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Abstract

DNA is the fundamental material responsible for storing the genetic coding required for the
development of all living organisms. Since its discovery, there has been an intense amount
of research into biorecognition events and the detection of DNA sequences coding for
specific diseases. The development of the polymerase chain reaction (PCR) involved the
amplification of small quantities of DNA allowing for subsequent analysis. However,
fluorescence-based methods such as PCR have their limitations, for example the difficulties
encountered when detecting multiple targets simultaneously. Therefore, there is a need for
novel techniques that overcome these limitations associated with fluorescence-based
methods. This research involves the use of SERS for the multiplex detection of target DNA,
investigating the possible interactions between fluorescent dyes and DNA and SERS analysis

of G-quadruplex formations.

A SERS-based detection assay was designed for the simultaneous detection of three
bacterial meningitis pathogens; Neisseria meningitidis, Haemophilus influenzae and
Streptococcus pneumoniae. By using SERS instead of fluorescence-based methods,
multiplex detection was readily achieved and by using chemometric analysis it was the first

report of pathogen quantification post-assay.

To gain an understanding into interactions that can occur between fluorescent dyes (FAM
and TAMRA), DNA and spermine, fluorescence and SERS studies were undertaken.
Fluorescent studies gave an insight into the interactions that happen off the nanoparticle
surface, while the SERS studies demonstrated the competitive interactions that occur
between the nanoparticle surface and the two fluorescent dyes. These studies highlighted
the consideration needed when selecting fluorescent dyes and target DNA sequences when

designing a multiplex SERS assay.

SERS was then applied to the detection of G-quadruplex formation. Previous reports used
fluorescence-based methods, for example FID assays. Three ligands that selectively bind to
and stabilise G-quadruplex DNA, previously used in fluorescence studies, were used and
shown to have the ability to aggregate nanoparticles and act as Raman reporters. These
ligands allowed for the design of the “on to off” SERS analysis of three G-quadruplex

sequences.
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1. Introduction

In the field of molecular diagnostics, there is a growing need for sensitive and specific
methods for the detection of certain diseases. The most common biomolecules of interest
are DNA and proteins, and a significant amount of research has been undertaken towards
developing novel methods of disease detection using these biomolecules. Since the
completion of the human genome project,’ there has been a considerable amount of
interest in the detection of DNA coding for particular diseases. DNA detection of specific
sequences has become increasingly important in the diagnosis and treatment of infectious
diseases. Numerous diagnostic assays have been developed in recent years due to the
advanced analytical techniques available and the desire for highly sensitive methods
capable of detecting very low quantities of DNA. However, there is still a constant strive

towards simpler and faster methods of disease diagnosis.

1.1 Deoxyribonucleic Acid (DNA)

DNA is a fundamental genetic material as it stores the genetic coding required to control
the functions, behaviour, and development of all living organisms. The biological
importance of DNA has resulted in an extensive amount of research in the field of
molecular biology.” Nucleic acids are polymeric macromolecules which consists of two

forms; Deoxyribonucleic acid (DNA) and Ribonucleic acid (RNA).>*

1.1.1 Primary Structure

Nucleic acids were first isolated by Friedrich Miescher in 1869° and following this discovery
Phoebus Levene demonstrated that the larger nucleic acid structure is composed of smaller
components known as nucleotides.” ® Nucleotides are the repeating units that form a

nucleic acid strand. Nucleotides are composed of three main components: a deoxyribose



sugar (2’-deoxyribose), a nitrogenous base and a phosphate group. The nitrogenous base is
attached to the deoxyribose sugar via an N-glycosidic bond and the phosphate group is

attached to the sugar at the 5’ position (Figure 1.1).

Base

Figure 1.1 The structure of a nucleotide consisting of (a) the phosphate group, (b) the deoxyribose sugar and

(c) the nitrogenous base.

There are four nitrogenous bases that can form a strand of DNA. The bases can be divided
into two groups; the pyrimidines and the purines. The pyrimidines are six-membered rings
and the purines are six-membered rings joined to a five-membered ring. Adenine and
guanine are purines, and the pyrimidines are cytosine and thymine. The structures of the

four nitrogenous bases are shown in Figure 1.2.

