriminate TPP–G. This is due to the destabilisation that occurs when the ethidium

bromide intercalates. This is especially evident for the A•T mismatches which create large

gaps that allow for the ethidium bromide to intercalate. This causes increased unwinding of
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the DNA backbone (see Chapter 1, Section 1.3) which further strains the mismatch and subse-

quently preventing base pairing of the mismatch. It was found that mismatches that involved

G residue, such as the G•T or G•A mismatch, were stabilised by the presence of the ethidium

bromide, this could be due to increased base stacking that occurs allowing for a stable mismatch

to form.
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Chapter 4

Enhancement and characterisation of peroxidase-mimicking

activity by screening G-quadruplexes using a genetic algorithm

4.1. Synopsis

This Chapter details a method for enhancing the catalytic activity of G-quadruplexes

complexed with hemin (G4/hemin) aptamers that have peroxidase-mimicking activity, by utilis-

ing a genetic algorithm (GA) that mimics an evolutionary natural selection. This was achieved

by a two-step process that was repeated multiple times. The first step was the generation of new

DNA olideoxygonucleotide (ODN) sequences, that are likely to form G4s, using an in-silico GA.

The G4s were then folded and complexed with hemin, an iron containing porphyrin, to form a

G4/hemin aptamer. The peroxidase-mimicking activity of each G4/hemin aptamer was tested

using a 3,3′,5,5′-tetramethylbenzidine (TMB) assay. Each G4/hemin aptamer within that gen-

eration of the GA was then ranked based on the initial rate of peroxidase-mimicking activity

(V0), which allowed for the identification of sequences with enhanced V0 (used to form the

G4/hemin aptamer) that led to the highest V0. Only the ODN sequences that formed G4/hemin
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aptamers with the highest V0 were used to create the next generation of ODN sequences for

testing. Finally, the top 3 ranked G4/hemin aptamers were characterised using the Michaelis-

Menten equation to determine catalytic rate (Vmax), affinity (Km) for the TMB substrate and

catalytic activity (k(cat)).
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4.1.1. Introduction and purpose

G-quadruplexes (G4s) are unique DNA structures that are made up of multiple stacked

guanine-tetrads (G-tetrads) (see Chapter 1, Section 1.5.3.4).1–3 G4s are primarily comprised of

guanine-rich (G-rich) DNA, with ≥2 subsequent guanines (G) residues forming guanine-tracts

(G-tracts). These are able to hydrogen bond with three other G-tracts to form the stacking

G-tetrads.

This chapter will primarily discuss unimolecular G4s referred to as intramolecular

G4s. Intramolecular G4s commonly have the sequence: 5′—Xt1GmXl1GmXl2GmXl3GmXt2—3′,

where m is the number of G residues in the G-tracts that are able to form the G-tetrads that can

then stack to form the G4. Xt1, Xt2, Xl1, Xl2, and Xl3 can be any combination of nucleotide

residues (adenine (A), thymine (T), cytosine (C) and (G)); t1 and t2 refer to the 5′ and 3′ termi-

nal regions, respectively; and l1, l2 and l3 refer to the loop regions of the G4.

Fig. 4.1 shows an example of how this general oligodeoxynucleotide (ODN) se-

quence folds into a G4 structure (where m = 3 or 4), see Chapter 1, Section 1.5.3.4 for descrip-

tion of all the possible G4 structures.
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Figure 4.1: General structure of an intramolecular G4 made up of the oligodeoxynucleotide
(ODN) sequence: 5′—Xt1GmXl1GmXl2GmXl3GmXt2—3′. Consisting of 3 (left, m = 3) or 4
(right, m = 4) stacked G-tetrads (blue) stabilised with a cation (red). The G4 is made up of 2
terminal regions (pink), 3 loop regions (green) and 4 G-tracts (black). Arrows indicate the
direction of the backbone (5′ to 3′).
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G4s that recognise and complex with molecules are known as aptamers (see Chapter

1, Section 1.5.3.7) and these be used for several purposes; namely target recognition,4 enzyme

inhibition1 and DNAzymes.5 The aptamers of interest to this chapter are ones that are able

to complex with hemin, an iron (III) containing protoporphyrin IX (see Fig. 4.2), to acquire

peroxidase-mimicking activity. These aptamers are often referred to as G4/hemin aptamers.6

The peroxidase-mimicking activity refers the G4/hemin aptamers ability to mimic the activity

of enzymes (such as horseradish peroxidase (HRP)) that oxidise various organic compounds in

the presence of hydrogen peroxide species (see Chapter 1, Section 1.5.3.11).

Figure 4.2: Chemical structure of hemin, an iron containing iron (III) protoporphyrin IX.

As mentioned in Chapter 1, Section 1.5.3.8, the discovery of nucleic acid (DNA and

RNA) aptamers is often carried out through Systematic Evolution of Ligands by Exponential

Enrichment (SELEX), which is a method designed to find aptamers that complex with high

affinity to a target.7 However, high affinity does not necessarily equate to high peroxidase-

mimicking activity in the case of G4/hemin aptamers. The reason for this will be discussed in

detail in the next section. First, a method for discovering sequences that have high peroxidase-

mimicking activity, called a GA, will be explained.
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4.1.2. Evolution of G4 ODN sequences using a genetic algorithm

A GA is a set of rules that are followed in order to discover nucleic acid or peptide se-

quences that have desirable traits, such as high affinity, reactivity or inhibitory properties.1 This

is because the GA is designed to mimic evolutionary processes, whereby multiple generations

of nucleic acid or peptide (amino acids) sequences are sequentially generated that retain and

enhance desirable traits from the previous generation. Ikebukuro et al.1,8 have applied a GA to

discover peptides and G4 aptamers with enhanced inhibition properties towards enzymes. By

using a GA it is possible to test a large number G4 ODN sequences of G4 aptamers for activity

and ensure that each generation has equal or greater activity than the previous one.

Fig. 4.3 shows the general schematic of the GA utilised in this thesis, and was per-

formed using a simple program. i.e., Microsoft Excel (2015). In Fig. 4.3, Step 1 all the G4

ODN sequences in the n generation are divided into terminal regions (Xt1 and Xt2, pink), loop

regions (Xl1, Xl2 and Xl3, green) and G-tract (Gm, black). The G-tracts are the only part of the

sequence that will not be affected in the GA, as it is vital that a G4 is still able to form (see Fig.

4.3). In Fig. 4.3, Step 2 only the terminal and loop regions are shuffled within the respective

groups. This is repeated multiple times to generate 10 new G4 ODN sequences that are able to

form G4/hemin aptamers.

In Fig. 4.3, Step 3 each sequence is then mutated only once at any terminal or loop

region. The mutations can be one of the following: substitution, deletion or insertion to produce

generation n+1.

Finally, in Fig. 4.3 (Step 4) the generation n+ 1 of G4/hemin aptamers are tested

using an assay (see Section 4.2.2 for more details). The sequences that are determined to have

the highest peroxidase-mimicking activity using the assays are then used in the GA to produce

another generation of 10 sequences.
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Figure 4.3: General schematic of how a GA was performed in this chapter. Step 1: The n
generation is divided into terminal (Xt1 and Xt2, pink), loop (Xl1, Xl2 and Xl3, green) and G
regions (Gm, black). Step 2: The terminal ends, and loops are shuffled within their respective
groups. Step 3: A single base mutation, insertion (red) or deletion (blank space) to produce
Generation n+1. Step 4: Generation n+1 is tested for peroxidase-mimicking activity (see
Section 4.2.1) and the sequences with the highest peroxidase-mimicking activity are put back
into the GA as Generation n.
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4.1.2.1. Applications of G4/hemin aptamers with enhanced peroxidase-mimicking activity

Due to the lower cost of production and broader range of operating conditions (e.g.,

temperature,9 pH10 and reactants6,11) there are an increasing number of studies that utilise

G4/hemin aptamers to replace peroxidase enzymes.3,12 This allows for the development of

new biosensors using already established assay methods, namely enzyme-linked immunosor-

bent assay (ELISA) (see Chapter 1, Section 1.5.3.11). These methods often depend on the

oxidation of a reactant, which will be referred to as a ’substrate’ henceforth, to produce a col-

orimetric or chemiluminescent readout. The advantage of these systems is the visual inspection

of the results without the requirement of expensive equipment. Examples of these substrates

include 3,3’,5,5’-tetramethylbenzidine (TMB, absorbance max (λmax) = 655 nm),13 2,2’-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, λmax = 414 nm)11 and

3-aminophthalhydrazide (luminol, chemiluminescent).14

The proposed general mechanism for the oxidation of the substrates (e.g., TMB) by

G4/hemin aptamers mediated by hydrogen peroxide is shown in Fig 4.4. Fig. 4.4 shows that the

hemin (red) first complexes with the G4 (green) to form the G4/hemin aptamer. This aptamer

then reacts with the hydrogen peroxide, essentially replacing the H2O with H2O2, which can

then result in the formation of two intermediate compounds. Compound I (heterolytic cleavage)

is the π-cation radical G4/hemin aptamer and Compound II (homolytic cleavage) is the neutral

G4/hemin aptamer.10 The heterolytic cleavage of the hydrogen peroxide occurs when two-

electrons are withdrawn from the hemin (with an Fe (III)) molecule to form a ferrylporphyrin

radical (Fe (IV) = O•+).6These two electrons are withdrawn from the Fe(III) (forming the

Fe(IV)) and one electron from the porphyrin itself. This active ferrylporphyrine is then able to

withdraw electrons from a substrate, in this case the TMB, to generate an oxidised product (this

will be discussed in more detail later).

G4/hemin aptamers have a broader range of substrates to react with in comparison to

peroxidase enzymes, as there are less steric groups to prevent interaction with the substrate.6

180



Figure 4.4: The proposed general mechanism for the catalytic cycle of G4/hemin with
peroxidase-mimicking activity adapted from Chang et al.15 Initially, the hemin (red) replaces
the Cl residue with a water residue. Then the hemin is able to complex with an already formed
G4 (green). This complexation allows for the structure to acquire peroxidase-mimicking
activity. The hemin reacts with a hydrogen peroxide, replacing the water with the hydrogen
peroxide. Compound I and compound II are able to form depending on homocleavage or
heterocleavage occurs, respectively. Compound I is the active component which is able to
react with the substrate, TMB in this case and produces a blue coloured product. This reaction
results in compound I becoming compound II. Compound II is able to be recycled back into
the water containing hemin or G4/hemin.

Fig. 4.5 is a simulation of the G4/hemin aptamer, that shows the hemin is complexed on top of

the G4 aptamer as opposed to being situated inside of the active site in the peroxidase.16,17

In peroxidase enzymes the presence of a histidine residue influences the formation of

heterolytic cleavage product (Compound I, Fig. 4.4)18 and in G4/hemin aptamers this role can

be fulfilled by the presence of a nucleotide (nt), primarily an A or C residue.10,15,19 This is due

to the histidine or the nt residue catalysing the heterolytic cleavage of the hydrogen peroxide

that is bonded to the hemin (Fig. 4.4). The histidine (peroxidase) and nt are able to stabilise the

intermediate through acid-base catalysis, donating or accepting protons as needed.20–22

The proposed general mechanism for this heterolytic stabilisation involving a nt (in

this case an A residue), is demonstrated in Fig.4.6. The effectiveness of the acid-base catalysis

is dependent on the pH of the solution and therefore histidine (pKa ∼7) is more effective at
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Figure 4.5: VMD snapshots of the G-quadruplex DNA-hemin complex for (left) initial and
(right) final conformation resulting from MD simulation, adapted from Ghahremani Nasab et
al.17

neutral pH while A and C residues (pKa ∼4.1 and ∼4.4, respectively) are more effective at

lower pH.10,18,23 The nitrogens (N1 and N10) on the A nt allow for a hydrogen bond to form

between the A nt residue and the coordinated hydrogen peroxide on the hemin. This stabili-

sation encourages the formation of compound I and so the presence of A nt residues should

enhance the peroxidase-mimicking activity of the G4 aptamer.19 A T nt residue is not expected

to have the same effect on the G4/hemin aptamers. This is due to the T nt having a pKa of

∼9.9.24

Figure 4.6: Proposed schematic for how an A nt plays a role in the heterolytic cleavage of
hydrogen peroxide during peroxidase-mimicking of the G4/hemin aptamer, adapted from Li et
al.10
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4.2. G4/hemin aptamer enzyme kinetics

As G4/hemin aptamers have peroxidase-mimicking activity they are therefore con-

sidered a DNAzyme. It is possible to characterise them in a similar manner to enzymes, by

utilising the Michaelis-Menten equation (Eq. 4.1).25

V0 =
Vmax×S0

Km +S0
(4.1)

Where V0 is the initial velocity of the reaction, Vmax is the maximum velocity of

the reaction, Km is the Michaelis constant and S0 is the initial concentration of the substrate

(TMB). Using the Vmax it is possible to determine the catalytic rate (k(cat)) of the G4/hemin

aptamer using Eq. 4.2:

k(cat) =
Vmax

[E]
(4.2)

The Michaelis-Menten equation is utilised to determine several crucial factors for the

characterisation of the catalytic rate of the G4/hemin aptamers. These factors are the Vmax,

Km and k(cat) of the G4/hemin aptamer. The Vmax is the maximum rate of the enzyme when

completely saturated with the substrate. The Km is the inverse of the affinity of the substrate

to the G4/hemin aptamer that is required to reach half its Vmax ( 1
2V ).25 Therefore, Km is an

indication of the affinity of the substrate, the TMB in this case, to the G4/hemin aptamer.

A low Km shows that the enzyme has a high affinity for the substrate, indicating that a

low amount of the substrate is required to reach its 1
2V . While a high Km shows that the enzyme

has a low affinity for the substrate and therefore require a higher concentration of substrate to

reach its 1
2V . The Vmax can be used to determine the k(cat), which is the turnover or the number

of times the G4/hemin aptamers are able to react with the substrate per second.
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Although the reaction pathways of G4/hemin aptamers are similar to the peroxidase

enzymes, they are still yet to reach the same sensitivity as the enzyme-based methods.25 There

are several factors that affect the peroxidase-mimicking activity of G4/hemin aptamers. The

next section will therefore discuss how the TMB assay was optimised to ensure the highest

peroxidase-mimicking activity could be achieved.

4.2.1. Optimisation of the first generation of G4/hemin aptamer’s peroxidase-mimicking

activity testing

To the best of the authors knowledge the sequence with the highest reported peroxidase-

mimicking activity is CT(G3A)3G3 (denoted as EAD-2 henceforth) (Table 4.1).11 It has been

well established that the rate of the peroxidase-mimicking activity is dependent on the sequence

and the structure of the G4.11,26 Therefore, it was hypothesised that the GA could be utilised to

discover sequences with enhanced peroxidase-mimicking activity over the EAD-2. However,

as the GA relies on multiple sequences being used during the shuffling step (Fig. 4.4, Step 2),

the first generation had to be generated without the GA.

Therefore, the first generation was generated by purposefully mutating multiple residues

to produce 10 sequences. This allowed for the investigation of the effects of the number of G

residues in the G-tract, deletions and the substation of A residues with T residues. This also al-

lowed for the optimisation of parameters that would allow for enhanced peroxidase-mimicking

activity. These included the folding step of the G4/hemin aptamer (see Chapter 2, Section

2.3.2.1) and the type of hemin used.

It was hypothesised that the way hemin was added to the G4 aptamer may also affect

the overall peroxidase-mimicking activity. Therefore, post-addition and pre-addition of hemin

were investigated in this Chapter. Another method that could possibly increase the peroxidase-

mimicking activity of the G4 aptamers was to use hemin derivatives.

There currently does not exist research that tests the peroxidase-mimicking activity
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of G4 aptamers complexed with hemin derivatives, such as the pegylated form polyethylene

glycol-hemin (PEG-hemin, Fig. 4.7) and so this was trialled in this thesis. The PEG-hemin

structures have been shown to have higher peroxidase activity as well as a longer half-life as

compared to hemin.27 PEG-hemin is also water soluble and so does not require the addition of

dimethyl sulfoxide (DMSO) to become soluble in the buffer solution.

Figure 4.7: Chemical structure of polyethylene glycol-hemin (PEG-hemin).

This chapter will first discuss the optimisation parameters of enhancing the peroxidase-

mimicking activity of the EAD-2 and first generation of G4/hemin aptamers towards the sub-

strate TMB. The parameters that will be discussed are: (1) sequence modification, (2) pre-

addition or post-addition of hemin during the folding step and (3) the use of PEG-hemin.

4.3. Results and discussion

4.3.1. Development of first generation of the G4/hemin aptamers and optimisation of

TMB assay

This section will discuss how the first generation of the GA was developed and the

optimisation of the parameters for the TMB assay.
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4.3.1.1. Sequence modification: Investigation of additional G residues in the G-tracts af-

fect on the G4 aptamer peroxidase-mimicking activity

Firstly, this section will discuss the modification of the sequence of G4/hemin ap-

tamers to determine the effect of altering the number of G residues in the G-tract (Fig. 4.1, m)

and the nt residues that make up the terminal and loop regions (Fig. 4.1, Xt and Xl). There

is no research that has directly studied how the number of G residues in the G-tract effect the

peroxidase-mimicking activity of G4/hemin aptamers. However, Tran et al.28 determined that

the number of G residues (Fig. 4.1, m) in the G-tract does not necessarily dictate the number of

stacked G-tetrads. Therefore, if m = 4, it is still possible for a G4 with only 3 stacked G-tetrads

to form (see Fig. 4.1, left). The remaining G residues make up part of the loop region, which

can also play a role in the peroxidase-mimicking activity. Therefore, it was investigated how

the addition of G residues affected the peroxidase-mimicking activity.

To investigate the optimum number of G residues in the G-tract the sequence EAD-2

was modified. Table 4.1 lists the EAD-2 sequence and modified G4 aptamer sequences. The

samples were named after the generation and order in that generation (e.g., the first sequence in

Generation 1 is named 1-01).

Table 4.1: Name and sequences used to investigate the effects of G residues on the
peroxidase-mimicking activity of the EAD-2 sequence divided into separate terminal (Xt1 and
Xt2), loop (Xl1, Xl2, Xl3) and G (Gm) regions.

Sample Xt1 Gm Xl1 Gm Xl2 Gm Xl3 Gm Xt2

EAD-2 CT GGG A GGG A GGG A GGG A
1-01* CT GGGG A GGG A GGGG A GGG A
1-02* CT GGGG A GGGG A GGGG A GGG A
1-03* CT GGGG A GGGG A GGGG A GGGG A

*Red indicates changes from the EAD-2 sequence.

The G4 aptamers from Table 4.1 were tested using a TMB substrate solution, which

will be referred to as a TMB assay for the remainder of this thesis. The TMB assay was

performed following the procedure set out in Chapter 2, Section 2.3.2.3. In brief, the folded (in

186



the presence of cations) G4/hemin aptamers (5 µL) were placed into a 96-well microplate, and

then TMB substrate (295 µL) at room temperature was added. The microplate was placed into

a UV/vis plate reader that measured the absorbance at 595 nm over 15 min. The blanks refered

to no aptamer only hemin in the assay.