NH, 0 NH, 0
N \ N \N NH
S UK fi @ﬁ
(a) (b) (c) (d)

Figure 1.2 The structures of the four nitrogenous bases that form a strand of DNA; (a) adenine, (b) guanine, (c)

thymine and (d) cytosine.

In a strand of DNA, the nitrogenous bases are bound together through phosphodiester
linkages formed between the 3’ hydroxyl group of one nucleotide and the 5’ phosphate

group of the adjacent nucleotide.” * The phosphate group on each nucleotide possesses a



negative charge, resulting in the phosphate backbone of DNA being negatively charged at

physiological pH (Figure 1.3).

Figure 1.3 Four nucleotide units, each with one of the four nitrogenous bases attached to the deoxyribose
sugar, joined together via phosphodiester links (red) between the 3’ hydroxyl group of one nucleotide and 5’

position of the other.

The order in which the nitrogenous bases appear in a strand of DNA is unique to a
particular gene and consequently codes for a specific amino acid sequence, which are the

building blocks of proteins.

1.1.2 Secondary Structure

There was a lot of research in the 1930’s and 1940’s that centred on hereditary
characteristics and arising from this there were many proposals on the unit of inheritance.’
Proteins were originally thought to be the hereditary material, ® however in 1944 Avery et

al. proposed that DNA was the fundamental hereditary unit involved in the transformation



of specific strains of bacteria and they concluded that this could also be applied to genes.

Consequently, their theory was widely accepted in the scientific community.®
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Figure 1.4 A schematic of the structure of the double helix, showing the base pairs formed between the

purines and pyrimidines, and the sugar phosphate backbone.’

The structure of DNA, however, was not confirmed until 1953 when Watson and Crick first
proposed the DNA double helix.? This publication came shortly after Pauling suggested that
the structure of DNA consisted of three intertwining strands,* which was later shown to be
incorrect. Watson and Crick discussed the stereochemical issues associated with Pauling’s
proposed structure and suggested a possible alternative. They suggested a double helical
structure that coiled around a central axis with the sugar-phosphate backbone facing
outwards and the nitrogenous bases facing inwards (Figure 1.4). The structure was

11, 12

confirmed by X-ray diffraction studies performed by Rosalind Franklin and data

interpretation by Maurice Wilkins.™ **

Further discussions by Watson and Crick revealed
the features of the double helix in more detail and suggested a possible mechanism for
replication.” The double helix was found to be held together through hydrogen bonds
between the nitrogenous bases in the two nucleotide chains. Due to steric considerations
derived from X-ray diffraction studies, one of the bases must be a purine and the other a
pyrimidine. Specifically, adenine binds to thymine and guanine binds to cytosine (Figure
1.5). The proposed double helix structure was in good agreement with previous work

performed by Chargaff et al. in 1952 that reported that, in all samples of DNA analysed, the

ratios of adenine to thymine and guanine to cytosine were close to unity.™
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Figure 1.5 Base pairing between (a) guanine and (b) cytosine and between (c) adenine and (d) thymine. The

dashed lines represent the hydrogen bonds formed between the bases.

As a result of the specific base pairing elucidated by Watson and Crick, if the sequence of
bases on one DNA strand are known, then the sequence of bases on the complementary

sequence can be predicted.

1.1.3 The Role of DNA in Molecular Biology

The method of DNA replication proposed by Watson and Crick was experimentally tested in
1958 by Meselson and Stahl who concluded that DNA replication occurred in a
semiconservative manner.'® Each DNA strand in the double helix is referred to as parent
molecules since, during replication, each strand acts as a template that will determine the
sequence of nucleotides joined together by the sugar phosphate backbone in the new
complementary strand. After each replication cycle, two new daughter molecules are
produced consisting of one strand from the parent molecule and one newly synthesised

strand.