All the G4 aptamer sequences from Table 4.1 were folded and tested. A plot of

absorbance versus time resulted in a straight line. The resulting slope of the line was used

to calculate the initial peroxidase-mimicking activity (V0) using Eq. 4.3, adapted from Beer’s

Law:

V0 =
m
ε

(4.3)

where m = slope and ε = 3.9 x 104 M−1 cm−1 (molar extinction of TMB radical).13

The V0 for each sequence is shown in Table 4.2.

Table 4.2: Peroxidase-mimicking activity (V0) calculated for the G4 aptamer sequences from
Table 4.1.

Sample G4 aptamer sequence Peroxidase-mimicking
activity, V0, µM s−1β

EAD-2 CTG3AG3AG3AG3A 0.018
1-01 CTG4AG3AG4AG3A 0.012
1-02 CTG4AG4AG4AG3A 0.008
1-03 CTG4AG4AG4AG4A 0.009 ± 0.006
β Errors below 0.001 µM s−1

Table 4.2 shows that the EAD-2 sequence has a peroxidase-mimicking activity at

V0 = 0.018 µM s−1. Table 4.2 also shows that the 1-01, 1-02 and 1-03 sequence (containing

extra G residues) have V0 values of 0.012 µM s−1, 0.008 µM s−1 and 0.009 ± 0.006 µM s−1,

respectively. There is a change in the V0 for all the sequences compared to EAD-2 of ∆V0 =

-0.006 µM s−1, -0.010 µM s−1 and -0.009 µM s−1, respectively. This data indicates that any

addition of the G residues in the G-tracts decreases the V0 of the EAD-2.
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It appears that the more G-tracts that contain extra G residues the more the V0 is

reduced. For 1-03, the error is almost as large as the calculated V0, indicating that 4 Gs in

the G-tract forms an unstable G4/hemin aptamer. Therefore, it was decided that the optimum

number of G residues to use in the G-tracts was m = 3. This means that when performing the

mutation step using the GA a G residue will not be added or substituted in a way that will form

a G-tract with 4 G residues.

The next section will discuss how deletions and substitutions in the terminal and loop

regions affect the peroxidase-mimicking activity of the G4/hemin aptamer.

4.3.1.2. Investigation of deletions and T residue substitutions affects on the G4 aptamer

peroxidase-mimicking activity

In order to investigate the effects of deletions and T residue substitutions on the

peroxidase-mimicking activity of the EAD-2 sequence, several new sequences were derived

from EAD-2. Each sequence was derived from EAD-2 by selectively deleting, substituting an

A residue for a T residue or both. These sequences are shown in Table 4.3, where the EAD-

2 sequence has been sequentially altered to produce 7 new sequences (making 10 sequences

in Generation 1 including those from Table 4.1). As A residues are considered to enhance the

peroxidase-mimicking activity, the sequence (G3A33)3G3 (denoted as G3A3) was also tested for

a more comprehensive comparison of how T residues affect the peroxidase-mimicking activity.

The G4/hemin aptamers from Table 4.4 were tested using a TMB assay. The result-

ing V0 values are shown in Table 4.4 along with the ranking for each sequence based on the

peroxidase-mimicking activity.

Table 4.4 shows that G3A3 (ranked 1st) and 1-10 (ranked 2nd) had peroxidase-mimicking

activity at V0 = 0.032 ± 0.001 µM s−1 and 0.026 µM s−1, respectively. These were the only

two sequences to have increased V0 when compared to the EAD-2 (ranked 3rd). The 4th highest

V0 was 1-04, with a rate of 0.016 µM s−1. The remaining sequences from Table 4.4 all had V0
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Table 4.3: Name and sequences used to investigate the effects of deletions and substitution of
A residues with T residues on the peroxidase-mimicking activity of the Parent sequence
divided into separate terminal (Xt1 and Xt2), loop (Xl1, Xl2, Xl3) and G (Gm) regions.

Sample Xt1 Gm Xl1 Gm Xl2 Gm Xl3 Gm Xt2

EAD-2 CT GGG A GGG A GGG A GGG A
1-04* - GGG A GGG A GGG A GGG A
1-05* - GGG A GGG A GGG A GGG -
1-06* - GGG T GGG A GGG A GGG -
1-07* - GGG A GGG T GGG A GGG -
1-08* - GGG A GGG T GGG T GGG -
1-09* - GGG A GGG T GGG T GGG A
1-10* CT GGG A GGG T GGG T GGG A
G3G3* - GGG AAA GGG AAA GGG AAA GGG -

*Red indicates changes from the EAD-2 sequence.

Table 4.4: Peroxidase-mimicking activity (V0) calculated for the G4 aptamer sequences in
Table 4.3 With the ranking of each sequence based on V0 and the top 4 sequences (highest V0)
are underlined.

Sample G4 aptamer sequence Peroxidase-mimicking
activity, V0, µM s−1 β

Rank

EAD-2 CTG3AG3AG3AG3A 0.018 3
1-04 G3AG3AG3AG3A 0.016 4
1-05 G3AG3AG3AG3A 0.013 6
1-06 G3AG3AG3AG3 0.007 7
1-07 G3AG3TG3AG3 0.006 8
1-08 G3AG3TG3TG3 0.004 9
1-09 G3AG3TG3TG3A 0.013 5
1-10 CTG3AG3TG3TG3A 0.026 2
G3A3 G3A3G3A3G3A3G3 0.032 ± 0.001 1
blank (no aptmaer) N/A 0.001 0
β Errors below 0.001 µM s−1

values ≤ 0.013 µM s−1 and therefore were not considered for use with the GA to produce the

next generation. However, this data does show that the sequence is vital for the peroxidase-

mimicking activity.

In regards to the A residue substitutions with T residues, Table 4.4 shows a trend

when comparing the V0 of 1-05 (ranked 6th) with 1-06 (ranked 7th) and 1-07 (ranked 8th). If an

A residue in the first or second loop were substituted with T residues the V0 was decreased from

0.013 to µM s−1, 0.007 µM s−1 and 0.006 µM s−1, respectively. When there is an T residue

in the Xl2 and Xl3, as in the case of 1-08 (Table 4.4), then the V0 is reduced to 0.004 µM s−1.

This shows that A residues can play an important role in the peroxidase-mimicking activity of
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the G4/hemin aptamers.

G3A3 (Table 4.4, ranked 1st) having the highest peroxidase-mimicking activity was

not unexpected as it is comprised of multiple A residues which are thought to promote the

formation of the active Compound I (see Section 4.2, Fig. 4.4).10,19 A similar effect is shown

by the comparison of 1-09 (Table 4.4, ranked 5th) and 1-08 (Table 4.4, ranked 9th). The rates

differ by ∆V0 = 0.009µM s−1, however the only sequence difference is the deletion of an A

residue from the 3′ terminal region of 1-09 (Table 4.3, Xt2). The same effect can be seen when

comparing 1-04 (Table 4.4, ranked 4th) and 1-05 (Table 4.4, ranked 7th) to a lesser degree (∆V0

= 0.003 µM s−1). These results support the theory that A residues are able to enhance the

peroxidase-mimicking activity of the G4/hemin aptamers.10,19

Comparing 1-10 (Table 4.4, ranked 2nd) to 1-09 (Table 4.4, ranked 5th) shows that

although the V0 is halved, 1-10 contains a C and T residue at the 5′ terminal position whereas

1-09 does not (Table 4.3, Xt2). This supports the theory that the presence of a C residue can

also increase the peroxidase-mimicking activity of the G4/hemin aptamer.15

Thus, A and C residue containing aptamers show enhanced activity when compared

to those that contain an extra G in the G-tract (see 1-01 to 1-03, Table 4.1), deletion, or T residue

substitution (1-04 to 1-10, Table 4.3). G3A3 was ranked 1st supporting this hypothesis.

The 10 sequences from Table 4.1 and 4.4 are regarded as Generation 1 and will be

utilised in the next section to optimise the TMB conditions in order to obtain the highest pos-

sible peroxidase-mimicking activity. However, in order to produce the second generation the

4 sequences (G3A3, 1-10, EAD-2 and 1-04, in descending order) (Table 4.4) were used in the

GA, discussed in Section 4.3.3.

The next section will discuss the optimisation of the addition of the hemin.
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4.3.1.3. Optimisation of G4/hemin aptamer folding procedure

The second optimisation parameter investigated was the addition of the hemin before

and after the folding of the G4/hemin aptamer (see Chapter 2, Section 2.3.2.1 for details). In

order to achieve the optimal peroxidase-mimicking activity, it is vital for the hemin to complex

with the G4 aptamer correctly. The two parameters that were investigated were the pre-addition

or post-addition of the hemin during the folding step.

In order to fold the G4 aptamers, the G4 ODN (linear DNA) was placed into a buffer

(containing K+) and heated to 95 ◦C, then cooled to room temperature. For pre-addition the

hemin was added to the G4 ODN before the heating step and will be referred to as pre-addition

G4/hemin aptamers. The theory behind this was that the hemin would be able to complex with

the G4 aptamer as it folded, and therefore form a more favourable conformation (i.e., parallel

G4 structure, see Chapter 1, Section 1.5.3.4).

For post-addition the hemin was added after the folded G4 aptamer had cooled to

room temperature and will be referred to as post-addition G4/hemin aptamers.).

The TMB assay was performed in the same manner as in previous sections. The

G4/hemin aptamers from Table 4.1 and 4.3 were tested using a TMB assay. The calculated

V0 for pre-addition and post-addition are shown in Table 4.6. The V0 post-addition G4/hemin

aptamer data found in Table 4.6 is the same data found in Table 4.2 and Table 4.4 and simply

added to allow for easier comparison to the pre-addition G4/hemin aptamers.

Table 4.5 shows that all the V0 values for pre-addition resulted in a slower V0 when

compared to the corresponding post-addition sample. 1-10 pre-addition G4/hemin aptamer

has the largest V0 difference with a 77% decrease (∆ V0 = 0.020 µM s−1) compared with the

corresponding post-addition sample. G3A3 has the highest pre-addition V0 at a V0 = 0.017

µM s−1, which is still a 53% decrease compared to the corresponding post-addition G4/hemin

aptamer.
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Table 4.5: Peroxidase-mimicking activity (V0) calculated for the G4 aptamer sequence from
Table 4.1 and 4.3 with post- and pre-addition of hemin during the folding procedure.

Sample G4 aptamer sequence Peroxidase-mimicking activity, V0, µM s−1 β

post-addition pre-addition

EAD-2 CTG3AG3AG3AG3A 0.018 0.006
1-01 CTG4AG3AG4AG3A 0.012 0.004
1-02 CTG4AG4AG4AG3A 0.008 0.004
1-03 CTG4AG4AG4AG4A 0.009 ± 0.006 0.004
1-04 G3AG3AG3AG3A 0.016 0.008
1-05 G3AG3AG3AG3 0.013 0.006
1-06 G3TG3AG3AG3 0.007 0.003
1-07 G3AG3TG3AG3 0.006 0.003
1-08 G3AG3TG3TG3 0.004 0.002
1-09 G3AG3TG3TG3A 0.013 0.005
1-10 CTG3AG3TG3TG3A 0.026 0.006
G3A3 G3A3G3A3G3A3G3 0.032 ± 0.001 0.017
β Errors below 0.001 µM s−1

The reason for the decrease in V0 was proposed to be due to degradation of hemin

when being heated to 95 ◦C during the folding step of the G4/hemin aptamer. Therefore, all

TMB assays in this thesis will use the post-addition of the hemin during the folding procedure.

This ensures that the highest V0 is achieved.

The next section will discuss using hemin derivatives to determine if it was possible

to increase the peroxidase-mimicking activity of Generation 1.

4.3.2. Investigation of pegylated-hemin effect on the G4 aptamer peroxidase-mimicking

activity

The pegylated form of hemin (PEG-hemin) (Fig. 4.7) was investigated to see if it

enhanced the peroxidase-mimicking activity compared to pristine hemin (Fig. 4.2). PEG-hemin

is the more soluble form of hemin, meaning that it does not require the addition of polar aprotic

solvent such as DMSO to become miscible in an aqueous solutions.27 This was hypothesised to

allow for a better complexation of the hemin with the G4 aptamer due to increased solubility in

the aqueous solution. Table 4.6 shows the calculated V0 values using PEG-hemin in the TMB

assay.
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Table 4.6: Peroxidase-mimicking activity (V0) calculated for the G4 aptamer sequence from
Table 4.1 and 4.3 with PEG-hemin.

sample G4 aptamer sequence Peroxidase-mimicking activity,
V0, µM s −1 β

EAD-2 CTG3AG3AG3AG3A 0.008
1-01 CTG4AG4AG3AG3A 0.009
1-02 CTG4AG3AG4AG4A 0.007
1-03 CTG4AG4AG4AG4A 0.007
1-04 G3AG3AG3AG3A 0.003
1-05 G3AG3AG3AG3 0.004
1-06 G3TG3AG3AG3 0.005
1-07 G3AG3TG3AG3 0.007
1-08 G3AG3TG3TG3 0.006
1-09 G3AG3TG3TG3A 0.006
1-10 CTG3AG3TG3TG3A 0.009
G3A3 G3A3G3A3G3A3G3 0.010
blank (no aptamer) N/A 0.005
β Errors below 0.001 µ s −1

Table 4.6 shows that PEG-hemin blank (no aptamer) has a V0 = 0.005 µM s−1 and

when compared with the hemin blank (Table 4.3), V0 = 0.001 µM s−1) shows that PEG-hemin

has an increased peroxidase activity. Therefore, it was expected that this would allow for the

G4/hemin aptamer sequences to have an increased V0. However, Table 4.6 shows that three

G4/PEG-hemin aptamer sequences, 1-04 (V0 = 0.003 µM s−1), 1-06 (V0 = 0.004 µM s−1) and

1-07 (V0 = 0.005 µM s−1), had either a decrease or no increase in V0 when compared to the

blank (no aptamer). This indicates that those G4 aptamers either did not complex with the

PEG-hemin, or once complexed with the G4 the peroxidase-mimicking activity was hindered.

Table 4.6 also shows that EAD-2, 1-01, 1-02, 1-07, 1-08, 1-09 and G3A3 were able

to increase the peroxidase-mimicking activity of the PEG-hemin, however it should be noted

that none were enhanced over any sequences found in Table 4.2 and Table 4.4. This could be

attributed the interference due to the electrostatic interactions between the PEG-hemin and the

G4 aptamer. Previous researchers have shown that PEG decrease the anion-cation electrostatic

interaction between the positively charged hemin and the negatively charged backbone of the

G4 (see Fig. 4.7).29

Due to the low V0 of the G4/PEG-hemin aptamers, PEG hemin was found to be
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unsuitable for testing the G4/hemin aptamers produced by the GA. It was therefore, decided

that the optimal conditions for investigating the peroxidase-mimicking activity of the G4/hemin

aptamers generated by the GA were to use pristine hemin.

The next section will discuss the use of the GA to determine sequences that provided

enhanced peroxidase-mimicking activity compared to the original EAD-2 G4/hemin aptamer.

4.3.3. Enhancement of peroxidase-mimicking activity using genetic algorithm

This section will discuss the utilisation of the GA starting with the top 4 sequences

from generation 1 (Table 4.1 and Table 4.3). In brief, the sequences that were determined to

have the highest peroxidase-mimicking activity by the TMB assay from each generation were

used to generate the next generation of sequences using the GA (see Section 4.2.1, Fig. 4.3).

This was repeated several times to produce sequences with enhanced peroxidase-mimicking

activity.

The absorbance (TMB assay) was measured at 595 nm for 15 min and the resulting

slope of the line was used to calculate V0 using Eq. 4.3 In total this was performed 7 times,

producing a total of 8 generations, and the V0 values for all the sequences can be found in

Appendix C.

Table 4.7 shows 20 sequences only, that were determined to have the highest peroxidase-

mimicking activity along with each sequence ranking.

Table 4.7 shows that by using the GA it was possible to determine at least 20 se-

quences that had an enhanced peroxidase-mimicking activity when compared to the EAD-2

and G3A3 G4/hemin aptamers. It also shows that the top 2 sequences, 7-02 and 5-04 (Table

4.7), both had V0 values of 0.099 ± 0.001 µM s−1. The third highest sequence had a V0 of

0.094 ± 0.003 µM s−1. All three sequence have V0 values at ∼5 times higher than the original

EAD-2 sequence and the G3A3.
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Table 4.7: Top 20 ranked G4 ODN sequences with the highest V0 values after 8 generations
(including generation 1) of the GA with EAD-2 and G3A3.

Rank Gen G4 aptamer sequence Peroxidase-mimicking activity, V0, µM s−1 β

1 7-02 G3A3G3CACG3CG3 0.099 ± 0.001
2 5-04 G3A3G3A2CG3CG3 0.099 ± 0.001
3 7-01 G3TA2G3CACG3TG3 0.094 ± 0.001
4 4-02 G3A3G3A2CG3TG3 0.082 ± 0.002
5 7-08 G3A3G3A2CG3CG3 0.079 ± 0.002
6 7-04 G3TA2G3CACG3CG3C 0.078 ± 0.017
7 5-08 TG3TA2G3A2CG3TG3 0.076 ± 0.001
8 7-06 G3A2TG3CACG3AG3 0.074 ± 0.015
9 6-08 G3TA2G3A2CG3CG3 0.071 ± 0.001
10 5-07 G3ACAG3A2CG3TG 0.065 ± 0.015
11 7-09 G3A3G3CACG3AG3 0.064 ± 0.017
12 6-04 G3A3G3A2CG3AG3 0.062 ± 0.001
13 4-05 G3TA2G3A2CG3AG3 0.058 ± 0.001
14 5-05 G3A3G3A2TG3AG3 0.058 ± 0.002
15 5-06 G3A3G3A2CG3AG3C 0.058 ± 0.002
16 8-02 G3TACG3CACG3CG3C 0.053 ± 0.002
17 6-01 G3ATAG3A2TG3CG3 0.052 ± 0.010
18 8-07 G3TA2G3CACG3TG4 0.051 ± 0.001
19 3-02 G3A3G3TCAG3TG3 0.047 ± 0.001
20 6-03 G3ATAG3A2TG3TG3 0.047 ± 0.006
29 EAD-2 CTG3AG3AG3AG3A 0.018 ± 0.001
47 G3A3 G3A3G3A3G3A3G3 0.032
β Errors below 0.001 µ s −1

After generation seven there are no sequences that had enhanced peroxidase-mimicking

activity compared to the previous generation. Therefore, there were no subsequent generations

generated and analysed as the GA was successful in determining sequences with considerably

enhanced peroxidase-mimicking activity

In order to understand how the GA was able to discover sequences with enhanced

peroxidase-mimicking activity Table 4.8 shows the most common loop sequences that occur in

the top 20 sequences. The terminal regions were not analysed as only three sequences in Table

4.7, namely 7-04 (ranked 6), 5-06 (ranked 15) and 8-02 (ranked 16) contained a residue (a 3′ C

residue in all cases) in the terminal region.