Following the outcomes of the DNA replication studies, Francis Crick proposed the “Central

Dogma” of Molecular Biology in 1970." Crick discussed the relationship between DNA, RNA



and proteins, concluding that genetic information comes from DNA and is transferred to
RNA and then to proteins. The exact sequence of events is extremely important when
genetic information is transferred from DNA resulting in protein synthesis. This is because
proteins are synthesised in the cell cytoplasm, however DNA is contained in the nucleus of
eukaryotic cells. For genetic information from the DNA to initiate protein synthesis, DNA
must first be transcribed into messenger RNA (mRNA), in a process similar to DNA
replication. The genetic information is then transferred to the cell cytoplasm by the mRNA,
where it is then translated into a sequence of amino acids by the base pairing of mRNA to
transfer RNA (tRNA). A schematic of this process is shown in Figure 1.6. The sequence of

the amino acids dictates the protein structure and ultimately its functionality.™®
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Figure 1.6 A schematic representation of the “Central Dogma” of Molecular Biology showing the movement

of genetic information from DNA to RNA to protein.w

1.1.4 Alternative DNA Structures

DNA can exist in well-known primary and secondary structures; however there are
alternative DNA structures. These include guanine rich DNA sequences known as G-
quadruplexes. Interestingly, G-quadruplexes were discovered before the double helix,?
however it was not until 1962 that the structure was deduced by means of X-ray diffraction
studies.”® The structure was found to consist of four guanine bases forming the core, known

as a G-tetrad (Figure 1.7).
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Figure 1.7 The structure of a G-tetrad.”

The guanines are held together in a square planar formation by Hoogsteen hydrogen
bonding®® due to the presence of m-t stacking interactions between the G-tetrads sitting on
top of each other forming a G-quadruplex structure.”* * The structure of a G-quadruplex is
dependent upon the DNA sequence and orientation of the guanine bases. One, two or four
separate DNA strands can form the G-quadruplex resulting in unimolecular, bimolecular or
tetramolecular structures, respectively (Figure 1.8).”° The orientation of the G-quadruplex
can be further subdivided into parallel (strands proceed in the same 5’ to 3’ direction) or
antiparallel configurations (strands proceed in opposite directions). The stabilisation of G-
+ 24, 27

quadruplexes can occur through the presence of monovalent cations such as Na* or K,

or by small organic molecules such as quinolones® or the natural product telomestatin.”
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Figure 1.8 Three structural forms of G-quadruplexes. (a) A tetramolecular G-quadruplex consisting of four
parallel DNA strands, (b) a bimolecular G-quadruplex where two guanine rich DNA sequences dimerise and (c)

. . . . . 22
a unimolecular G-quadruplex with an antiparallel orientation.



3933 Telomeres

G-quadruplexes can be found in human telomeric DNA and promoter genes.
are nucleoprotein complexes that contain repetitive guanine rich DNA sequences and their
main function is to protect the ends of eukaryotic chromosomes from cell degradation and
ultimately cell death as they prevent the chromosomes shortening in length during
replication. The enzyme telomerase maintains telomere length, however is notably absent
in somatic cells. Telomere length is maintained in ~85% of cancers due to telomerase
activity; however G-quadruplexes have the ability to inhibit the activity of telomerase by
transforming the single stranded DNA into a quadruplex structure. This promotes cell

29, 34

degradation, which is highly advantageous in cancer therapeutics, and this will be

discussed further in chapter 3.

1.2 DNA Detection using Fluorescence Spectroscopy

In recent years fluorescence spectroscopy has been the predominant method used for the
detection of DNA. This has resulted in the development of synthetic sequences of DNA that
possess fluorescent modifications. In particular, research has focussed on the development
of assays for the detection of DNA that combine methods of target amplification and

fluorescently labelled oligonucleotides.

1.2.1 Introduction to Fluorescence

Fluorescence has been extensively used for DNA detection since changes in the physical
properties of DNA when it undergoes a biological event, such as hybridisation or digestion,
are difficult to measure and characterise directly. Fluorescent probes are widely used to aid
in the analysis of physical changes in the structure of DNA. Fluorescence is defined as the
emission of light from a substance that arises from a change in the electronic state of a

molecule (Figure 1.9).
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Figure 1.9 A Jablonski diagram showing the process of excitation and emission.

When a species absorbs a photon it is promoted from the ground electronic state (Ey) to a
higher vibrational state within the excited electronic energy level (E,). Vibrational relaxation
then occurs, where the excited species relaxes from a higher vibrational energy level to the
ground vibrational state of the excited electronic energy level. Relaxation to the ground
electronic state then takes place accompanied by the emission of a photon, and this is

known as fluorescence.