Table 4.8 shows that there are several possible loop sequences that can enhance the

peroxidase-mimicking activity for each loop region (Xl1, Xl2 and Xl3). For Xl1 region there are

6, Xl2 there are 4 and Xl3 there are 3 possible loop sequences.
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Table 4.8: Number of times loop sequences (Xl1, Xl2 and Xl3) are repeated in the top 20 G4
aptamers (with the highest V0.

Loop
sequence5′ =⇒ 3′

Xl1 Xl2 Xl3

AAA 9 - -
TAA 6 - -
ATA 2 - -
ACA 1 - -
TAC 1 - -
AAT 1 3 -
AAC - 9 -
CAC - 7 -
TCA - 1 -
A - - 6
C - - 7
T - - 7

Total number of
sequences

6 4 3

Further, Table 4.8 shows that there are two loop sequences that occur most promi-

nently in the Xl1 loop region and these are AAA (in 9 sequences) and TAA (in 6 sequences).

The remainder of the sequences all contain at least one A residue, indicating that the pres-

ence of A residues in the Xl1 region can enhance the peroxidase-mimicking activity. A similar

phenomenon is observed in the Xl2 loop region.

Table 4.8 also shows that for the Xl2 loop region there are two loop sequences that

occur most prominently in the top 20 sequences, these sequences are AAC (in 9 sequences) and

CAC (in 7 sequences). However, once again all the remaining sequences also contain at least

one A residue. Chen et al.19 had noted that the presence of A residues was able to enhance the

peroxidase-mimicking activity by acting as an acid-base catalyst (see Section 4.1.2.1, Fig. 4.6)

and so the data here corroborates their paper.

Finally, Table 4.8 shows that for the Xl3 loop region there is no predominate sequence,

as it can be comprised of any single nt residue (A, T, or C) that is not a G residue. This

means that Xl3 is the shortest of all the loop regions, and therefore the number of residues

that formed the loop region (Xl1, Xl2 nd Xl3, Fig. 4.1) plays a larger role in the peroxidase-
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mimicking activity. A short loop region length is known to affect the conformation that the

G4/hemin aptamer is able to fold into (see Chapter 1, Section 1.5.3.4). The conformation and

characterisation of the structures that formed the the fastest sequences will be discussed in the

following section.

4.3.4. Characterisation of G4/hemin aptamer structures using polyacrylamide gel elec-

trophoresis, circular dichroism and K+ dependence studies

In order to characterise the G4/hemin aptamer structures that the newly determined

sequences form (from the GA), the sequences were analysed using polyacrylamide gel elec-

trophoresis (PAGE), circular dichroism and their dependence on the presence of K+.

4.3.4.1. PAGE analysis of G4/hemin structures

PAGE was used to determine the structures of the following sequences: 7-01, 7-02,

5-04, 7-08, 4-02, 6-07, 7-04, 5-08, 7-06 and 6-08 (Table 4.7). PAGE was performed according

to the procedure set out in Chapter 2, Section 2.4.3 using a premade PAGE (5-20% (w/v)) and

visualised using a Safe Imager Blue-Light Transilluminator. Fig. 4.8 shows the PAGE (10-20%

(v/v)) electrophoretogram of the G4 aptamer without and with added hemin.

Fig. 4.8 shows that all the G4 aptamers, without and with hemin, all occur below 40

nt (Fig. 4.8, 20 bp). G3A3 (Fig 4.8 (a)) has the highest molecular weight of 21 nt. However, the

band for G3A3 appears at ∼30 nt, which indicates the presence of a bimolecular G4 structure.

This means that there are two single-strands of G4 ODN forming an intermolecular G4 structure

(see Chapter 1, Section 1.5.3.4). The structure shows no change when hemin is added (Fig. 4.8

(b)).

This data does not agree with Vorlı́ĉkova et al.30 who found that G3A3 forms an in-

tramolecular G4 structure (consisting of a single ODN strand). However, they used a phosphate
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Figure 4.8: Native PAGE 10-20% (v/v) electrophoretogram, stained with 1x SYBR R© gold and
viewed using a Safe Imager Blue-Light Transilluminator, of 7-01, 7-02, 5-04, 7-08, 4-02, 6-07,
7-04, 5-08, 7-06 and 6-08, EAD-2 and G3A3 G4 aptamers (a) without hemin and (b) with
hemin added. Both have Invitrogen 10 bp DNA Ladder DNA Ladder (L).

buffer with EDTA at pH 7.8, whereas the buffer used for these experiments was a TRIS-EDTA

(TE) at pH 7.5 buffer. Therefore, it was hypothesised that the difference in buffers is the reason

for seeing a differing structure.

For all the remaining G4 aptamers Fig. 4.8 (a) and (b) show that the remaining bands

appear at 10 nt. This is an indication that intramolecular structures had been formed with

no noticeable changes when hemin was added. This indicated that all the remaining G4 and

G4/hemin aptamers were considered to be intramolecular. This also shows that the hemin does

not have any effect on the intermolecular structure as there is no observable increase in nt

length. EAD-2 and 6-07 appeared to have secondary bands as well which indicated that there

was either an unknown secondary structure or intermolecular G4s and G4/hemin aptamers were

formed.

Henceforth, only the top 3 sequences (7-02, 5-04 and 7-01) and the original EAD-2

and G3A3 were characterised to allow for simpler more in-depth discussion

198



4.3.4.2. Circular dichroism

Circular dichroism (CD) spectroscopy was used to determine whether the G4 ap-

tamers were parallel or antiparallel (see Chapter 1, Section 1.5.3.4). This was performed ac-

cording to the procedure set out in Chapter 2, Section 2.3.2.2.

Parallel G4 structures are identified by the positive maximum ca. 264 nm and neg-

ative minimum ca. 240 nm, while an antiparallel is identified by a maximum ca. 295 nm and

minimum ca. 240 nm.11 A mixture or hybrid of both parallel and antiparallel G4 aptamers have

peaks present at 264 nm and 295 nm. For simplicity only the top 3 G4/hemin aptamers ( 7-01,

7-02 and 5-04) with the highest V0 values, as well as EAD-2 and G3A3 (Table 4.3), were char-

acterised using CD. These sequences were folded into G4 structures by following the procedure

set out in Chapter 2, Section 2.3.2.1. The CD measurements of the G4 aptamers were carried

out with and without hemin to understand the effect that hemin had on the final G4 aptamer

structure.

Fig 4.9 (a-c) shows the CD spectra for 7-01, 7-02 and 5-04 G4/hemin aptamers,

respectively. All these spectra have maximum peaks at c.a. 290 nm and 260 nm when no hemin

was present (black). This indicated that a mixture of the parallel and antiparallel exist at the

same time or that the G4 structures are hybrids. Upon the addition of hemin (Fig. 4.9 (a-c),

red) there was a decrease in the maximum peak at 260 nm and a slight increase at 240 nm. This

is indicative of a structural shift from mixture/hybrid towards parallel, however not a complete

shift.31

Fig. 4.9 (d) shows that EAD-2 has a max and a min peak at c.a. 260 nm and 240 nm,

respectively, indicating a parallel structure. For G3A3 has a max and min peak at c.a. 290 and

260 nm, respecitvly, idicative of a antiparallel G4 structure (Fig. 4.9 (e). This is in agreement

with the literature.19,30 The addition of hemin (Fig 4.8 (d), red) has no affect on the EAD-2.

However, there is a slight structural change seen for G3A3 upon the addition of hemin (Fig.
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4.9 (e), red), with an increase occurring at between 240 and 260 nm. This structure is still

considered an antiparallel G4 structure.

Cheng et al.11 studied the peroxidase-mimicking activity of multiple G4/hemin ap-

tamers and found that the parallel G4 structures had the highest peroxidase-mimicking activity

when compared to antiparallel and mixed/hybrid structures. However, from Fig. 4.9 (a-c) and

Table 4.7 it was deduced that the mixed/hybrid G4/hemin aptamers had the highest peroxidase-

mimicking activity.

The next characterisation was to determine the dependence of the G4/hemin aptamers

on the presence of K+.

4.3.5. Potassium ion dependence of G4/hemin aptamer

This section will discuss the dependence of the 7-01, 7-02 and 5-04 G4/hemin ap-

tamer structure in the presence of K+. It is well understood that G4 structures require the pres-

ence of a cation in order to successfully stack the G-tetrads (see Chapter 1, Section 1.5.3.4).

This was achieved by performing the TMB assay set out in Chapter 2, Section 2.3.2.3. Table

4.9 shows results for a TMB assay performed with the G4/hemin aptamers folded in Reaction

buffer containing 50 mM K+ and a TMB assay performed with G4/hemin aptamers folded in

TE buffer with no K+ ions.

Table 4.9: Effect of K+ ions on G4/hemin peroxidase-mimicking (V0) activity.

G4 aptamer Peroxidase-mimicking activity, V0,
(x10−3) µM s−1

without K+ with 50 mM K+

7-02 0.86 ± 0.02 98.72 ± 0.06
7-01 13.68 ± 0.03 93.59 ± 0.03
5-04 2.14 ± 0.05 98.72 ± 0.03
EAD-2 5.56 ± 0.01 20.94 ± 0.05
G3A3 7.69 ± 0.47 32.48 ± 0.85
blank (no aptamer) 1.28 ± 0.02 1.28 ± 0.03
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Figure 4.9: CD spectra of G4 aptamers: (a) 7-01, (b) 7-02, (c) 5-04, (e) EAD-2 and (d) G3A3
with (red) and without (black) hemin.
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Table 4.9 shows that in the presence of 50 mM K+ ions 7-02 and 5-04 have an ef-

fective V0 = 98.72 ± 0.06 x 10−3 µM s−1 and 98.72 ± 0.03 x 10−3 µM s−1, respectively, and

both decrease by 98% when no K+ is present (V0 = 13.68 ± 2.14 x 10−3 µM s−1 and 2.14 ±

0.47 x 10−3 µM s−1, respectively). Table 4.9 also shows that 7-01 was decreased by 85% in

the absence of K+ with a decrease from V0 = 93.59 ± 0.03 x 10−3 µM s−1 to V0 = 13.68 ±

2.14 x 10−3 µM s−1.

Table 4.9 shows that both EAD-2 and G3A3 were reliant on the absence of K+ ions

to achieve a V0 = 7.69 ± 0.47 µM s−1 and 5.56 ± 0.10 µM s−1, respectively. In the pres-

ence of K+, the V0 is increased to 32.48 ± 0.85 µM s−1 and 20.94 ± 0.47 µM s−1, respec-

tively. Table 4.9 shows that all the G4/hemin aptamers have a reduced V0 when there are no

K+ ions present. This gives an indication of how important the folded G-quadruplex is for the

peroxidase-mimicking activity.

In the absence of the K+ ions the unfolded G4 has a lower V0 compared to when in

the presence of K+ ions, with decreases of between 63% and 98% in V0 (Table 4.9). It should

be noted that all G4/hemin aptamers, except for 7-02, samples with no K+ ions were still faster

than the blank (no G4 aptamer) with and without K+ ions. This indicates that there must still

be a small ratio of folded G4/hemin aptamers that still retain peroxidase-mimicking activity.

This is hypothesised to be due to the hemin inducing a small degree of G4 folding. Thus, it

would be more beneficial for a biosensor to use the 7-02 G4/hemin aptamer as there would be

less possibility of a false-positive occurring.

4.3.6. Enzyme kinetics of G4 aptamers with peroxidase-mimicking activity

Finally, Vmax, Km and k(cat) the of top 3 G4/hemin aptamers and the original EAD-2

and G3A3 were characterised using the Michaelis-Menten equation (see Section 4.2) In brief,

this was achieved by measuring the V0 of each G4/hemin aptamer (0.125 µM), using the TMB

assay detailed above, with H2O2 (2 µM) with variable concentrations of TMB substrate: 0.0
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mM, 0.2 mM, 0.4 mM, 0.8 mM. By plotting the V0 of variable TMB concentrations it is possible

to fit the Michaelis-Menten equation (Eq. 4.1).

This was done to elucidate the catalytic kinetic parameters of the G4/hemin aptamers

(Vmax and Km) of the top 3 G4/hemin aptamers, EAD-2 and G3A3 once folded into the G4/hemin

aptamers. All the Michaelis-Menten curves can be found in Fig. 4.10. Table 4.10 contains all

the calculated rates using Michaelis-Menten Eq. 4.1.

Figure 4.10: Michaelis-Menten curves for hemin base line (green), G3A3 (black), EAD-2
(pink), 7-01 (red), 7-02 (blue) and 5-04 (turquois). Each line is an average of three curves and
the red dotted line is the curve fit performed using OriginPro 9 applying software non-linear
line fit function.

Table 4.10 shows the Vmax and Km derived from the Michaelis-Menten curves (Fig.

4.10) using Eq. 4.2. Table 4.10 also shows k(cat) that was calculated form the Vmax using Eq.

4.2.

Table 4.10 shows that blank (no aptamer) has a Vmax, Km and k(cat) of 0.009 ± 0.001

µM s−1, 0.006 mM and 0.072 s−1, respectively. This indicates that hemin still has a small
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Table 4.10: The calculated Vmax, Km, and k(cat) for the top 3 G4/hemin aptamers (with the
highest V0), the original EAD-2 and G3A3 derived from the Michaelis-Menten curves in Fig.
4.10

Name Vmax, µM s−1 Km, mM k(cat)

7-02 0.327 ± 0.035 0.031 2.616
7-01 0.336 ± 0.026 0.026 2.688
5-04 0.252 ± 0.009 0.014 2.016
EAD-2 0.124 ± 0.007 0.010 0.992
G3A3 0.099 ± 0.006 0.007 0.792
blank (no aptamer) 0.009 ± 0.001 0.006 0.072

degree of peroxidase activity even without G4 aptamer being present.

EAD-2 has a Vmax, Km and k(cat) of 0.124± 0.007 µM s−1, 0.010 mM and 0.992 s−1,

respectively (Table 4.10). G3A3 has a Vmax, Km and k(cat) of 0.099 ± 0.006 µM s−1, 0.007 mM

and 0.792 s−1, respectively (Table 4.10). This shows that EAD-2 has a higher Vmax, which is

not expected based on the results from Table 4.7, where G3A3 was considered to have a higher

V0. However, EAD-2 has a slightly lower affinity for the TMB substrate (based on the larger

Km value) and so at lower TMB concentrations the EAD-2 would have a slightly lower V0.

Table 4.10 also shows that 7-02 has a Vmax, Km and k(cat) of 0.327 ± 0.035 µM s−1,

0.031 mM and 2.616 s−1, respectively. 7-01 has a Vmax, Km and k(cat) of 0.336 ± 0.026 µM

s−1, 0.026 mM and 2.688 s−1, respectively. Finally, 5-04 has a Vmax, Km and k(cat) of 0.252 ±

0.009 µM s−1, 0.014 mM and 2.016 s−1, respectively. This data shows that the G4 aptamer

sequences, determined using the GA, have enhanced peroxidase-mimicking activity compared

to the original EAD-2. However, the affinity for the TMB substrate has decreased considerably

as the Km values are much higher. Although the Km values have increased it appears that

the k(cat), which is the number of TMB molecules converted to TMB+ per second, has also

increased.

This work shows that it is indeed possible to utilise a GA to discover G4/hemin ap-

tamers that have enhanced peroxidase-mimicking activity. Thus, these G4/hemin aptamers are

well suited for future biosensing applications. 7-02 however, is the only sequence out of the
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top 3 that is completely reliant on the presence of K+ (see Section 4.5.2.). This means that

it is possible to have more control over the G4 structure of 7-02 and allow for more sensitive

biosensors to be produced, especially for cation biosensors such as those developed by Sun et

al. (see Chapter 1, Section 1.6).31

4.4. Concluding remarks

In this Chapter a GA was used to determine G4/hemin aptamers with enhanced

peroxidase-mimicking activity. The top three sequences were characterised to determine the

Vmax, Km and k(cat). The first generation of G4/hemin aptamers were designed to elucidate

the effect of the addition of G-residues in the G-tracts, and deletions and T substitutions in

the loop region. It was determined that additional G residues in the G-tract were detrimen-

tal to the peroxidase-mimicking activity of the G4/hemin aptamers. It was also found that A

and C residues enhanced the peroxidase-mimicking activity, however T residues were found to

decrease the peroxidase-mimicking activity. The four sequences with the highest peroxidase-

mimicking activity in generation 1 were found to be the parent sequence (EAD-2), 1-08

(G3AG3AG3AG3A), 1-02 (CTG3AG3TG3TG3A) and G3A3. These four G4/hemin aptamers

were used to generate the next generation of G4 ODN sequences using a GA. This was repeated

seven times to produce eight generations of G4 ODN sequences that had increasing peroxidase-

mimicking activity. The GA was able to determine three sequences, 7-01 (G3TA2G3CACG3TG3),

7-02 (G3A3G3CACG3CG3) and 5-04 (G3A3G3A2CG3CG3) that were 5 times faster than the

parent sequence. Analysis of the top 20 G4/hemin aptamer sequences showed that the pres-

ence of one A residue in the Xl1 and Xl2 loop region was crucial to enhancing the peroxidase-

mimicking activity. The nt length of the Xl3 loop sequence was found to be more important than

the nt residue. It was found that a single nt residue was favourable for enhanced peroxidase-

mimicking activity.

The three G4/hemin aptamers were then characterised to determine the types of struc-
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tures formed and the kinetic parameters. It was determined that the top sequences, determined

by the GA, 7-01, 7-02 and 5-04, were intramolecular coexisting or mixed hybrid structures.

All three of these sequences would be suitable for biosensing. 7-02 was determined to be the

most suitable as it was more reliant on the presence of K+ ions than the other two G4/hemin

aptamers and thus allowed for stricter control over the G4/hemin aptamer structure.
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Chapter 5

Immobilisation of G-quadruplexes onto 2D and 3D surfaces

and T7 endonuclease I digestion for biosensing applications

5.1. Synopsis

This chapter will discuss the use of surface immobilised DNA for biosesnsing of sin-

gle nucleotide polymorphism (SNPs). To achieve this G-quadruplexes (G4) aptamers, with a

capture region containing a G SNP, were immobilised onto Corning R© DNA-Bind 96-well mi-

croplates (2D surface) or BcMagTMmagnetic silica iron core beads (3D surface). The capture

regions where then exposed to two target strands containing either a perfect match (PM, C

residue at SNP location) or single mismatch (SM, T residue at the SNP location). A T7 endonu-

clease I (enzyme that cleaves non-canonical bonds) was then added to cleave the mismatched

bonds, releasing the G4 aptamer from the surface. The G4 aptamers were then detected both

on surface (indicative of a PM) and in solution (indicative of a SM).