Generally, fluorescence intensity is directly proportional to the concentration of
fluorophore present; therefore, the emission spectrum can be used for quantitative
analysis as long as the emission wavelength of the molecule under analysis is known.
However, there are problems associated with the application of fluorescence as a method
of detection. The emission spectrum produced is not specific to the molecule under analysis
and therefore no structural information can be deduced from the spectrum. Furthermore,
the broad emission peaks observed makes analysis of multiple fluorescent species within
the same sample difficult due to a large amount of spectral overlap. Despite these
associated problems, fluorescence spectroscopy is extremely sensitive and has proven to be

extremely useful for the detection of DNA. Fluorescent labels can be chemically attached or



intercalated into a DNA sequence allowing for detection of a specific target sequence.®® A

common method of DNA detection involving fluorescence is the process called FRET.

1.2.2 Forster Resonance Energy Transfer

Forster resonance energy transfer (FRET) is a chemical phenomenon that involves two
molecules.®® The excitation energy is transferred from a donor fluorophore to an acceptor,
which can be either another fluorophore or quencher molecule, via dipole-dipole
interactions; however there is no emission of a photon at this point, the fluorescence of the
donor molecule is quenched and the acceptor molecule becomes excited followed the
emission of light at the wavelength of the acceptor molecule (fluorophore) or the energy is
dissipated as heat (quencher) (Figure 1.10). FRET was first discovered by Theodor Forster in

1948.%
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Figure 1.10 A Jablonski diagram showing the process of FRET.

FRET is a non-radiative process where energy is transferred between a donor and acceptor
pair of fluorophores. There are two requirements that need to be met when using FRET,
firstly the emission spectrum of the donor fluorophore must overlap with the absorption
spectrum of the acceptor fluorophore and the distance between the two molecules must

be within 1-10 nm.*®

10



If a probe sequence of DNA and a target sequence are labelled with a donor and acceptor
molecule respectively, the fluorescence of the acceptor molecule can be readily measured
if they are within 1-10 nm of each other, for example when the two sequences are
hybridised. When they are outwith the required FRET distance, i.e. unhybridised, the
acceptor molecule will not be excited and will therefore no longer emit fluorescence.
Another possible FRET pair can involve a fluorophore and a quencher molecule, where the
guencher accepts the energy from the donor fluorophore molecule but dissipates it as heat
rather than light. Therefore, when the FRET pair is within 1-10 nm no fluorescence will be
detected; it is only when outwith this distance that fluorescence can be detected. For
example, Kawamura et al. applied FRET to the detection of telomeric tandem repeat DNA
and telomerase activity by using a fluorescein (FAM) labelled probe and the intercalator
ethidium bromide.*® When telomeric DNA was present, it hybridised to the complementary
FAM labelled probe producing duplex DNA. Ethidium bromide was then added, which
intercalated between the base pairs of the duplex. This resulted in the fluorescence emitted
from FAM being quenched by the ethidium bromide. Therefore, when no fluorescence was
observed it could be concluded that telomeric DNA was present using the FRET pairing
between FAM and ethidium bromide. The amount of quenching was proportional to the
concentration of telomeric DNA, as the amount of DNA increased, the level of intercalated
ethidium bromide also increased, which resulted in a decrease in fluorescence; therefore
the assay developed was quantitative.® Based on the theory of FRET and its applicability in
DNA detection specific DNA detection strategies have been developed, in particular

molecular beacon probes.

1.2.3 Molecular Beacons
The FRET concept was not used for DNA detection until 1996 when Tyagi et al. published
the design of molecular beacons and their applicability in DNA detection.* The concept of

molecular beacons is shown in Figure 1.11.

11
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Figure 1.11 The molecular beacon design. When molecular beacons are on their own (b) they are non-
fluorescent because the fluorophore and quencher moieties present on the stem sequences are in close
proximity (1-10 nm) resulting in fluorescence quenching, however when the probe sequence in the loop
hybridises to a target sequence (a), a new duplex is formed (c), which separates the fluorophore and

. . P 39
quencher molecules resulting in fluorescence emission.