First the G4 aptamers were tested for resistance to T7 endonuclease digestion as well

as optimisation of digestion parameters. This was done by exposing G4 aptamers with captured
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target strands to the T7 endonuclease at varying times.

Following this, the G4 aptamers (with pendant capture region) were immobilised onto

2D surfaces. To test for successful attachment, a TMB assay (using 3,3’,5,5’-tetramethylbenzidine

substrate) was performed to test for the presence of peroxidase-mimicking activity. It was found

that it was not possible to detect immobilised G4 aptamers on 2D surfaces. To improve detec-

tion a 3 polyethylene glycol (PEG) rate accelerator solutions, PEG 6000 5% (v/v), PEG 6000

10% (v/v) and PEG 8000 5% (v/v), were used to increase the reactivity of the substrate to the

G4 aptamers.

Next it was determined if it was possible to detect cleaved G4 aptamers from the

2D surface (after the T7 endonuclease digestion) by using a TMB assay. It was found that

although possible to detect the cleaved G4 aptamers, there was random cleavage and no way

to distinguish PM immobilised aptamers from SM immobilised aptamers.

Finally to increase the surface area of immobilised G4 aptamers, G4 aptamers were

immobilised onto microbeads (3D surfaces) and digested with T7 endonuclease I. Then the

peroxidase-mimicking activity was measured using the TMB assay.
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5.2. Introduction and purpose

G-quadruplex (G4) aptameric biosensors present a myriad of potential applications

such as detectors of metal ions in solutions, and DNA genotyping. These biosensors have de-

tected a range of different target molecules, ranging from salts (K+, Na+) to biomolecules

(thrombin).1–4 G4 aptamers have also been used to detect DNA sequences for genotyping

of single nucleotide polymorphisms (SNPs).5 These G4 aptameric biosensors are useful as

they produce a colorimetric or chemiluminescent readout that can be observed visually with

the naked eye, with substrates such as 3-aminophthalhydrazide (luminol),6 2,2’-azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS)7 and 3,3’,5,5’-tetramethylbenzidine (TMB).8 There-

fore, when utilising these substrates there is no requirement for expensive detection equipment

for successful detection.

Although many researchers have immobilised G4 aptamers onto various surfaces

(e.g., silica or gold9,10) there is yet a method that has been developed to allow for detection

of SNPs within surface immobilised G4 aptamers (to the best of the authors’ knowledge). By

immobilising G4 oligodeoxynucleotide (ODN) sequences with capture regions for SNP geno-

typing, it may be possible to develop a method that allows for point-of-care biosensors.

As discussed in Chapter 1, Section 1.5.3.7 G4 aptameric biosensors are often used

in conjunction with other methods (DNAzymes, see Chapter 1, Section 1.5.3.11 for details) to

allow for the colorimetric,2 fluorometric,11 and/or electrochemical12 detection of whether the

reaction or other methods have been successful. Many of the G4 biosensors used in literature

rely on the production of a G4 structure after a reaction has taken place (i.e., cleavage of a

target DNA strand or hybridisation to a target), which acts as a reporter molecule that reacts

with substrates (Luminol, ABTS or TMB) to produce a visually detectable readout.2,3,6 This

has the potential for the fabrication of point-of-care biosensors that do not require expensive

equipment, such as fluorometers, for detection.
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In this Chapter, surface immobilised G4 aptamers were investigated as a possible

SNP detection reporter system. The hypothesis for this was that perfect match (PM) and single-

mismatch (SM) DNA can be detected with the aid of a T7 endonuclease I enzyme. The T7

endonuclease I is able to detect and cleave SM dsDNA to release the G4 aptamer into solution

to be analysed. The proposed mechanism of the biosensor is depicted in Fig. 5.1.

In Fig. 5.1, Step1: amine-functionalised ssDNA containing a capture region with

SNP (G) and a G-rich (for G4 formation) region is immobilised onto a surface through an

NHS coupling reaction (Fig. 5.1, Step 1). The surfaces used were either NHS-functionalised

Corning R© DNA-Bind 96-well microplates (2D surface) or BcMagTMmagnetic silica iron core

beads (3D surface) (see Chapter 2, Section 2.3.3.2 and 2.3.4.3 for experimental details) (Fig.

5.1, yellow). The advantage of utilising immobilised ODN on surfaces is that it is possible to

wash away any non-immobilised ODN from the surface as well as making it possible to replace

buffers without loss of immobilised ODN.

In Fig.5.1 Step 2: The complementary target sequences were added to form either a

PM (G-C, blue) or SM (G-T, purple) dsDNA with the target region on the G4 ODN.

In Fig. 5.1 Step 3: The addition of the T7 endonuclease enzyme (multi-coloured) in

a buffer solution at 37 ◦C, that can recognise and cleave any SM dsDNA. This will release the

G-rich part of the ODN sequence into solution and can be extracted for testing.

In Fig.5.1 Step 4: The G-rich ODNs, in solution or on the surface, are then folded

with the addition of 50 mM K+ ions and finally in Step 5: A TMB assay was performed in the

presence of hemin to produce a colorimetric readout.

Thus, if the ODN on the surface was not cleaved it can be determined that a PM

was present (G-C) and any cleaved ODN would be SM (G-T, A or G). As with most other

genotyping techniques, as long as the SNP in the capture ODN on the surface is known it is

possible to determine what SNPs may be present in the target strand and vice versa.

214



Figure 5.1: Proposed mechanism for the SNP biosensor that utilises an enzymatic digestion
step and a G-quadruplex (G4) aptamer for single nucleotide polymorphism (SNP) detection.
Step 1: Immobilisation of ODN that contains a G-rich (green), SNP (red) and capture region
(black), onto the surface (yellow) of either a 2D or 3D surface. Step 2: Target ODN is captured
to the surface immobilised capture region, forming either a perfect match (PM, blue) or single
mismatch (SM, purple). Step 3: T7 endonuclease enzyme (multicoloured) is added to cleave
the any mismatched DNA and release the G-rich ODN into solution. Step 4: The G-rich ODN
in solution is removed and then both G-rich ODN in solution and on the surface are folded
with the addition of 50 mM K+ to form G4 aptamers. Step 5: Hemin is added and a TMB
assay is performed to determine the presence of G4 aptamers in solution and those remaining
on the surface.
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5.3. Results and discussion

5.3.1. Optimisation of T7 endonuclease I digestion

T7 endonuclease I is an enzyme that has a range of applications, such as cleavage

of: homoduplexed (perfect matched, >40 ◦C) and heteroduplexed (mismatched, <40 ◦C) ds-

DNA.13 14 15 T7 endonuclease I is used in this thesis to recognise mismatches and cleave the

dsDNA at the first, second or third phosphodiester on the 5′ bond of the mismatch.15 However,

the issue faced when using the T7 endonuclease I in the presence of a G4 aptamer is that there

is a possibility the G4 structure will be recognised as a mismatch and be cleaved. As mentioned

in Chapter 1, Section 1.5.3.9, G4 aptamers are known to prevent recognition of certain enzymes

such as telomerase (telomere extension enzyme).16 It has also been seen that G4 aptamers are

resistant to nucleases, acting as a ‘knot’ that prevents recognition and cleavage.17 However, this

may not apply to the T7 endonuclease I, which is specifically designed to cleave mismatched

dsDNA and this was tested in this thesis.

In order to determine if it was viable to use surface immobilised G4 aptamers for the

proposed biosensor presented in Fig. 5.1, the T7 endonuclease I digestion step must first be

investigated. This is due to two key reasons. The first reason is to ensure that the G4 aptamer

is not digested by T7 endonuclease I, as successful detection using the biosensor relies on the

presence of the G4 aptamer (in the TMB assay). The second reason is to optimise the digestion

conditions so that only SM dsDNA is digested, and not PM dsDNA, as otherwise it will not be

possible to discriminate the SNP.

5.3.2. G4 resistance to T7 endonuclease I digestion

The procedure set out in Chapter 2, Section 2.3.3.1 was performed in solution to

determine if the G4 aptamers were resistant to the T7 endonuclease I cleavage. This section

will look at the G4 aptamer consisting of ODN G4(G) 001 that contains a G-rich sequence and
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a target region that is complementary to G4(C) 002 and partially complementary to G4(T) 003

(where the letter in brackets indicates the nt at the SNP position). The dsDNA schematic is

shown in Fig. 5.2, showing the resulting PM and SM dsDNA products.

Figure 5.2: Schematic of (a) perfect match (G4(G) 001 + G4(C) 002) and (b) single-mismatch
(G4(G) 001 + G4(T) 003), showing the G-rich (green), SNP (red, underlined) and captured
target strands (PM blue, SM purple).

Fig. 5.3 shows a polyacrylamide gel electrophoresis (PAGE) 10-20% (v/v) elec-

trophoretogram of the dsDNA products formed between G4(G) 001 + G4(C) 002 (PM) and

G4(G) 001 + G4(T) 003 (SM).

Fig. 5.3 shows the lanes with PM and SM each present as a single bright band at∼60

bp (dotted line), indicating a high concentration of DNA. There is a faint second band at ∼25

bp (dotted line). The bp length was determined using the calibration curve produced using the

ladder. Fig. 5.3 shows the predominant structures have a bp length of ∼60 bp and ∼25 bp. In

order to calculate the likely structure that is formed Eq. 5.1 was used.

bp = n
x+y

2
(5.1)

Where bp = calculated bp length from PAGE, x = nt in G4 aptamer (45 nt) and y = nt
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Figure 5.3: PAGE ePagel 10-20% (v/v) electrophoretogram, stained with 1x SYBR R© gold
and viewed using a Safe Imager Blue-Light Transilluminator, of G4(G) 001 with G4(C) 002
(perfect match (PM)) and G4(G) 001 with G4(T) 003 (single-mismatch (SM)) solutions after
formation of the G4 aptamers with respective target strands. A DNA Ladder (Invitrogen 10 bp
DNA ladder) was used as the reference. Dotted lines are to guide the eye to the bands of
interest.

in target strand (15 nt). n is used to determine the number of strands that are within the G4 and

can there for be used to determine if the structure is intramolecular (n = 1) or intermolecular (n

≥ 2).

For the ∼60 bp, Eq. 5.1 was rearranged and n was determined to equal 2 ssDNA in

the G4 aptamer. This is indicative of a intermolecular G4 structure, consisiting of two strands.

For the second band of interest observed at ∼25 bp in Fig. 5.3 was n = 1. This is

then classified as a intramolecular G4 structure. As discussed in Chapter 4, Section 4.3.4.1,

G4 structures appear to move faster through PAGE and hence the band appears at ∼25 bp as
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opposed to the expected 30 bp. This shows that although both intramolecular and intermolecular

G4 aptamers are formed in the PM and SM solutions, the intermolecular G4 structure is the

preferred product. Fig. 5.3 also confirms that the PM and SM were successfully formed and

will hereon be referred to as the PM and SM solutions, respectively.

The next step was to digest the PM and SM solutions with the T7 endonuclease I

enzyme, which is proposed to cleave the SM but not the PM or G4 structure at 37 ◦C. This was

achieved by following the manufacturer’s instructions which can be found in Chapter 2 Section

2.3.3.1. In brief, the PM and SM solutions were made up to 20 µL in 1X NEB 2 buffer. Then

2.5 U of T7 endonuclease I enzyme was added and the mixtures were incubated at 37 ◦C for 15

min. The resulting digestions were then visualised on a PAGE 10-20% (v/v) (Fig. 5.4).

Initial experiments showed that with fresh enzyme all DNA was digested (data not

shown). Therefore, the following protocol was used for the enzyme preparation. A single

freeze-thaw cycle was first performed on the T7 endonuclease I. This was then added to a frozen

sample of the G4 aptamer with captured target strand. Then, while still frozen the G4 aptamer

and T7 endonuclease I mixture were placed into a thermocycler set at 37 ◦C. The theory behind

this was that by slightly denaturing the enzyme it was slightly less effective at digesting the PM

DNA.

Fig. 5.4 shows that although both the PM and SM solutions were incubated with the

T7 endonuclease I according to the manufacturer’s instructions, it was observed that the cleav-

age of the SM mixture did not occur. It was hypothesised that this was due to the short length

of the dsDNA target region, as well as the short digestion time. Therefore, it was determined

that following the manufacturer’s instructions did not result in the digestion of the PM or SM

solutions (see Appendix D). This may to be due to three factors.

The first factor was that although G4(G) 001 is 45 nt in length, the captured target is

only 15 bp in length, which may be too small for the T7 endonuclease I to effectively bind and

digest within 15 min. This kit has previously been used by Vouillot et al.18 and Wu et al.19
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Figure 5.4: PAGE ePagel 10-20% (v/v) electrophoretogram, stained with 1x SYBR R© gold
and viewed using a Safe Imager Blue-Light Transilluminator, of perfect match (PM) and
single mismatch (SM) solutions after incubation with T7 endonuclease for 15 min. A DNA
Ladder (Invitrogen 10 bp DNA ladder) was used as the reference.

which digested longer dsDNA targets (>100 bp) when compared to these experiments (15 bp).

Thus, it is not unreasonable for shorter DNA to behave differently. The second factor could be

the possible steric hinderance from the G4, which is in close proximity to the capture region

on the G4(G) 001 (Fig. 5.2, green). A third factor may be the type of mismatch formed (G to

T). As discussed in Chapter 3, Section 3.3.1.1 G mismatches (G to T and G to A) are just as

stable as perfectly matched A to T. This may make it more difficult for the T7 endonuclease I

to recognise and cleave the SM.

The optimisation of the T7 endonuclease I digestion of the PM and SM mixtures will

be discussed in Section 5.3.3

5.3.3. Optimisation of T7 endonuclease I of PM and SM solutions

The G4 aptamers were determined to be resistant to digestion by T7 endonuclease I,

therefore the investigation moved to optimise conditions to allow selective digestion of the SM
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solution over the PM solution. As following the manufacturer’s instructions did not digest the

PM or SM structures occurred.

In order to favour cleavage of the SM DNA using T7 endonuclease I, the time of

digestion was optimised. It was not viable to change the temperature at which the mixtures and

T7 endonuclease I were incubated. This is because the manufacturer states that incubation in

temperatures above 40 ◦C will result in random cleavage of the DNA, which is undesirable for

the proposed biosensor.15 The times investigated were 15, 30, 45, 60, 120, and 240 min. These

results can be found in Appendix E; however, no digestion of the PM or SM was observed at

any of the times investigated.

The digestion time was then increased to 16 h. Although this ran the risk of complete

digestion (including PM DNA). Appendix E shows an electropherogram of the overnight T7

endonuclease I incubation with the PM and SM solutions. The absence of bands after the 16

h incubation of the T7 endonuclease with PM and SM solutions indicates a complete degrada-

tion of all DNA. Thus, a 16 h digestion was attempted with a lower concentration of the T7

endonuclease I, of 1 U as compared to the 2.5 U previously.

Fig. 5.5 shows the PAGE electropherogram 10-20% (v/v) of the 16 h incubation of

T7 endonuclease I (1 U) with the PM and SM solutions.

From Fig. 5.5 shows that the PM and SM solution controls are not digested with

T7 endonuclease I (band at ∼60 bp). This is to be expected from previous experiments (see

Section 5.3.2). The PM solution still presents a band ∼60 bp, however it is fainter than the

corresponding control indicating slight digestion of the G4 ODN. From the absence of a bright

band at ∼60 bp in the SM solution it was deduced that the SM was digested successfully to

below the limits of detection. However, it was not able to completely digest the intramolecular

G4 structure of the SM at ∼25 bp (Fig. 5.5).
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Figure 5.5: PAGE ePagel 10-20% (v/v) electrophoretogram, stained with 1x SYBR R© gold
and viewed using a Safe Imager Blue-Light Transilluminator, of 16 h digestion with T7
endonuclease I (1 U) incubation with the PM and SM solutions with undigested controls. A
DNA Ladder (L) (Invitrogen 10 bp DNA ladder) was used as the reference.

5.3.4. Investigation of G4 aptamer immobilised on 2D surfaces

This section will discuss how G4 aptamers were immobilised and detected on the

surface of Corning R© DNA-Bind R© 96-well microplates. This was achieved following the man-

ufacturer’s instructions outlined in Chapter 2, Section 2.3.3.2. First, a G4(G)T 001 (1 µL, 100

µM), where T is a T20 tail after the G4(G) 001 ODN (see Table 2.6). Then 100 µL was placed

into a well of a Corning R© DNA-Bind R© 96-well microplate, ensuring that the bottom of the

well was completely submerged in buffer. After incubating the ODN on the surface of the

well for 2 h at room temperature (following the manufacturer’s instructions) the immobilisation

buffer was removed, leaving behind only immobilised G4 aptamers. The well was washed with

a wash buffer (see Chapter 2, Section 2.3.3.2) to remove any physisorbed DNA. The next step

was to detect the presence of the immobilised G4 aptamers on the surface.

In order to determine if there was sufficient immobilisation of G4 aptamers on the sur-

face of the Corning R© DNA-Bind R© 96-well microplates a TMB assay was performed (see Fig.

5.1, Step 4). This involved folding the G4 on the surface of the Corning R© DNA-Bind R© 96-
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well microplate in Reaction buffer (containing 50 mM K+), heated to 70 ◦C (this was to ensure

that a high enough temperature to denature all ODN present but not damage the polystyrene

96-well plates) and cooled to room temperature on a bench. Then a hemin 10% (v/v) solution

was added into each well to allow for the formation of the G4/hemin aptamer on the surface of

the Corning R© DNA-Bind R© 96-well microplates (Fig. 5.1).

The blank (no G4 aptamer) refers to a TMB assay that was performed in wells that

did not have immobilised G4 aptamers. This was done to obtain the peroxidase-mimicking

activity (V0) of hemin in the absence of the G4 aptamers. As hemin has an inherent V0 and the

G4 aptamers V0 will be compared to the blank. An increase in the V0 will indicate the presence

of the G4 aptamers.

5.3.4.1. Comparison of three detection systems of G4 aptamer testing on 2D surfaces

Three different assays using different substrates were used to test for the presence of

G4 aptamers on the Corning R© DNA-Bind R© 96-well microplates. The substrates tested were

luminol, ABTS and TMB. Luminol and ABTS are considered to undergo quicker oxidation

reactions than TMB and thus were thought to be more suitable for the detection of low concen-

tration G4 aptamers, such as on the surface of the 2D surface.7,8,11 These substrates were tested

following the procedure set out in Chapter 2, Section 2.3.4.2 and 2.3.4.1.

Luminol was detected using a plate reader set up to detect chemiluminescent signa-

tures and ABTS was detected by measuring the change in absorbance at 430 nm (25 ◦C). The

results of each can be found in Appendix F (with ANOVA results) and Appendix G, respec-

tively. Neither reaction could be detected above the hemin signature and therefore G4 aptamer

detection focused on the use of TMB as a substrate.

Section 5.3.5 will discuss the application of the TMB assay showing absorbance (a.u)

versus time (min) used to calculate the V0 using Eq. 4.3.
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5.3.5. TMB assay of the G4 aptamers immobilised on the 2D surface

Fig 5.6 shows the UV/vis spetra of the change in absrobance (a.u) versus time (min)

of the TMB assays used to detect the immobilised G4 aptamers on the surface of the Corning R©

DNA-Bind R© 96-well microplates.

Figure 5.6: Average of 3 UV/vis spectra (absorbance (a.u) vs time (min)) of TMB assay for
blank (no G4 aptamer, red) and immobilised G4 aptamer (black) on the surface of Corning R©
DNA-Bind R© 96-well microplates. Averages were performed using OriginPro 9 average curve
function.

Table 5.1 shows the calculated V0 (Eq. 4.3) using the slopes from the blank (red) and

immobilised G4 aptamer (black) data in Fig. 5.6.

Table 5.1: Peroxidase-mimicking activity (V0) of G4 immobilised on the surface of the
Corning R© DNA-Bind R© 96-well microplates compared to the blank (no G4 aptamer)
calculated from Fig. 5.6.

Sample Peroxidase-mimicking activity V0, µM s−1,(x 10−3) p = 0.05
No aptamer G4 aptamer (95% CI)

Corning R©
DNA-Bind R©
96-well microplates

1.27 ± 0.01 1.36 ± 0.03 p < 0.05, s

s = Significant
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Table 5.1 shows the calculated V0 (from Fig. 5.6 of the blank (no aptamer) with a V0 =

1.27 ± 0.01 x 10−1 µM s−1 and the immobilised G4 aptamers on the surface of the Corning R©

DNA-Bind R© 96-well microplates with a V0 = 1.36± 0.03 x 10−1 µM s−1 (p < 0.05). Although

this difference is statistically significant , it is not possible to distinguish between wells that have

G4 aptamers immobilised and wells that do not. This indicates that the dominant reaction in

this case would be the hemin oxidation of the TMB substrate in the bulk solution.

The dominant hemin oxidation reaction is attributed to the localisation of the G4

aptamers on the surface of the wells. whereby the TMB substrate must first diffuse through

the bulk solution to reach the surface of the Corning R© DNA-Bind R© 96-well microplates to

undergo a reaction.20 Unlike a solution base TMB assay, whereby the G4 aptamers are free in

solution, the TMB substrate must diffuse via mass transfer to the surface of the wells in order

for the reaction to occur. The peroxidase-mimicking activity for a surface based immobilised

enzymatic reaction can be calculated with the following Eq. 5.2:21

V0 = klA([S0]− [S]) (5.2)

Where V0 is the peroxidase-mimicking activity, kl is the mass transfer coefficient, A

is the total surface area, S0 is the initial concentration of the substrate, S is the concentration of

the substrate. The kl can be calculated using Eq. 5.3:21

kl =
DS

δ
(5.3)

Where DS is the substrates diffusivity and δ is the effective thickness that the substrate

must diffuse through. This equation assumes that all the surface area is equally accessible to

the substrate.

Eq. 5.2 shows that as the substrate is depleted ([S0]→ 0) the slower the rate of the V0
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will become. A larger Kl indicates that the substrate will diffuse through the solution faster and

increase the V0. If δ is large and DS is small, then the overall Kl will be low and therefore the

reaction will proceed slower (Eq. 5.3). Adding to this issue may be a low density or efficiency

of surface coupling of the G4 aptamers on the surface as well as the orientation of the strands

on the surface due to non-specific interactions (lying flat instead of sticking up into solution). In

that case, the rate accelerators should still be able to increase the overall V0 of the immobilised

G4 aptamers.

To overcome the mass transfer issues, rate accelerators such as polyethylene glycol

(PEG) can be used to increase the peroxidase-mimicking activity on the surface microplates.

Section 5.3.5.1 will discuss the use of PEG rate accelerators (such as PEG 6000 and PEG 8000)

to achieve the increased peroxidase-mimicking activity.

5.3.5.1. Increasing the sensitivity of the TMB assay with PEG rate accelerators

The addition of PEG rate accelerators was investigated to determine if it was possible

to increase the peroxidase-mimicking activity of the immobilised G4 aptamers. Aumiller Jr. et

al.8 have shown that TMB activity towards horeseradish peroxidase (HRP) was increased in the

presence of PEG 8000 30% (w/v). They show that the TMB’s DS decreased from 7.18 ± 0.07

x 10−10 m2 s−1 to 1.83 ± 0.07 x 10−10 m2 s−1 due to the increased viscosity of the PEG 8000

solution, whereby it was more difficult for the TMB to diffuse away from the HRP. Therefore,

the TMB was always in closer proximity to the HRP and would be able to increase the local

reactivity. Thus, it would be reasonable to trial PEG 6000 and PEG 8000 in order to increase

the reactivity of the TMB substrate in the presence of surface immobilised G4 aptamers with

hemin.

PEG rate acceleratorrs of PEG 6000 5% (w/v), PEG 6000 10% (w/v) and PEG 8000

5% were tested. These tests were performed using the immobilised G4 aptamers in the presence

of hemin on the surface of the Corning R©DNA-Bind R© 96-well microplates. Fig. 5.7 shows the
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UV/vis spectra of the change in absrobance (a.u) versus time (min) of the TMB assay used to

detect the immbolised G4 aptamers in the presence of hemin with (a) no PEG control, (b) PEG

6000 5% (w/v) (c) PEG 6000 10% (w/v) and (d) PEG 8000 5% (w/v). Fig. 5.7 (a) ”no PEG

control”is the same data from Fig. 5.6 and 5.1 and simply relabelled here for clear comparison.

Figure 5.7: Average of 3 UV/vis spectra (absorbance versus time (min)) of TMB assay for no
aptamer blank (red) and immobilised G4 aptamer (black) on the surface of Corning R©
DNA-Bind R© 96-well microplates with (a) no PEG control, (b) PEG 6000 5% (w/v), (c) PEG
6000 10% (w/v) and (d) PEG 8000 5% (w/v), determined using a TMB assay. Averages were
performed using OriginPro 9 average curve function.

Table 5.2 shows the V0 calculated using 4.3 from the slopes of the absorbance (a.u)

versus time (min) from the blank (red) and immobilised G4 aptamers (black) calculated from

the data in 5.7.

Table 5.2 shows the calculated V0 of the no PEG control, no PEG control, PEG 6000

5% (w/v), PEG 6000 10% (w/v) and PEG 8000 5% (w/v) with corresponding blanks. The no

PEG control, no G4 aptamer and G4 aptamer, had a baseline V0 of 1.27 ± 0.01 x 10−3 µM s−1

and 1.36 ± 0.03 x 10−3 µM s−1, respectively.

Table 5.2 shows that when the TMB assay was performed in solution with no ap-
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Table 5.2: Peroxidase-mimicking activity (V0) of immobilised G4 aptamers in the presence of
no PEG control, PEG 6000 5% (w/v), PEG 6000 10% (w/v) and PEG 8000 5%
(w/v)calculated from the data in Fig. 5.7.

Sample Peroxidase-mimicking activity V0, µM s−1,(x 10−3) p = 0.05
No aptamer G4 aptamer (95% CI)

no PEG control* 1.27 ± 0.01 1.36 ± 0.03 p < 0.05, s
PEG 6000 5% (w/v) 1.38 ± 0.03 1.76 ± 0.06 p < 0.05,s
PEG 6000 10%
(w/v)

1.57 ± 0.10 1.77 ± 0.06 p < 0.05,s

PEG 8000 5% (w/v) 1.33 ± 0.15 1.53 ± 0.01 p < 0.05,s

s = Significant
*Data from Table 5.1

tamers present, both the PEG 6000 5% (w/v) and PEG 6000 10% (w/v) increased the V0 to

1.38 ± 0.03 x 10−3 µM s−1 and 1.57 ± 0.10 x 10−3 µM s−1, respectively. However, the PEG

8000 5% was not able to increase the V0 in the blank solution. This may be due to the higher

molecular weight of the PEG 8000 which decreases the mobility of the TMB in the solution

and thus the activity.

Table 5.2 also shows that the TMB assays performed with aptamers present show that

all PEG rate accelerators were able to increase the V0 when compared to the no PEG control

(with G4 aptamers). PEG 6000 5% (w/v) and PEG 6000 10% (w/v) were able to increase the

V0 the most, from 1.36 ± 0.03 x 10−3 µM s−1 (no PEG control) to 1.76 ± 0.06 x 10−3 µM

s−1 and 1.77 ± 0.06 x 10−3 µM s−1, respectively. An increase of ∆V0 =∼ 0.40 x 10−3 µM

s−1. Where as PEG 8000 5% (w/v) only increased the V0 to 1.53 ± 0.01 x 10−3 µM s−1, a

difference of ∆V0 = 0.17 x 10−3 µM s−1.

From this data is was concluded that the addition of the PEG rate accelerators was

able to increase the V0 of the immobilised G4 aptamers on the surface of the Corning R© DNA-

Bind R© 96-well microplates. With PEG 6000 5% (w/v) and PEG 6000 10% (w/v) showing the

largest increase in V0. Although when comparing the no G4 aptamer blanks to the correspond-

ing PEG rate accelerator with G4 aptamer it Table 5.2 shows that PEG 6000 5% (w/v) has the

largest difference, with a ∆V0 = 0.38 x 10−3 µM s−1. Compared with PEG 6000 10% (w/v)

and PEG 8000 5% (w/v), both having a ∆V0 = 0.20 x 10−3 µM s−1. Therefor, it was concluded
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that PEG 6000 5% would be the best PEG rate accelerator for studying surface immobilised G4

aptamers (see Section 5.3.6).

Although all the PEG rate accelerators were able to increase the V0 of the surface

immobilised G4 aptamers, the increase was considered too low to be useful for the proposed

biosensor. This is due to the possibility of false positives being high, as there is a small differ-

ence between the no G4 aptamer wells and the wells that had immobilised G4 aptamers.

5.3.5.2. Solution-based detection of cleaved G4 aptamers containing a PM or SM from 2D

surfaces

This section will discuss the detection of the T7 endonuclease I cleaved G4 aptamers

in solution. In order for the solution-based detection to be useful there must be sufficient cleav-

age of the SM G4 aptamers. As this is solution-based detecetion, the PEG rate accelerators

were not required.

This was achieved by first forming PM G4 aptamer (G4(G)T 001 + G4(C) 002) and

SM (G4(G)T 001 + G4(T) 003) on the surface of the Corning R© DNA-Bind R© 96-well mi-

croplates, by adding the corresponding target sequence. The microplates were heated to 70 ◦C

and cooled to room temperature. The microplates were washed according to Chapter 2, Section

5.3.4 and then dried by extracting all the Milli-Q water. T7 endonuclease I (1 U) in NEB 2

buffer (20 µL) was added to each well and incubated for 16 h at 37 ◦C. The resulting solution

was then extracted, made up to 50 µL with Reaction buffer (see Chapter 2, Section 2.1, Table

2.3) and the G4 aptamers formed as previously outlined in Chapter 2, Section 2.3.2.1. Solutions

extracted will be referred to as PM and SM solutions henceforth.

A TMB assay was performed (see Chapter 2, Section 2.3.2.3) to detect the presence

of any G4 aptamers for both the PM and SM solutions after digestion with the T7 endonuclease

I. Fig. 5.8 shows the results for the TMB assay (absorbance (a.u) versus time (min)) performed

on the PM and SM solutions.
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Figure 5.8: Average of 3 peroxidase-mimicking activity measurements of PM and SM G4
aptamers released into solution after 16 h digestion at 37 ◦C with T7 endonuclease I. Showing
blank (no aptamer) (blue), perfect match (PM, red) and single mismatch (SM, black) after
digestion. Averages were performed using OriginPro 9 average curve function.

Table 5.3 shows the V0 calcualted using Eq. 4.3 from the slopes of the absorbance

(a.u) versus time (min) from the blank (no G4 aptamer) (blue), PM solution (red) and SM

solution (black) after digestion, calculated from Fig. 5.8.

Table 5.3: Peroxidase-mimicking activity (V0) of blank (no aptamer), PM and SM after
digestion calculated from Fig. 5.8.

Sample Peroxidase-mimicking
activity, V0, µM s−1,

p= 0.05 (95% CI),
compared to blank

(x 10−3)

blank(no G4 aptamer) 1.71 ± 0.38 -
PM solution 2.69 ± 0.25 p < 0.05, s
SM solution 2.60 ± 0.18 p < 0.05, s

s = Significant

Table 5.3 shows that compared to the blank (V0 = 1.71 ± 0.38 x 10−3 µM s−1) both

the digested PM and SM solutions have an increased V0 at 2.69± 0.25 x 10−3 µM s−1 and 2.60

230



± 0.18 x 10−3 µM s−1, respectively. This indicates that it is possible to detect the presence of

cleaved G4 aptamers from the 2D surface in solution. This data shows that it was not possible

to distinguish PM and SM solutions and that the T7 endonuclease I had non-specific cleavage

activity towards the surface immobilised G4 aptamers on the surface of the microplates.

Therefore, a new approach was taken that is described in Section 5.3.6. The fol-

lowing section will discuss the immobilisation of the same G4 aptamers (PM and SM) onto

BcMagTMsilica coated iron oxide magnetic beads (3D surface).

5.3.6. Investigation of PM and SM immobilised on 3D surfaces

The issue with utilising flat 2D surfaces of the Corning R© DNA-Bind R© 96-well mi-

croplates is the low surface area and slow substrate diffusion to the surface. Even with the added

PEG rate accelerators the peroxidase-mimicking activity of the G4 aptamers immobilised on the

2D surfaces was found to be too low to be useful (see Section 5.3.4). This is a common prob-

lem that is often encountered when biological catalysts (e.g., enzymes and DNAzymes) are

immobilised on surfaces.22 In this section these were investigated by using the 3D surface of

BcMagTMsilica coated iron oxide magnetic beads (1 µm in diameter) to overcome low surface

area and substrate diffusion. The beads not only offer increased surface area, the concentration

of the beads can be increased to introduce more G4 aptamers into a single solution. The dis-

advantage is that due to the use of UV/vis spectroscopy for the TMB assay, the concentration

must not be too high as to interfer with the measurements.

In this work PEG 6000 5% was used as it showed to be effective at increasing the

peroxidase-mimicking activity of the immobilised G4 aptamers on the 2D surface (see Section

5.3.5.1).

The immobilisation of the amine-functionalised G4(G)T 001 ODN to the surface of

the beads was performed following the manufacturer’s instructions set out in Chapter 2, Section

2.3.4.3. PM and SM G4 aptamers were formed following the method set out in Section 5.3.2
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and will be referred to as PM beads and SM beads, respectively, henceforth. Beads with no

immobilised G4 aptamers were used as a blank (no G4 aptamer) for comparison with the PM

and SM beads. In this section the term dried beads simply refers to beads (PM and SM) that

have had the buffer solution removed allowing for a new buffer to be added with minimal

dilution.

Dried beads (PM and SM) were then placed into a 1X NEB 2 buffer containing 1 U

of T7 endonuclease I and incubated for 16 h at 37 ◦C. The digested beads will henceforth be

referred to as digested PM and SM beads. Beads that were not digested will be referred to as

undigested and will be used as a comparison to reveal any affect that the T7 endonuclease I had

on the PM and SM beads.

The dried beads were then washed according to the wash procedure set out in Chapter

2, Section 2.3.4.3 to remove all the G4 aptamers that were not immobilised onto the surface of

the beads. After digestion the dried beads were placed into a 1X Reaction buffer with peg 6000

5% and a TMB assay was performed according to the procedure set out in Chapter 2, Section

2.3.4.4.

Fig. 5.9 shows the resulting absorbance versus time (min) spectra for the undigested

and digested PM and SM beads.
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Figure 5.9: Average of 3 peroxidase-mimicking activity measurements of G4 aptamers
immobilised onto BcMag R© silica iron core microbeads: blank (no G4 aptamer) undigested
(red), blank (no G4 aptamer) digested (pink), PM undigested (black), PM digested (blue), SM
undigested (green), and SM digested (orange). Averages were performed using OriginPro 9
average curve function.

Table 5.4 shows the V0 calculated using 4.3 from the slopes of the absorbance (a.u)

versus time (min) from the undigested and digested blank (no aptamer), PM beads and SM

beads calculated from the data in 5.9.

Table 5.4 shows that the undigested blank (no G4 aptamer), PM and SM beads have

a V0 of 1.4 ± 0.2 x 10−3 µM s−1, 1.5 ± 0.1 x 10−3 µM s−1 and 1.4 ± 0.2 x 10−3 µM

s−1, respectively. From this it was deduced that it was not possible to detect the G4 aptamers

immobilised on the surface of either the PM or SM beads despite the addition of PEG 6000 5%

(w/v).
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Table 5.4: Peroxidase-mimicking activity (V0) of undigested and digested PM and SM beads
calculated using Eq. 5.4 from Fig. 5.9

Sample Peroxidase-mimicking activity V0, µM s−1,(x 10−3) p = 0.05
undigested digested (95% CI)

blank (no G4 aptamer) 1.4 ± 0.2 1.2 ± 0.2 p > 0.05, ns
PM beads 1.5 ± 0.1 1.5 ± 0.5 p > 0.05, ns
SM beads 1.4 ± 0.2 1.6 ± 0.3 p > 0.05, ns

ns =Not significant

Table 5.4 shows that the digested blank (no G4 aptamer), PM and SM beads have a

V0 of 1.2 ± 0.2 x 10−3 µM s−1, 1.5 ± 0.5 x 10−3 µM s−1 and 1.6 ± 0.3 x 10−3 µM s−1,

respectively. This indicates that after digestion has occurred it is still not possible to detect the

presence of the G4 aptamers on the surface of the PM and SM beads. The large errors associated

with these measurements is thought to be due to the difficulty of maintaining consistent concen-

tration of beads and therefore G4 aptamers across multiple runs. As initial pipetting may not

result in the same number of beads being extracted from the bulk solution and multiple wash-

ing procedures can result in a loss of beads. It was therefore concluded that the BcMagTMsilica

oxide magnetic beads were not suitable for the proposed biosensor.

Strategies for improving this method could include the use of different enzymes such

as Endonuclease MS, Endonuclease V or T4 endonuclease VII.23,24 Toehold-mediated stand

displacement techniques could also be employed to help release the G4 aptamer from the sur-

face of the wells or plates, however this has had limited success in literature.25

5.4. Concluding remarks

In this chapter G4 aptamers were immobilised onto the 2D and 3D surfaces and were

investigated for the development of a SNP genotyping biosensor.

G4 aptamers with a capture region, containing a SNP, were duplexed with a target

strand. Complementary and partially-complementary target strands were used to form a perfect

match (PM) and single mismatch (SM) G4 aptamer, respectively. There were then digested with
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T7 endonculease I to cleave the SM G4 aptamer with minimal cleavage of the PM G4 aptamer.