Molecular beacons are single stranded DNA sequences that contain a stem and loop
component. The loop sequence is complementary to a specific target and the stem
component is composed of two self-complementary sequences that are non-
complementary to the target sequence. A fluorophore molecule is attached to one end of
the stem sequence and a quencher molecule is attached to the other. When the molecular
beacon is closed, no fluorescence is observed due to the FRET pair being in close proximity
(1-10 nm). However, upon addition of the target sequence, hybridisation with the loop
sequence will occur, opening the molecular beacon, as the formation of the duplex is more
energetically favourable. The molecular beacon goes through a conformational change
resulting in the separation of the fluorophore and quencher molecules giving rise to
fluorescence emission.®> Molecular beacons have been widely used in DNA genotyping
assays,’® however clinical samples contain very low concentrations of target DNA, therefore
DNA amplification is essential to facilitate fluorescence detection. This is achieved by
carrying out the polymerase chain reaction (PCR) prior to the addition of molecular beacons
to ensure that there is a sufficient quantity of DNA present to allow for fluorescence

detection.
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1.2.4 The Polymerase Chain Reaction

Kary Mullis won the Nobel Prize in Chemistry in 1993 for the development of a method of
DNA amplification known at the Polymerase Chain Reaction (PCR).** The method involves
small amounts of DNA being amplified by approximately 2", where n is the number of

2% PCR has now been applied to a multitude of

amplification cycles in the reaction.
applications for example in the fields of forensic science, genetics and molecular diagnostics
where small quantities of DNA are required to be amplified prior to analysis.** As well as
the desired sequence of DNA that is to be amplified, several other components are
required to perform PCR: short primer sequences that are complementary to the flanking
regions of the target sequence, deoxyribonucleoside triphosphates (dNTPs) and a DNA

polymerase, which is an enzyme that can create a new strand of DNA from the dNTPs. The

steps required in PCR are shown in Figure 1.12.
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Figure 1.12 The mechanism of the Polymerase Chain Reaction. The first step (a) is denaturation where the
temperature is increased to separate the two DNA strands. The second step (b) is the annealing stage where
the temperature is lowered to allow the primers to hybridise to the complementary DNA template.
Polymerase is then added for primer extension to occur (c) resulting in two new DNA strands. Finally, the

process is repeated (d) for a number of cycles and the region of interest is amplified exponentially.“5
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A typical PCR cycle consists of three steps. The reaction starts with a strand separation
(denaturation) step where the solution is heated to 95 °C for a short period of time. The
reaction is then cooled to 50-65 °C so that the primers can anneal to the separated DNA
strands in the flanking areas of the target region. The next step is the extension of the
primer sequences using the dNTPs and DNA polymerase, synthesising a new DNA strand in
the 3’ to 5’ direction. Originally E. coli DNA polymerase was used; however it could not
function at high temperatures so after the denaturation step more enzyme would need to
be added.”” Therefore, the DNA polymerase most commonly used is Thermus aquaticus
(Tag), which is thermostable at high temperatures, simplifying the method and allowing for

automation.*

The PCR cycle is repeated a number of times resulting in an exponential
increase in the amount of amplified target DNA. PCR has been used to successfully detect
various disease targets in diagnostic applications, for example the detection of cystic
fibrosis amplicons,” the human herpes virus 6 (HHV-6)*® and single nucleotide

polymorphisms.*

1.2.5 Quantitative PCR

Further developments in PCR led to the process known as Quantitative or Real-Time PCR
(gPCR or RT-PCR), which was designed to amplify and quantify target DNA simultaneously
in a closed tube format and would not require any post-PCR quantification methods.*” *°
Examples of post-PCR quantification involved gel electrophoresis using either agarose or

polyacrylamide gels stained with ethidium bromide.>! This method was time consuming and

sometimes provided inaccurate results.

Alternative quantification methods were therefore developed using fluorescently labelled

#6523 These methods exploited the 5’

DNA that could be measured during the PCR process.
nuclease activity of Tag polymerase and utilised DNA probes labelled with fluorophore and
guencher molecules. TagMan probes, as they are commonly known, result in an increase in
fluorescence, which corresponds to an increase in the amount of amplified DNA present.
TagMan probes have a 5’ fluorescent modification and at the 3’ terminus they possess a

guencher molecule and are complementary to the target sequence. When the quencher

and fluorophore are in close contact, there is little fluorescence observed; however, when
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the Taq polymerase synthesises the new DNA strand using dNTPs, due to the 5’ nuclease
activity of the enzyme the TagMan probe is digested. This results in the fluorophore and
guencher molecules no longer being in close proximity to each other, which increases the
fluorescent signal observed (Figure 1.13). The fluorescence intensity is proportional to the

amount of DNA amplified, allowing for target DNA quantification during PCR.
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Figure 1.13 A schematic of the TagMan assay. Taq polymerase digest the TagMan probes resulting in an

increase in fluorescence signal observed when target DNA is present.