Due to the short length of the ODN and possible steric hindrance from the G4 structure a 16 h

incubation was required. It was found that the G4 aptameric structures were not recognised by

the T7 endonuclease I, making it potentially viable for SNP genotyping.

Next the PM and SM G4 aptamers were immobilised on the surface of Corning R©

DNA-Bind R© 96-well microplates (2D surface) and tested with a TMB assay. It was determined

that it was not possible to detect the the G4 aptamers on the surface. PEG rate accelerators

were utilised to increase the peroxidase-mimicking activity of the immobilised G4 aptamers.

The PEG rate accelerators effectively decrease the volume that the TMB substrate would have

to diffuse through. PEG 6000 5% (w/v) and PEG 6000 10% (w/v) were found to increase the

peroxidase-mimicking activity as compared to the blank (no aptamer). However, it was still not

sufficient enough to be considered useful for the proposed biosensor.

The immobilised PM and SM aptaemrs were then digested with the T7 endonuclease

I. The resulting solution was tested to determine if there was any release of the G4 aptamers

into solution. It was found that it was possible to detect the G4 aptamers that were released

into solution, despite no added PEG rate accelerator. However, it was determind that the T7

endonuclease I was cleaving PM and SM G4 aptamers from the surface.

Finally, the same approach was taken with BcMagTMsilica coated iron oxide mag-

netic beads (3D surface). The G4 aptamers were first immobilised onto the surface of the

microbeads. It was determined that it was not possible to detect the G4 aptamers on the surface

of the microbeads, even after digesting with the T7 endonuclease I. This indicated that it was

not possible to use the BcMagTMsilica coated iron core oxide magnetic beads for the proposed

biosensor.

Further work is required to increase the limits of detection on the both the 2D and

3D surfaces to allow for sufficient detection of immobilised G4 aptamers. The use of G4 ap-

tamers with increased peroxidase-mimicking activity as well as the addition of more effective
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polymeric rate accelerators may be able to increase the sensitivity of the proposed biosensor.

Finally, a new strategy for cleaving the SM may need to be employed to overcome the non-

specific cleavage seen with the T7 endonuclease I.
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Chapter 6

Chapter 6: Investigation of G-quadruplex aptamers as possible

antimicrobial agents against S. aureus and S. epidermidis

6.1. Synopsis

This chapter presents the synthesis and utilisation of G-quadruplex (G4) aptamers as

an antimicrobial agent to eradicate microbes present in biofilms. This would rely on G4 ap-

tamers coupled with and without antibioitics penetrating the biofilm and undergoing peroxidase-

mimicking activity to eradicate bacterial cells present inside of the biofilm.

Initial experiments involved the coupling of an antibiotic, with carboxyl group, to a

5′ amine-functionalised G4 oligodeoxynucleotide (ODN), labelled with a 5′ CY3.5 fluorophore,

through a carbodiimide coupling reaction. The two antibioitcs used were fluoroquinolonic acid

and oxacillin (a methacillin β -lactum antibiotic). The antibiotic coupled G4 ODNs were pu-

rified and concentrated using an ethanol precipitation method, however only oxacillin coupled

G4 (OXG4) aptamers were successfully purified. fluoroquinolonic acid was not able to be suc-

cessfully recovered to a concentration that was viable for use in experiments. OXG4 was then
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tested for peroxidase-mimicking activity and antibiotic activity towards Staphylococcus aureus

(S. aureus).

OXG4 was then utilised to treat bacteria, such as S. aureus and Staphylococcus epi-

dermidis (S. epidermidis), protected by a biofilm. After determining that there was not enough

endongenous peroxide species, G4 aptamers (no coupled antibiotic) were tested for antimicro-

bial activity with added 0.5% hydrogen peroxide (v/v).

6.2. Introduction and purpose

Biofilms (containing sessile bacteria) present challenges to the health sector, as biofilms

have been linked to chronic illnesses and the rise in antimicrobial resistance of bacteria (see

Chapter 1, Section 1.7.2).1,2 This resistance attributed to the existence of ‘persister cells’

(metabolically dormant cells) that are resistant to antimicrobial treatments.3 Treatment of biofilms

with the successful eradication of the persister cells has required new strategies, including:

high-dose topical treatments,4 combined or sequential treatments,5 and antibiotic adjuvants.6

However, these approaches have become less effective at treating microbes over time. The

World Health Organisation (WHO) has shown that Escherichia coli (E. coli), Staphylococcus

aureus (S. aureus) and Staphylococcus pneumoniae (S. puenomoniae) most commonly reported

to have some degree of antibiotic resistance.7 New and more effective treatments are required

to combat the rising number of antibiotic resistant bacterial.

Nanoparticles and antiseptics have demonstrated little success in the elimination of

biofilms and persister cells (see Chapter 1, Section 1.7.5.1).8–11 Additionally, these treatments

can be toxic to human cells at high concentrations, which hinders the implementation of high-

dose antimicrobials.12 Development of new drugs with low toxicity (towards humans) are re-

quired to eradicate biofilms to prevent the rising antibiotic resistant bacterial strains. A new

strategy being investigated is hydrogen peroxide based systems that destroy the bacteria effec-

tively and do not rely on antibiotic pathways.
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Peroxidase enzymes are an emerging technology for bacterial eradication.13–16 Due

to the fact that peroxidases do not inherently have antimicrobial activity, often an oxidisable

substrate is added that will be able to eliminate the bacteria (see Chapter 1, Section 1.7.5.1).16?

However, enzymes are difficult to isolate, concentrate and cheaply implement with current

technologies.17 This has led to the development of enzyme-free systems utilising substrates

that are readily oxidised by hydrogen peroxide, such as iodide and thiocyanate compounds.13

However, these compounds can have adverse side effects on humans, namely disruption of

thyroid function.18 Thus, it is imperative that safer and cheaper alternatives to enzymes and

thiocyanate methods be developed.

In this chapter G4 aptamers were investigated as possible antimicrobials in the pres-

ence and absence of hydrogen peroxide. Table 6.1 details two G4 oligodeoxynucleotide (ODN)

sequences were utilised in this chapter. Both G4 ODNs contain the G4 forming sequence (Table

6.1, red) with the highest peroxidase-mimicking activity as determined in Chapter 4, Section

4.10.

Table 6.1: Sample names and Sequences of G4 ODNs utilised throughout this chapter.

Sample name ODN sequence 5′ =⇒ 3′

G4 aptamer G3A3G3CACG3CG3
NH2-G4 NH2—ATGA2T2C2G3A3G3CACG3CG3CACAC2A—CY3.5

Red nucleotides indicate the G4 forming sequence and black nucleotides are the spacer sequences to prevent
interaction between the folded G4 aptamer, and either the fluorophore (CY3.5) or coupled antibiotic (replacing
the NH2 after the coupling reaction).

It was proposed that the G4 aptamers with complexed hemin act as an antimicrobial

by reacting with the cell walls of the bacteria, which has been observed in humans to a lesser

degree.19 This occurs due to hemin inducing the formation of oxygen radical species that go on

to oxidise and damage lipids, proteins and DNA.19,20 G4 aptamers are hypothesised to increase

the formation of the oxygen radical species.

The first issue to be considered is if the G4 aptamers are able to penetrate and diffuse
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through a biofilm. Chapter 1, Section 1.7.5.1 describes how antibiotics can penetrate biofilms.

So in this chapter antibiotic coupled G4 aptamers were utilised to determine if the antibiotic

could be used to increase diffusion across the biofilm.

A carbodiimide reaction was used to couple an amine-functionalised G4 ODN with

an antibiotic that contain a carboxylic acid. Both antibiotics were chosen for the presence of

carboxylic acid that was not involved in the pharmacophore, allowing for attachment without

inhibiting the antimicrobial properties. FQ was chosen as it has been shown to be able to be

superior at crossing into the biofilm.21 OX was chosen due to being effective against S. aureus

but less effective against the S. epidermidis.22,23

The following section will discuss the coupling and purification of the G4 aptamer

with the antibiotic. The resulting product will be an antibiotic coupled G4 aptamer that will be

used for subsequent experiments.

6.3. Results and discussion

6.3.1. Coupling and purification of antibiotic coupled G4 aptamers

A carbodiimide reaction was first used to couple the antibiotic (FQ or OX) to the G4

aptamer then purified using the method set out in Chapter 2, Section 6.3.1 and 2.3.5.2. Fig. 6.1

shows the antibiotics considered were fluoroquinolonic acid (FQ, Fig. 6.1 (a)) and oxacillin

(OX, Fig. 6.1 (b)) with the carboxylic acid functional groups (Fig. 6.1 red).

The carbodiimide coupling reaction followed is detailed in Chapter 2, Section 2.3.5.1.

Fig. 6.2 shows the general scheme for the carbodiimide coupling reaction that was utilised to

couple the antibiotic carboxyl acid group (AB-COOH, red) to the NH2-G4 aptamer (NH2-G4).

Firstly, the carboxylic acid moiety on the AB-COOH reacts with 1-ethyl-3-(-3-dimethy-

laminopropyl) carbodiimide hydrochloride (EDC) to form an intermediate. The resulting inter-
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Figure 6.1: The chemical structure of (a) fluoroquinolonic acid and (b) oxacillin. The
carboxylic acid functional groups used for coupling with the G4 ODN are highlighted in red.

Figure 6.2: General scheme for the carbodiimide coupling reaction. The antibiotic with
carboxylic acid functional group (red) reacts with 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) to form an intermediate that reacts with the
amine-functionalised G4 aptamer (amine-functionalised, green).

mediate is then able to react with the amine group on the aptamer resulting in an amide-linkage

the formation of a final product, antibiotic coupled G4 ODN (Fig. 6.2) and hydroxylated-EDC.

The resulting antibiotic coupled G4 ODN, which is able to form a G4 aptamer, synthesised in

this thesis will be referred to as FQG4 aptamer and OXG4 aptamer.

6.3.1.1. Purification of antibioitc coupled G4 aptamers

The resulting FQG4 aptamer and OXG4 aptamers were then purified using ethanol

precipitation (Chapter 2, Section 2.3.5.2). This was done to remove excess antibiotic that did

not couple to the G4 aptamer. The antibiotic G4 aptamer must be purified to ensure that the an-

tibiotic does not interfere with subsequent experiments that involve bacteria. The concentration

of the precipitated antibiotic coupled G4 aptamer was determined using a Roto Gene 6-plex
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real-time PCR device. A orange channel (Table 2.9) was utilised to detect antibiotic coupled

G4 ODN, as the G4 ODN contains a 3′ CY3.5 fluorophore (excitation wavelength (εmax) = 579

nm and emission wavelength (λmax) = 589 nm). It was determined that 50-80% of OXG4 was

purified and 10-20% of FQG4 was purified by ethanol precipitation. The low yield of the FQG4

aptamer was attributed to the increase in hydrophobicity after coupling of the fluoroquinolonic

acid. Thus, the product prefers to remain in the ethanol fraction rather than precipitate out. Due

to the reasonable recovery of the OXG4 aptamer was used for antimicrobial studies.

Agarose gel electrophoresis and polyacrylamide gel electrophoresis were used to de-

termine if purification of the OXG4 was successful (see Appendix H). The gel electrophoresis

could also be used to determine if there were any significant structural changes that was caused

by the coupling of the antibiotic to the G4 aptamer. However, due to the small weight dif-

ference it is not possible to determine if successful antibiotic coupling occurred. It should be

noted that the NH2G4 and G4 ODNs both form intramolecular and intermolecular G4 struc-

tures, in a similar manner to the G4 ODNs from Chapter 5, Section 5.3.2 (G4(G) 001 + G(C)

002 and G4(G) 001 + G4(T) 003). Therefore it is vital to test if the OXG4 aptamer retained

peroxidase-mimicking activity. The following section will discuss the characterisation of the

OXG4 aptamer by testing its peroxidase-mimicking activity and antimicrobial activity.

6.3.2. Testing of the peroxidase-mimicking activity and antimicrobial activity of OXG4

aptamers

As mentioned in Chapter 4, Section 4.3.3, the DNA sequence can affect the peroxidase-

mimicking activity of G4 aptamers. Therefore, the OXG4 aptamer was tested for peroxidase-

mimicking activity (V0) and antimicrobial activity to determine if it was viable for use in an-

timicrobial experiments.
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6.3.2.1. TMB assay testing of OXG4 aptamer

The peroxidase-mimicking activity of the OXG4 aptamer was tested using the TMB

assay (see Chapter 2, Section 2.3.2.3). Figure 6.3 shows the resulting absorbance (a.u) versus

time (min) spectra for blank (no G4 aptamer), G4 aptamer, NH2-G4 aptamer, OXG4 aptamer

and OX (no G4 aptamer).

Figure 6.3: Average of 3 UV/vis spectra (absorbance versus time (min)) of TMB assay for
blank (no G4 aptamer, green), G4 aptamer (black), NH2-G4 aptamer (pink), OXG4 aptamer
(red) and OX (no G4 aptamer, blue). Averages were performed using OriginPro 9 average
curve function.

Fig 6.3 was used to calculate the V0 by first calculating the slope of the line for each

sample and then using Eq. 4.3 (see Chapter 4, Section 4.3.3). Table 6.2 shows the calculated

V0 using Eq. 4.3 from the slopes in Fig. 6.3 The V0 OXG4 aptamer was compared to the V0 of

G4 aptamer, NH2-G4 aptamer and OX to determine the effects of the coupled OX.

Table 6.2 show that the blank and OX (no aptamer) have the lowest peroxidase-

mimicking activity with at V0 = 0.001 µM s−1. The G4 aptamer has the highest peroxidase-
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Table 6.2: Peroxidase-mimicking activity (V0) of TMB assay for blank (no G4 aptamer,
green), G4 aptamer (black), NH2-G4 aptamer (pink), OXG4 aptamer (red) and OX (no G4
aptamer, blue) calculated from Fig. 6.3
.

Sample Peroxidase-mimicking activity, V0,
µM s−1, (Error = ≤ 1%)

Blank (no G4 aptamer) 0.001
G4 aptamer 0.204
NH2-G4 aptamer 0.130
OXG4 aptamer 0.170
OX (no aptamer) 0.001

mimicking activity at V0 = 0.204 µM s−1. The NH2-G4 aptamer appears to have a decreased

peroxidase-mimicking activity at V0 = 0.130 µM s−1 when compared to the G4 aptamer. This

inhibition of the NH2-G4 aptamer is likely due the addition functionalities that restrict it from

forming the correct structure for enhancement of peroxidase-mimicking activity.

A slight decrease in the peroxidase-mimicking activity of the OXG4 aptamer was

observed in comparison to the G4 aptamer at V0 = 0.170 µM s−1. This indicates that the

coupling of the OX to the G4 aptamer has not restricted its peroxidase-mimicking activity.

Thus, the G4 structure is still able to fold despite substantial modifications. The OXG4 aptamers

has slightly increased the V0 compared to the NH2-G4 aptamer. This was proposed to be due to

the amine being the causal affect of the lower V0, as once the amine group has been reacted the

V0 increases once again. However, further experiments would be required in order to determine

as to how the amine group interfers with the G4 aptamer V0, this is outside the scope of this

project.

The next section will discuss the testing of the antimicrobial activity of the OXG4

aptamer by determining the minimum inhibitory concentration (MIC).
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6.3.2.2. Minimum inhibitory concentration

In order to determine if the OX was coupled to G4 aptamer and still able to interact

with bacteria, the MIC of the OXG4 and OX were determined. MIC is a method that is used

to determine what is the lowest concentration required in order to inhibit the visible growth

of bacteria after an overnight incubation. The method was performed to the Clinical and Lab-

oratory Standards Institute (CLSI) guidelines using the cation adjusted Mueller-Hinton broth

(MHB) dilution method set out in Chapter 2, Section 2.3.5.4. The only modification of the

CLSI standard procedure that was the used in this work was the use of flat bottomed 96-well

plates as opposed to round bottom. This has been previously published as an acceptable mod-

ification.24 The bacterial used for this MIC determination was S. aureus ATCC 25923 (Table

2.8 non-biofilm forming), which is susceptible to methicillin antibiotics such as OX.

In brief, a stock solution of OX was made up to 1000 µg mL−1. Serial dilutions of

the stock solutions of 8.000, 4.000, 2.000, 1.000, 0.500, 0.250 and 0.125 µg mL−1 were made

up, following CLSI guidelines. In order to calculate the concentrations required for the study of

OXG4 aptamer, it was calculated that 2.5 µM of OXG4 aptamer was equivalent to 1µg mL−1

attached OX and so this solution was diluted to 2.000, 1.000, 0.500, 0.250 and 0.125 µg mL−1

for the MIC studies. Identical solutions were obtained for NH2-G4 aptamer. A cell suspension

S. aureus cells were inoculated into 20 µL of MHB in a 96-well plate. 20 µL of each solution

mentioned above was added to separate wells in triplicate (avoiding the first row and column).

The 96-well plates were incubated for 20 h at 35 ◦C. After the incubation the plates were

observed visually to determine if there was any cell population growth. Cell population growth

was determined by any discolouration of the MHB or film on the surface of the 96-wells.

For NH2 there was no antimicrobial activity visually observed, as all the wells showed

signs of cell growth. It was found that both the OX and OXG4 aptamer both had a MIC of 0.5

µg mL−1 (or 1.25 µM OXG4 aptamer). This indicates that the OX is indeed coupled with the

NH2-G4 aptamer and that it retains antimicrobial activity.
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Therefore, it was decided that 1 µg mL−1 of OX and 2.5 µM OXG4 would be used

to study the effects on biofilms. This was decided to ensure that the concentration was high

enough to eradicate the bacteria, while limiting the amount of OXG4 aptamer required for each

experiment. Sign et al.22 determined that 1 µg mL−1 was not enough to eradicate bacteria

inside of biofilm, and so any antimicrobial affects seen with the OXG4/hemin aptamer would

be attributed to the peroxidase-mimicking activity. The next section 6.3.3 will discuss how the

impact of the G4 aptamer, OXG4 aptamer and OX on bacterial biofilms.

6.3.3. Impact of G4 aptamer, OXG4 and OX on biofilms

As described in Chapter 1, Section 1.7.5.1 natural peroxidase enzyme systems have

been utilised to treat bacteria, however these systems have drawbacks (toxic substances) and

have never been utilised to treat bacteria present inside of a biofilm. The issue with these

systems is the inhibition of the antimicrobial activity due to reaction with components in present

in the matrix that the cells exist in.25 This is due to the wide range of reactants that the active

thiocyanate is able to react with. Peroxidase enzymes on the other hand have a very narrow

range of reactants and so cannot be used in isolation. G4/hemin aptamers have been shown

to have a wider range of possible reactants than the peroxidase enzymes, but a narrower range

of reactants than thiocyanate.20 Therefore it was reasonable to use G4 aptamers and OXG4

aptamers as a possible method for eradication of biofilm bacteria.