TagMan probes are based on FRET theory, therefore molecular beacon probes could also
potentially be used to quantify PCR product. The most common examples of this are known
as Scorpion probes, which are held in a hairpin configuration with a stem sequence
modified with a fluorophore and quencher FRET pair.*® Scorpion probes are attached to the
5’ end of the primer used during PCR amplification, with a PCR blocker group (hexaethylene
glycol (HEG)) that prohibits the Tag polymerase adding dNTPs and the subsequent
replication of the Scorpion probe sequence (Figure 1.14).>* The hairpin probe sequence
binds to the complementary target sequence as the primer sequence is elongated by the
Taqg polymerase. After amplification the Scorpion probe is opened, increasing the distance
between the fluorophore and quencher allowing for a fluorescent signal to be observed.
Due to the presence of the PCR blocker (HEG), the Scorpion probe will not open and the
primer will not be elongated if the specific target strand is not present, making this method

highly specific.
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Figure 1.14 Schematic of a Scorpion probe assay. Target DNA is detected by selective hybridisation of the

unimolecular probe due to the opening of the hairpin configuration resulting in an increase in fluorescence.

Compared to molecular beacons, Scorpion probes are considered to be unimolecular, since
in @ molecular beacon the probe sequence is flanked by two stem sequences. The entire
Scorpion probe is integrated into the PCR product as it is attached to a primer. As a result of
this, hybridisation is faster and more thermodynamically favourable using Scorpion probes

compared to the beacon configuration.*

Fluorescent based methods such as PCR do have disadvantages. For example, PCR is prone
to contamination and the non-specific hybridisation of residual DNA, which will make the
process more time consuming and decrease the levels of sensitivity and background
fluorescent signals from inefficient quenching. With the need for faster and more sensitive
methods of detection, research is focussing on the development of novel strategies for
disease detection. Major developments have been made in the design of detection assays
involving metallic nanoparticles and spectroscopic techniques such as Raman and surface

enhanced Raman scattering (SERS).

1.3 Nanoparticles

Nanotechnology is the term used when for technology which uses materials with nanoscale
dimensions. The basic concept of nanotechnology was instigated by a lecture delivered by
Richard P. Feynman in 1959 with the title “There is plenty of room at the bottom”.>> He
proposed the “bottom up” approach to solving key biological problems on the atomic scale
by improving the electron microscope to allow for manipulation of nanoscale materials.
Feynman’s proposal is clearly visible through current research in nanotechnology and

emerging disciplines such as bionanotechnology.
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1.3.1 An Introduction to Nanoparticles

Nanoparticles are defined as particles with one or more dimensions less than 100 nm in
size. They can be synthesised from various metals such as gold,* silver,”’ copper®® and
platinum.>® Historically, nanoparticles were used to colour glass and ceramics, the most
famous example being the Lycurgus cup, which due to the presence of gold nanoparticles
appeared green in reflected light but red in transmitted light.®® As well as decorative
purposes, gold nanoparticles have also been used for medicinal purposes.®® The first
scientific report on the synthesis of gold nanoparticles was by Michael Faraday in 1857.%
He outlined the formation of colloidal gold from the reduction of agueous choloroaurate
(AuCly). The observation was made that the properties of colloidal solutions differ from the

bulk material. It was this discovery that formed the basis of metallic nanoparticle research.

Gold and silver nanoparticles are the most popular form of nanomaterial used for optical
applications, with silver nanoparticles being predominantly used in the work discussed in
this thesis. Silver nanoparticles are commonly synthesised by the reduction of silver nitrate
(AgNO3). The chemical synthesis of silver nanoparticles was first reported by Lee and Meisel
in 1982 using citrate to reduce AgNO;.%> This method is simple to implement and therefore
is still widely used today as a method of synthesising silver nanoparticles. A solution of
sodium citrate is added to a solution of silver nitrate. The citrate acts as a reducing agent
and a stabilising agent for the silver nanoparticles, as it leaves a negative surface layer that
repels the nanoparticles from each other making the solution monodispersed.® It has been
found that citrate is not always the optimal stabilising agent to use depending on the
analyte as it can be easily displaced from the nanoparticle surface; therefore, alternative
synthesis methods have been developed. Such methods include borohydride reduction of
AgCl,** ethelynediaminetetraacetic acid (EDTA) reduction of AgNO;*® and the

hydroxylamine reduction of AgNO3.%

Nanoparticles are favoured substrates for diagnostic applications due to their unique

optical properties and the ability to control their size and shape. The most commonly used
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property of metallic nanoparticles is their localised surface plasmons that are affected

when the nanoparticles interact with light of a specific wavelength.

1.3.2 Surface Plasmon Resonance (SPR)

When light interacts with nanoparticles, an oscillating cloud of electrons is induced on the
surface of the nanoparticle known as the surface plasmon resonance (SPR). The SPR
phenomenon is a result of the collective oscillation of conduction band electrons at the
nanoparticle surface induced by interaction with the incoming electromagnetic field (Figure
1.15). When the SPR is associated with nanoparticles, such as gold or silver, the plasmon is

referred to as the localised surface plasmon resonance (LSPR).
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Figure 1.15 A schematic of the surface plasmon resonance induced by an electromagnetic field in a spherical
nanoparticle. The interaction with the electromagnetic field causes a net displacement of the negative charge

at the positive metal core resulting in a charge difference across the metal sphere.

Gustav Mie first described the SPR phenomenon in 1908, where he applied Maxwell’s
equation to spherical nanoparticles.”’” He concluded that the plasmon band was due to
dipole oscillations of the free electrons in the conduction band occupying the energy states
directly above the Fermi energy level.®® The surface plasmon band for 15 nm gold
nanoparticles is 520 nm and for 35 nm silver nanoparticles the surface plasmon band is
400 nm. The surface plasmon band will shift depending on nanoparticle size, shape, the
inter-particle distance and changes in the local environment for example the refractive

index or the surrounding medium.®

18



The most useful feature of metallic nanoparticles that makes them ideal for bio-sensing
applications is the distance dependant nature of the surface plasmon band. When two or
more nanoparticles are in close proximity, coupling of the surface plasmons occur, resulting
in a red shift of the nanoparticle extinction to longer wavelengths.70 The red shift is
dependent upon the inter-particle distance; the shorter the distance, the larger the red
shift.”* Surface plasmon coupling can also be monitored through a colour change, for
example gold nanoparticles change from red to purple when the inter-particle distance

decreases.

1.3.3 Nanoparticles used for DNA Detection

Nanoparticles are now widely used in diagnostics, for example in the detection of target
DNA. DNA hybridisation is a strong biorecognition event and combining this with metallic
nanoparticles has led to the development of successful colorimetric methods of detection.
In 1996, two groups, Mirkin et al. and Alivisatos et al., both simultaneously reported

72, 73

methods, which instigated a significant amount of research into the conjugation of

biomolecules to nanoparticles.”* "

Alivisatos et al. developed a method of arranging nanocrystals by exploiting specific DNA
hybridisation events.” Single stranded DNA sequences were conjugated to individual
nanoparticles and upon hybridisation dimers and trimers were created. The method was
then further developed using both gold and silver nanoparticles to create a molecular ruler
capable of measuring the distance between two nanoparticles. At the same time, Mirkin et
al. proposed their method for nanoparticle assembly using two different thiolated DNA
sequences conjugated to two different batches of 13 nm gold nanoparticles.”” The two
different sequences attached to the nanoparticles were complementary to a region of the
same target sequence, therefore upon hybridisation the nanoparticles self assemble into
aggregates, reducing their inter-particle distance and causing changes in their surface

plasmon resonance, which can be monitored by extinction spectroscopy.
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Mirkin and co-workers have developed numerous assays using gold nanoparticles for DNA

77-79

detection (Figure 1.16). His group developed a method for the detection of single base
pair mismatches by monitoring the change in melting temperatures of the hybridisation
mixtures and then using the “Northwestern Blot” method to visually detect the target DNA