For the remainder of this thesis the G4 aptamer refers to the G4 aptamer ODN from

Table 6.1, the G4/hemin aptamer refers to the same sequence with added hemin. OXG4 aptamer

refers to the synthesised OXG4 aptamer from Section 6.3.1 and OXG4/hemin aptamer (which

refers to the same sequence with added hemin).

As determined in previous sections the OXG4 aptamers retain both peroxidase-mimicking

activity (in the presence of hemin) and antimicrobial activity. The coupled antibiotic was hy-

pothesised to help the OXG4/hemin aptamer to penetrate into the biofilm.22 Once the OXG4/hemin
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aptamer has penertrated into the biofilm the OXG4/hemin aptamers would begin to react with

the cell walls of the bacteria present in the bacteria through the same reaction pathway set out

in Chapter 4, Section 4.4.

Thus, in this section the peroxidase-mimicking activity of G4 aptamer, OXG4 ap-

tamer, hemin and OX effect on the biofilms was investigated. The bacteria strains used for this

study were S. aureus ATCC 29213 and S. epidermidis RP62A, which are known to produce

biofilms (see Table 2.8).

In order to investigate the effects of G4 aptamers, OXG4 aptamers complexed with

hemin, compared to the OX alone was examined using the procedure set out in Chapter 2, Sec-

tion 2.3.5.5 was followed. These studies it rely on bacteria being able to produce endogenous

peroxide species. Due to this system relying on the presence of hydrogen peroxide or peroxide

species it is hypothesised that the eradication of the bacteria inside of the biofilm will only be

successful if those components are present.

First, it was determined if it was possible to successfully grow biofilms using the

bacterial strain found in Chapter 2, Section 2.8. In brief, S. aureus and S. epidermidis bacterial

biofilms were grown in 96-well plates and on silicone coupons for 20 h and 24 h, respectively,

in MHB. The wells and coupons were washed with phosphate buffer to remove bacteria not

inside the biofilm. The number of cells present in the biofilms was determined using the drop

method (see Chapter 2, Section 2.3.5.7) to calculate the number of colony forming units (CFU)

present in the biofilm after the addition of the samples. This gives an indication of how many

cells were still present in the biofilm.

The CFU showed that the number of viable S. aureus and S. epidermidis cells present

after 48 h was 5.95± 0.18 log CFU mL−1 and 7.30± 0.04 log CFU mL−1, respectively. Crystal

violet staining (see Chapter 2, Section 2.3.5.8) was utilised on the 96-well plates to determine

if a biofilm had formed. It was found that S. aureus had a CV value of 3.17 ± 0.43 D600

and S. epidermidis had a CV value of 3.30 ± 0.06 OD600. Finally the silicone coupons with
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biofilm growth (see Chapter 2, Section 2.3.5.5) were stained with LIVE/DEADTM BacLightTM

Bacterial Viability Kit and analysed using fluorescence confocal scanning microscopy (CFSM).

The resulting CFSM images for S. aureus and S. epidermidis is shown in Fig. 6.4

showing the presence of stained biofilms. These results indicated that both S. aureus and S.

epidermidis biofilms were successfully produced. The FCSM images and the CV data confirm

the presence of the biofilms and the CFU was determined that the cells inside of the biofilm

were still viable even after up to 48 h. This shows that any reduction of cells after a 48 h growth

will be due to the samples that were added and not due to the incubation step.

Figure 6.4: Fluorescence confocal scanning microscope image of (a) S. aureus and (b) S.
epidermidis biofilms grown on silicone coupons for 20 h and 24 h, respectively. Stained with
LIVE/DEADTM BacLightTM Bacterial Viability Kit.

Using newly grown biofilms in 96-well plates, the samples shown in Table 6.3 were

evaluated for antimicrobial activity. MHB was used as a blank. The G4 aptamer, G4/hemin

aptamer, OXG4 aptamer and OXG4/hemin aptamer were folded according to the procedure set

out in Chapter 2, Section 2.3.2.1 and then each sample was added on top of the biofilm and

incubated for 2 h. Then 50 µL of MHB was added to each well and the 96-well plates were

incubated once again for 24 h. The resulting CFU (calculated using the drop plate method as

mentioned above) is shown in Fig. 6.5.

Fig. 6.5 shows that the CFU S. aureus and S. epidermidis still had ∼ 106–107 CFU

mL−1 present in the biofilms after 48 h of growth without any sample additives. In order to de-
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Table 6.3: List of samples incubated with biofilm for 2 h, showing concentration of G4
aptamer, hemin and OX in each sample.

Samples [G4 aptamer], µM [hemin], µM [OX], µg mL

G4 aptamer 50 - -
G4/hemin aptamer 50 8 -
OXG4 aptamer 2.5 - Equivalent to 1
OXG4/hemin aptamer 2.5 8 Equivalent to 1
hemin - 8 -
OX - - 1
Blank (MHB) - - -

termine how effective each samples was at reducing the number of cells present in the biofilm

for both S. aureus and S. epidermidis, the ∆log10 CFU mL−1 was calculated. This was achieved

by subtracting the log10 CFU mL−1 for each additive from the blank (MHB). The ∆log10 CFU

mL−1 S. aureus and S. epidermidis can be found in Table 6.4 and Table 6.5, respectively.

Table 6.4: The ∆log10 CFU mL−1 and percentage reduction of number of viable S. aureus
cells, compared to the blank (MHB), after treatment with additives: G4 aptamer, G4/hemin
aptamer, OXG4 aptamer, OXG4/hemin aptamer, hemin and OX. Also shown is confidence
intervals.

Sample Reduction of
viable cells
compared to
blank (MHB),
∆log10 CFU
mL−1

Percentage of
reduction
compared to
blank (MHB), %

p = 0.05 (CI of
95%)

G4 aptamer 1.36 ± 0.01 19.15 ± 0.36 s (p < 0.05)
G4/hemin aptamer 1.21 ± 0.05 17.73 ± 0.80 s (p < 0.05)
OXG4 aptamer 2.10 ± 0.01 28.76 ± 0.51 s (p < 0.05)
OXG4/hemin aptamer 1.89 ± 0.08 25.82 ± 1.18 s (p < 0.05)
hemin 1.49 ± 0.06 20.81 ± 0.92 s (p < 0.05)
OX 0.95 ± 0.01 11.81 ± 2.32 s (p < 0.05)

s = statistically significant, ns = not statistically significant.

Table 6.4 shows that the addition of G4 and G4/hemin aptamer only had an effect

once a concentration was 10 times that of the OXG4 aptamer with a decrease of viable S.

aureus cells by 19.15% (1.36 ± 0.01 ∆log10 CFU mL−1) and 17.73% (1.21 ± 0.05 ∆log10

CFU mL−1) , respectively. This could simply be due to over saturation of the biofilm with

G4 aptamer, however would require further investigation as to what is the effect may be. The
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Figure 6.5: Graph comparing the number of viable (a) S. aureus and (b) S. epidermidis cells
(log10 CFU mL−1) after treatment with additives: blank (MHB only), G4 aptamer, G4/hemin
aptamer, OXG4, OXG4/hemin aptamer , hemin and oxacillin (see Table 6.3).
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G4/hemin aptamer had a smaller effect on the number of viable cells compared to the G4

aptamer alone. This could be due to the stacking of the G4/hemin aptamers, the reason for this

will be discussed later in relation to hemin.

Table 6.4 shows that the OXG4 aptamer and OXG4/hemin aptamer had the largest

effect in regards to the reduction in the number of viable S. aureus cells, with a reduction

of 28.76% (2.10 ± 0.01 ∆log10 CFU mL−1) and 25.82% (1.89 ± 0.08 ∆log10 CFU mL−1),

respectively. This indicates that the effect of the reduction in cells is due to the OX and not the

G4/hemin aptamer. This is hypothesised to be due to the lack of endogenous peroxide species

in the MHB and biofilm.

Hemin (Table 6.4) had a slight effect as well, with a decrease of 20.81% (1.49± 0.06

∆log10 CFU mL−1). This could be attributed to the growth-inhibition nature of bacteria when

grown in the presence of hemin, which although is well below the effective concentration ( 5

mM), still has a prominent effect on the S. aureus. Comparing G4 aptamer and hemin with the

G4/hemin aptamer shows that both the former are more effective alone than combined. This

may be due to a stacking effect whereby every hemin molecule complexes with two G4 ap-

tamers, forming a so-called G-wire. Effectively reducing the G4/hemin aptamer concentration.

Fig. 6.6 shows an example of how this might occur.

Finally, Table 6.5 shows that OX had the lowest reduction of viable cells by 11.43%

(0.95± 0.01 ∆log10 CFU mL−1), indicating that the OX is not able to readily cross the biofilm.

This does support the findings of Singh et al.22 who found that 1 µg mL−1 of OX was not

able to penetrate through S. aureus biofilms easily. Although it was first hypothesised that the

coupled antibiotic would help to increase the diffusion of the G4/hemin aptamer across the

biofilm, this work shows that by coupling the OX to a G4 aptamer increases the movement of

the antibiotic across the S. aureus biofilm.

Table 6.5 shows that there was no noticeable affect when performing the same studies
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Figure 6.6: Example of a possible G-wire structure that can form between one hemin and two
G4 aptamers.

using S. epidermidis. S. epidermidis was chosen as it is not susceptible to methicillin antibiotics

and so any effects of the G4/hemin aptamers would be more prominent. However, as with the S.

aureus there was no affect noticed from the G4/hemin aptamers peroxidase-mimicking activity.

Due to the low level of antimicrobial activity seen from all the samples in Table 6.3

it was concluded that there was not enough endogenous peroxide or peroxide species in the

MHB, S. aureus or S. epidermidis biofilms. Therefore, in Section 6.3.4 the use of H2O2 0.5%

(v/v) with increasing concentrations of the G4/hemin aptamer on its own will be discussed.

Only G4/hemin aptamer was tested with S. aureus due to time constraints as well as issues with

equipment for measuring the concentration of the purified OXG4 aptamer.
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Table 6.5: The ∆log10 CFU mL−1 and percentage reduction of number of viable S.
epidermidis cells, compared to the blank (MHB), after treatment with additives: G4 aptamer,
G4/hemin aptamer, OXG4 aptamer, OXG4/hemin aptamer, hemin and OX. Also shown is
confidence intervals.

Sample Reduction of
viable cells
compared to
blank (MHB),
∆log10 CFU
mL−1

Percentage of
reduction
compared to
blank (MHB), %

p = 0.05 (CI of
95%)

G4 aptamer 0.74 ± 0.48 4.93 ± 4.98 ns (p > 0.05)
G4/hemin aptamer 0.15 ± 0.44 2.60 ± 3.44 ns (p > 0.05)
OXG4 aptamer 0.74 ± 0.37 12.43 ± 6.29 ns (p > 0.05)
OXG4/hemin aptamer 0.55 ± 9.29 5.98 ± 6.10 ns (p > 0.05)
hemin -0.12 ± 0.29 -1.88 ± 4.90 ns (p > 0.05)
OX 0.05 ± 0.30 1.00 ± 5.00 ns (p > 0.05)

s = statistically significant, ns = not statistically significant.

6.3.4. Impact of G4 aptamer and OX on biofilms with added hydrogen peroxide (0.5%)

The OXG4 aptamers and OXG4/hemin aptamers, had a limited effect on the biofilms

for the S. aureus and S. epidermidis, therefore one final attempt was made with the G4/hemin

aptamer and added hydrogen peroxide. Hydrogen peroxide at high concentrations (1-5% (v/v))

is able to eradicate bacteria inside of a biofilm, whereas it has no affect at 0.5% (v/v).20 3%

(v/v) hydrogen peroxide or lower has been found to not affect human cells and therefore it

0.5% (v/v) was chosen to see if it was possible to increase the antimicrobial effect of low

concentration hydrogen peroxide to be able to kill bacteria in biofilms without harming human

cells.26 Biofilms were grown as in the previous section, with S. aureus. For this section only 2

µM , 3 µM , 4 µM , 5 µM G4/hemin aptamer, hemin (8 µM) and oxacillin (1 µg mL−1) was

added. After incubation the MHB with 0.5% hydrogen peroxide was added and the biofilms

incubated for 20 h. The drop tests, as in the previous section, was used to determine the CFU of

all the samples. Table 6.6 shows the results of the reduction log10 of the CFU and the biofilms.

Fig. 6.7 shows that the blank sample with 0.5% (v/v) had a CFU of∼ 107 CFU mL−1

present in the biofilms after 48 h of growth. Therefore, there is still the same amount of cells

present as the previous experiments (see Fig. 6.5, ∼7 log10 mL−1 c.f. ∼8 log10 mL−1).
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Figure 6.7: Bar graph comparing the 3 averages of viable S. aureus cells (log10 CFU mL−1)
after treatment with additives: blank (broth only), G4/hemin aptamer 2 µM, 3 µM, 4 µM and
5 µM (with hemin 8 µM), hemin (8 µM) and oxacillin (1 µg mL−1) in the presence of 0.5%
hydrogen peroxide (v/v).

In order to determine how effective each sample was at reducing the number of cells

present in the biofilm for S. aureus in the presence of H2O2 0.5% (v/v), the ∆log10 CFU mL−1

was calculated. This was achieved by subtracting the log10 CFU mL−1 for each additive from

the blank (MHB). The ∆log10 CFU mL−1 S. aureus can be found in Table 6.6.

Table 6.6 shows that the OX has a negligible effect on the cells. The OX is unable

to cross or diffuses too slow to have any affect. This is in line with previous experiments (see

Section 6.3.3). Hemin at 8 µM with 0.5% H2O2 (v/v) appeared to have an increased effective

antimicrobial activity on the cells inside of the biofilm (c.f. to Section 6.3.3), with a reduction

of 29.43 ± 2.39% (2.12 ± 0.05 ∆log10 CFU mL−1) of viable cells. This was not expected as

hemin is thought to have low peroxidase-mimicking activity. This implies that the addition of

H2O2 0.5% may be able to enhance the antimicrobial activity of the hemin.

There was no change in the reduction in viable cells for 2 µM and 3 µM. However,

once the concentration of the G4/hemin aptamer reaches 4 µM and 5 µM the effectiveness to
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Table 6.6: The ∆log10 CFU mL−1 and percentage reduction of number of viable cells,
compared to the control, after treatment with 0.5% H2O2 (v/v) additives: G4/hemin aptamer 2
µM, 3 µM, 4 µM and 5 µM (with hemin 8 µM), hemin (8 µM) and oxacillin (1 µg mL−1).
Included are confidence intervals.

Sample Reduction of
viable cells
compared to
blank (MHB),
∆log10 CFU
mL−1

Percentage of
reduction
compared to
blank (MHB), %

p = 0.05 (CI of
95%)

G4/hemin aptamer 5 µM 3.58 ± 0.56 50.02 ± 4.64 s (p < 0.05)
G4/hemin aptamer 4 µM 3.76 ± 0.54 52.58 ± 4.36 s (p < 0.05)
G4/hemin aptamer 3 µM 2.26 ± 0.56 31.30 ± 2.68 s (p < 0.05)
G4/hemin aptamer 2 µM 2.30 ± 0.76 31.97 ± 4.43 s (p < 0.05)
hemin 2.12 ± 0.05 29.43 ± 2.39 s (p < 0.05)
OX -0.08 ± 1.07 -1.61 ± 0.24 s (p < 0.05)

s = statistically significant, ns = not statistically significant.

reduce the number of viable S. aureus cells in the biofilm is doubled to 50.02 ± 4.64% (3.58 ±

0.56 ∆log10 CFU mL−1) and 52.58 ± 4.36 % (52.58 ± 4.36 ∆log10 CFU mL−1), respectively.

This shows that although the hemin has an antimicrobial affect, it is further increased

by the presence of the G4/hemin aptamer. This can be attributed to both the G4 and the hemin

being able to diffuse across the biofilm. Typical peroxidase enzymes do not exert antimicrobial

affect but are often able to produce substrates with antimicrobial affects. However, it is known

that G4/hemin complexes are able to react with cell components (e.g., cell wall) and damage

cells.19 The G4/hemin complexes, and the hemin to a certain degree, is able to increase the

effect of the 0.5% H2O2 (v/v), which is thought to have no effect on its own to bacteria within

the biofilm.

Yang et al.20 investigated the effect that G4/hemin aptamers had on amino acids

commonly found in proteins: tyrosine and tryptophan, as well as vitamins such as sodium

ascorbate. They determined that G4/hemin aptamers were able to oxidise more readily than

the enzyme horseradish peroxidase (HRP). HRP, like most enzymes, has high specificity for

substrates and so is not able to oxidise a broad range of substrates. However, the G4/hemin

aptamer has a much broader range of substrates it can react with than the HRP. Therefore, it is
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hypothesised that the G4/hemin aptamers are more targeted towards the bacterial cells inside of

the biofilm.

6.4. Concluding remarks

The utilisation as G4/hemin aptamers coupled with and without antibiotics was in-

vestigated as a novel antimicrobial system. This was achieved by coupling a G4 aptamer

with the antibioitc OX, purifying and quantifying the concentration of the antibiotic coupled

G4. Then it was investigated if the OX coupled G4 aptamer (OXG4 aptamer) retained both

peroxidase-mimicking activity and antimicrobial effectiveness. Finally, G4/hemin aptamers

and OXG4/hemin aptamers were exposed to biofilms to determine the effect on the number of

viable cells still present in the biofilm.

Initial experiments involved coupling the antibiotics FQ and OX to the G4 ODN

through a carbodiimide coupling method. It was found that it was only possible to recover

and purify the OXG4 (oxacillin coupled G4 ODN), with 50-80% yield, utilising the ethanol

precipitation procedure. The FQG4 (fluoroquinolonic acid coupled G4 ODN) was found to

only have <20% recovery rate using all three techniques.

Next it was determined if the OXG4 was able to retain the peroxidase-mimicking

activity of the OXG4/hemin aptamer by testing with a TMB assay. It was found that the

OXG4/hemin had an enhanced peroxidase-mimicking activity over the G4/hemin aptamer.

Then it was determined if the MIC of the OXG4 was still as effective as the OX antibiotic

alone. The OXG4 was found to have the same MIC as the antibiotic alone.

Finally, it was investigated how the G4 aptamer, G4/hemin aptamer, OXG4 aptamer

and OXG4/hemin aptamer in the absence of hydrogen peroxide affected sessile S. aureus and S.

epidermidis biofilms. It was found that 5 µM OXG4 aptamer and OXG4/hemin aptamer were

able to decrease the CFU of S. aureus by 2.10 ± 0.01 log10 CFU mL−1 and 1.89 ± 0.08 log10
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CFU mL−1 respectively, which was twice as effective as the oxacillin alone (0.95 ± 0.01 log10

CFU mL−1). 50 µM G4 and G4/hemin aptamer decreased the CFU by 1.36 ± 0.01 and 1.21

± 0.05 log10 CFU mL−1, respectively. It was found that there was no affect from any additives

on S. epidermidis.

Hemin, G4 and G4/hemin aptamers were tested to determine the effect on sessile S.

aureus in the presence of hydrogen peroxide. It was determined that 4 µM and 5 µM were able

to increase the antimicrobial effect of the hemin alone from 2.12 ± 0.54 ∆log CFU mL−1 to

3.76 ± 0.54 ∆log CFU mL−1 and 3.58 ± 0.56 ∆log CFU mL−1, respectively.

This chapter developed a new antimicrobial system for combating S. aureus bacteria

protected by biofilms. However, in order to be used for therapeutic purposes it would have to

be made more effective at reducing the bacterial cells present inside of the biofilm. This could

be done by using different sequences, developed by the Genetic Algorithm from Chapter 4.

Once developed to be more effective this antimicrobial system could possibly replace similar

peroxidase systems such as those mentioned in Chapter 1, Section 1.7.5.1.27
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Chapter 7

Conclusion

7.1. Synopsis

The aim of this thesis was to investigate the methods that allowed for optimal dynamic

and static DNA applications. These applications included SNP genotyping, biosensing and

possible antimicrobial.

In Chapter 3 a toehold-mediated strand displacement reaction was performed with

a ATTO 647N fluorophore to allow for the study of the effects of ethidium bromide. Next in

Chapter 4 a G4 aptamer with enhanced peroxidase-mimicking activity was discovered using

a genetic algorithm to evolve G4 aptamer with already established activity. Chapter 5 used

G4 aptamers that were immobilised onto 2D and 3D surfaces to determine if it was possible

to fabricate a SNP biosensor. Finally, in Chapter 6, G4 aptamers were utilised as a possible

antimicrobial.
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7.2. Concluding remarks and future work

In Chapter 1 it was discussed how DNA, both static and dynamic, has been used

to develop new techniques and biosensors. Here in this thesis it was attempted to build upon

these developments to allow for more accurate genotyping and biosensing. Toehold-mediated

strand displacement is fast becoming recognised as a tool for accurate, robust and reliable DNA

genotyping. Whereas, G-quadruplexes (G4) are being integrated into sensitive biosensors with

a myriad of applications.

In Chapter 3 the toehold-mediated strand displacement process, for single nucleotide

polymorphism (SNP) genotyping, was investigated to determine the effects of added ethidium

bromide. First it was determined that ATTO 647N, a fluorophore, was compatible with the

polymerase chain reaction (PCR) and toehold-mediated strand displacement process. ATTO

647N labelled primers were then used to produce toehold-PCR products (TPP) for all the pos-

sible SNPs (C, guanine (G), adenine (A) and thymine (T)). In the absence of ethidium bromide

it was found that the displacement rates for the TPPs with their complementary displacing

sequence (DSs) follows the order of TPP–G≤ TPP–A < TPP–T < TPP–C. With ethidium bro-

mide added it was found that the displacement rates for the TPPs, with the four DSs, followed

the order of TPP–G ≤ TPP–A < TPP–T < TPP–C. This indicates that when the SNP on the

TPP is either a C residue or a T residue (a pyrimidine) the rate of displacement is higher than

when the SNP on the TPP is an A residue or a G residue (a purine). It was also found that

G mismatches were stable and had low discrimination power. However, C mismatches were

the most unstable and therefore had the highest discrimination power. Although TPP–G had

the slowest displacement rate, the displacement was decreased from ∼400 s to ∼250 s. The

addition of the ethidium bromide was found to further destabilise the C mismatches and so the

discrimination power was increased.

The addition of ethidium bromide to the toehold-mediated strand displacement pro-

cedure was not able to successfully increase the discrimination power of all the TPPs. Therefore
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in order to be useful for genotyping intercalator or metallo-intecalator that could potentially be

further destabilising should be investigated.1,2 An example of metallo-intercalators could be

[Pt(2,2’,2”-terpyridine)(Cl)]+ or ruthenium complexes such as ([Ru(DIP)3]2+) and Ru(2,2’-

bipyridine)2dipyrido[3,2-a:2’,3’-c]phenazine+2.2 3–6 Intercalators that are bulkier than ethid-

ium bromide might destabilise mismatches enough to increase the discrimination power of the

toehold-mediated strand displacement process.

In Chapter 4 a Genetic Algorithm (GA) was utilised to enhance the peroxidase-

mimicking activity of already published G4 aptamers sequences. The GA was performed for 8

generations, when it was determined that it was no longer possible to enhance the peroxidase-

mimicking activity. Analyses of the top 20 sequences with the highest peroxidase-mimicking

activity found that enhancements occurred when an A residue was present in the first (Xl1)

and second (Xl2) loop region of the G4 aptamer sequence (see Fig. 4.1). A single nucleotide

residue in the third (Xl3) loop region of the G4 aptamer also showed favourable enhancement

of the peroxidase-mimicking activity. It took 7 generations to obtain three sequences with a

peroxidase-mimicking activity∼5 times that of the original EAD-2 sequence. These sequences

were 7-01, 7-02 and 5-04 and were characterised using the Michaelis-Menten equation (Eq.

4.1). All three sequences were found suitable for biosensing.

This work showed that it was possible to discover new G4 aptameric ODN sequences

that had increased peroxidase-mimicking activity. Ways to further improve the peroxidase-

mimicking activity would be to test sequences that contain more than 3 nucleotide residues in

the loop regions (Fig. 4.1, Xl1, Xl2 and Xl1). The GA could also be used with a variety of

different substrates such as luminol and 2,2’-azinobis(3-ethylbenzothiozoline)-6-sulfonic acid

diammonium salt (ABTS). This would allow for the fabrication of more sensitive and robust

biosensors. These sequences could potentially decrease the limits of detection for the currently

existing biosensors due to the much higher Vmax. Using the data from this Chapter found in

Table 4.8 it might be possible to design G4 aptamers with peroxidase-mimicking activity faster

than those found in this thesis.
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For Chapter 5, a G4 aptameric biosensor was developed for SNP genotyping. First

it was determined that the G4 aptamers were resistant to T7 endonuclease I enzyme diges-

tion. Then the G4 aptamers were immobilised onto NHS-functionalised Corning R© DNA-Bind

96-well microplates (2D surface) or BcMagTMmagnetic silica iron core beads (3D surface).

Complementary and partially complementary ssDNA was used to form a perfect match (PM)

and a single mismatch (PM) at the SNP position on the G4 aptamer. It was determined that

it was not possible to detect the G4 aptamers immobilised on the 2D surfaces. PEG 6000 5%

(v/v) was used to increase the peroxidase-mimicking activity of the immobilised G4 aptamers

and allowed for successful detection of the immobilised G4 aptamers. It was also tested to see

if it was possible to detect the digestion of the G4 aptamers from the 2D surfaces. However

this was deemed too low to be used for a biosensor, so the cleaved G4 apamters in the solution

were detected using the TMB assay. It was found that although possible to detect cleaved G4

aptamers from the 2D surfaces, it was not possible to distinguish between PM and SM G4 ap-

tamers. It was not possible to detect the G4 aptamers immobilised on the 3D surfaces despite

the addition of PEG6000 5% (w/v).

Further work is required to increase the limits of detection on the both the 2D and

3D surfaces to allow for sufficient detection of immobilised G4 aptamers. The use of G4 ap-

tamers with increased peroxidase-mimicking activity as well as the addition of more effective

polymeric rate accelerators may be able to increase the sensitivity of the proposed biosensor.

Also a new strategy for cleaving the SM may need to be employed to overcome the non-specific

cleavage seen with the T7 endonuclease I. Further work could include determination of the con-

centration of G4 aptamers immobilised on the surface of the wells and microbeads. Possible

ways to do this would be to use N-methyl mesoporphyrin IX and Crystal Violet, which have

been shown to quantitatively measure G4 folding propensity and conformation specificity in

both ss- and dsDNA.7

Finally, in Chapter 6 it was investigated if the G4 aptamers with enhanced peroxidase-

mimicking activity, 7-02 from Chapter 4, could be utilised as possible antimicrobials. The the-

267



ory being that the high peroxidase-mimicking activity would deplete the food source for the

bacterial cells or damage the cells enough to prevent proliferation. The antibioitc oxacillin

(OX) was coupled with an amine-functionalise derivative of the 7-02 sequence (referred to as

OXG4). OXG4 aptamers and OXG4/hemin aptamers were investigated for anitmicrobial activ-

ity towards Staphylococcus aureus (S. aureus) or Staphylococcus epidermidis (S. epidermidis)

in biofilms. It was found that OXG4 aptamers and OXG4/hemin aptamers had limited effect on

the S. aureus cells with a reduction of 2.10± 0.01 log10 CFU mL−1 and 1.89± 0.08 log10 CFU

mL−1, respectively. This was found to be twice as effective as the oxacillin on its own (0.95 ±

0.01 log10 CFU mL−1). It was then decided to use a range of G4 aptamer concentrations (with-

out antibiotic) in the presence of 0.5% peroxide (v/v) to try eradicate biofilm protected bacteria.

It was found that 4 µM and 5 µM of G4 aptamer with 0.5% (v/v) were able to eradicate up to

50% of the bacteria inside of the biofilm.

A viable path increasing the antimicrobial activity of the G4 aptamers could be to use

different sequences that might have a higher affinity for the bacterial cell components inside of

the biofilm. Another improvement could be changing the antibiotics used, to antibiotics that

bacteria are more susceptible to or able to penetrate biofilms better. Antibiotics such as such as

aqueous soluble fluoroquinolone drugs, cefotaxime or amikacin.8 These drugs could allow for

more recovery of the antibiotic coupled G4 aptamers during the precipitation process as well

as allow for more antibiotic coupled G4 aptamers to enter the cells. This may in turn further

increase the killing antimicrobial activity in the presence of the 0.5% peroxide (v/v). Further

work could also include investigating the effect on other bacterial strains to determine if this

technique can be viable for therapeutic applications.
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Chapter 8

Appendix

A. Additional possible SPP

Figure A.1: Examples of three other possible non-specific primer hybridisation with the target
strand. Showing that although there are other possible non-specific targets, there is no possible
way for the GoTaq R© Flexi polymerase to extend the primer during the PCR process
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B. Displacement curves for TPP–C

Figure B.2: Toehold-mediated strand displacement kinetic curves (relative fluorescence unit
(RFU) versus time) of the displacement reactions of the incumbent strand of the TPP-C,
labelled with ATTO 550, with DS(A)(black), DS(T)(pink), DS(G)(blue) and DS(C) (green).
Each set of data is an average of 3 replicates. Every 20 data points was omitted for ease of
viewing and the res dashed lines are the fits obtained using OriginPro 9 software.
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C. Genetic algorithm generations with G4 ODN sequences and peroxidase-mimicking ac-

tivity

Table C.1: Generations (Gen) generated utilising the genetic algorithm with
peroxidase-mimicking activity (V0). Including the original EAD-2 and G3A3 sequences.

Gen Sample ODN sequence 5′ =⇒ 3′ Peroxidase-mimicking
activity, V0, µM s−1

1st EAD-2 CTG3AG3AG3AG3A 0.018

G3A3 G3A3G3A3G3A3G3 0.032

1-01 CTG4AG3AG4AG3A 0.008

1-02 CTG4AG4AG4AG3A 0.012

1-03 CTG4AG4AG4AG4A 0.009

1-04 G3AG3AG3AG3A 0.017

1-05 G3AG3AG3AG3 0.013

1-06 G3TG3AG3AG3 0.007

1-07 G3AG3TG3AG3 0.006

1-08 G3AG3TG3TG3 0.004

1-09 G3AG3TG3TG3A 0.014

1-10 CTG3AG3TG3TG3A 0.026
2nd 2-01 CTG3A3G3A3G3A3G3A 0.006

2-02 CTG3A3G3A3G3A3G3 0.009

2-03 CTG3A3G3A3G3A3G3A 0.007

2-04 CTG3A3G3T3G3A3G3A 0.010

2-05 G3A2G3A2G3A2G3 0.012

2-06 CTG3A2G3A2G3A2G3 0.006

2-07 CTG3A2G3A2G2A2G3 0.008

2-08 CTG3A3G3TG3A3G3A 0.010

2-09 CTG3A3G3TA2G3TG3A 0.019

2-10 CTG3A3G3TG3TG3A 0.015

Dashed lines separate generations.
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Table C.1: Generations (Gen) generated utilising the genetic algorithm with
peroxidase-mimicking activity (V0). Including the original EAD-2 and G3A3 sequences
continued.

Gen Sample ODN sequence 5′ =⇒ 3′ Peroxidase-mimicking
activity, V0, µM s−1

3rd 3-01 CTG3TG3TG3TG3 0.017

3-02 G3A3G3TCAG3TG3 0.047

3-03 G3A3G3AG3A3G3 0.011

3-04 G3AG3TG3TA2G3A 0.012

3-05 G3AG3TG3CG3 0.003

3-06 CTG3AG3A2G3AG3 0.009

3-07 T2G3A3G3AG3AG3A 0.014

3-08 C3G3A3G3TG3A3G3 0.011

3-09 CTG3A3G3A2CG3TG3A 0.045

3-10 CTG3TA2G3TA2G3A3G33 0.023
4th 4-01 CTG3A3G3TCAG3TG3A 0.006

4-02 G3A3G3A2CG3TG3 0.081

4-03 G3A3G3TA2G3A3G3T 0.006

4-04 G3T2G3TA2G3TG3 0.012

4-05 G3TA2G3A2CG3AG3 0.059

4-06 TG3A3G3TA2G3A3G3A 0.029

4-07 AG3TA2G3TA2G3A3G3 0.023

4-08 CTG3AGAG3TA2G3A3G3 0.015

4-09 T2G3TA2G2TCAG3A3G3A 0.030

4-10 CTG3TA2G3TGAG3A3G3 0.024
5th 5-01 G3A3G3TCAG3AG3 0.028

5-02 AG3TA2G3TCAG3TG3 0.023

5-03 G3A2G3A2CG3AG3 0.020

5-04 G3A3G3A2CG3CG3 0.079

5-05 G3A3G3A2TG3AG3 0.058

5-06 G3A3G3A2CG3AG3C 0.058

5-07 G3ACAG3A2CG3TG3 0.065

5-08 TG3TA2G3A2CG3TG3 0.076

5-09 G3A2G3TCAG3AG3 0.019

5-10 G3TA2G3TA2G3AG3 0.021

Dashed lines separate generations.
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Table C.1: Generations (Gen) generated utilising the genetic algorithm with
peroxidase-mimicking activity (V0). Including the original EAD-2 and G3A3 sequences
continued.

Gen Sample ODN sequence 5′ =⇒ 3′ Peroxidase-mimicking
activity, V0, µM s−1

6th 6-01 G3ATAG3A2TG3CG3 0.052

6-02 G3ACAG3ACG3CG3 0.011

6-03 G3ATAG3A2TG3TG3 0.047

6-04 G3A3G3A2CG3AG3 0.062

6-05 G3AGAG3A2TG3CG3 0.025

6-06 G3ACTG3A2TG3TG3 0.39

6-07 G3TA2G3CACG3AG3 0.061

6-08 G3TA2G3A2CG3CG3 0.71

6-09 G3A2G3A2CG3CG3 0.15

6-10 G3ATAG3A3G3CG3 0.025
7th 7-01 G3TA2G3CACG3TG3 0.088

7-02 G2A3G3CACG3CG3 0.104

7-03 AG3A3G3A2CG3CG3 0.035

7-04 G3TA2G3CACG3CG3C 0.078

7-05 CG3A3G3A3CG3AG3 0.046

7-06 G3A2TG3CACG3AG3 0.074

7-07 G3TA2G3ACG3CG3 0.041

7-08 G3A3G3CACG3AG3 0.085

7-09 G3A3G3CACG3AG3 0.65

7-10 G3TA2G3CCG3CG3 0.018
8th 8-01 AG3TA2G3CACG3TG3 0.029

8-02 G3TACG3CACG3CG3C 0.053

8-03 G3ACAG3CACG3TG4 0.024

8-04 G3A3G3CACG3TG4 0.044

8-05 TG3TA2G3ACG4CG4 0.011

8-06 CG3A3G3ACG4CG3 0.012

8-07 G3TA2G3CACG3TG4 0.051

8-08 G3A3G3ACG3AG3T 0.018

8-09 G3A3G3CTCG3AG3 0.012

8-10 G3A3G3ACG4TG3 0.023

Dashed lines separate generations.

275



D. Digestion of G4 aptamers with T7 endonuclease I (2.5 U)

Figure D.1: PAGE ePagel 10-20% (w/v) electrophoretogram, stained with 1x SYBR R© gold
and viewed using a Safe Imager Blue-Light Transilluminator, of 15, 30, 45, 75, 90, 105 and
120 min digestion with T7 endonuclease I (2.5 U) incubation with the PM and SM solutions.
A DNA Ladder (L) (Invitrogen 10 bp DNA ladder) was used as the reference.
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E. 16 h digestion of G4 aptamers with T7 endonuclease I (2.5 U)

Figure E.1: PAGE ePagel 10-20% (w/v) electrophoretogram, stained with 1x SYBR R© gold
and viewed using a Safe Imager Blue-Light Transilluminator, of 16 h digestion with T7
endonuclease I (2.5 U) incubation with the PM and SM solutions. A DNA Ladder (L)
(Invitrogen 10 bp DNA ladder) was used as the reference.
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F. Detection of surface immobilised G4 aptamers using luminol assay

Table F.1: Chemiluminescent signatures of blank (no G4 aptamer) and immobilised G4
aptamer wells.

Sample Chemiluminescent signature, a.u

blank (no G4 aptamer) 323821.8 ± 73074.4
G4 aptamers 319763.8 ± 86489.1

Anova results: F(1,14) = 0.009, Fcrit = 4.600 p = 0.926.
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G. Detection of surface immobilised G4 aptamers using ABTS assay

Figure G.1: Average of 3 UV/vis spectra (absorbance (a.u) versus time (min)) of ABTS assay
for blank (no G4 aptamer) (red) and immobilised G4 aptamer (black).
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H. OXG4 and NH2G4 gel electrophoresis results

Figure H.1: Left: Agarose 4% (w/v, made accoriding to Chapter 2, Section 2.4.3)
electrophoretogram, stained with 1X SYBR R© Green I and viewed using a Gel Doc, of NH2G4
aptamer and OXG4 aptamer. A DNA a Ladder (Quick-Load R© Purple 50 bp DNA ladder) was
used for reference. Right: PAGE 12% (v/v, made accoriding to Chapter 2, Section 2.4.3)
electrophoretogram, stained with 1X SYBR R© Green I and viewed using a Gel Doc, of NH2G4
aptamer and OXG4 aptamer. A DNA a Ladder (20/100 Ladder Oligo length standards) was
used for reference. Red dotted line is to guide the eye to the intermolecular structures.
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