80, 81

with femtomolar detection limits. Additionally, DNA-nanoparticle conjugates in a

scannometric DNA array platform were used to detect target DNA in a method which rivals

the sensitivity of PCR.5%®

More recently, Mirkin et al. have reported the design of spherical
nucleic acids (SNAs),”> which are DNA-nanoparticle conjugates that have been widely used
in molecular diagnostics, for example they have been used for the detection of mRNA in

living cells.®*
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Figure 1.16 (a) A schematic representation of nanoparticle aggregation caused by DNA hybridisation. (b)

Aggregation can also be monitored by the change in colour of the gold nanoparticles (red to purple).77

Silver nanoparticles, compared to their gold counterparts, are not as widely used in
diagnostic research as their synthesis is harder to control. Nevertheless, oligonucleotide-
silver nanoparticles (OSN) conjugates have been used; the first report of their use was by
Thompson et al. in 2008.%> ® Similar to the nanoparticle conjugates designed by Mirkin et
al.,”? single base pair mismatches were successfully detected using the melting profiles of
the DNA sequences. OSN conjugates have not been widely used in diagnostic assays;
however; silver nanoparticles possess a high molar extinction coefficient that would

increase sensitivity levels when using extinction spectroscopy (Figure 1.17). Also, due to
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their optical brightness, silver nanoparticles, and in particular OSN conjugates, can be

successfully used in assays involving surface enhanced resonance Raman scattering.®’
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Figure 1.17 (a) Extinction spectra of OSN conjugates in the present of complementary target sequence
recorded over a period of time. There is a shift in the surface plasmon band and a change in absorbance due
to the aggregation of the silver nanoparticles. (b) Image of the OSN conjugates in the presence of
complementary target (left) and non-complementary target (right). With silver nanoparticles, the colour

change from yellow to pink indicates nanoparticle aggregation.85

1.4 Surface Enhanced Resonance Raman Scattering

Fluorescence based methods such as quantitative PCR are currently the most widely used
detection methods in molecular diagnostics.?® This is due to the ability to fluorescently label
DNA, for example, during PCR, fluorescent dye labelled primers are used to monitor DNA
amplification, and the wide range of fluorescent labels available for DNA labelling allows for
the detection of multiple analytes. However, there are major disadvantages in using
fluorescence for the detection of multiple fluorescently labelled analytes such as the broad,
overlapping emission spectra that are produced, combined with the possibility of photo-
bleaching of the fluorescent dyes and the need for multiple excitation wavelengths. This
has led to the investigation into alternative methods for multiplexed analysis and a
technique that has proven to be a promising alternative is surface enhanced resonance

Raman scattering (SERRS).*



1.4.1 Raman Scattering

When a photon of light interacts with a molecule, the photon can either be absorbed,
scattered, or it can pass through the molecule with no interaction. Initial studies on the
scattering of light involved elastic scattering, where the scattered photons have the same
energy as the incident light, in a process known as Rayleigh scattering.”® The theory of
inelastic scattering was first postulated by Smekal in 1923 and was experimentally

confirmed in 1928 by Krishnan and Raman.”" *

The experiment involved focussing sunlight
onto a sample and collecting the scattered light using a second lens. Through the use of
optical filters, it was shown that the scattered radiation was different in frequency to the

incident light.

When light interacts with a molecule, polarisation of the electron cloud occurs that results
in a short lived excited virtual state. Rayleigh scattering involves the distortion of the
electron cloud with the nucleus remaining unaffected resulting in small changes in the
frequency. The light is therefore scattered at the same frequency as the incident light.
Raman scattering involves nuclear motion, a result of the transfer of energy from the
incident photon to the molecule (Stokes scattering) or the transfer of energy from the
molecule to the scattered photon (anti-Stokes scattering), the processes are shown in the

form of a Jablonski diagram in Figure 1.18.%
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Figure 1.18 A Jablonski diagram illustrating the processes of Rayleigh and Raman scattering.
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Stokes scattering occurs when the photons are scattered with less energy than the incident
photons, as the molecules are promoted to an excited vibrational state that is higher in
energy than the original ground state. At higher temperatures, some molecules will be
present in the excited vibrational state and when these molecules lose energy to the
scattered photons and return to the ground state, anti-Stokes scattering occurs. At room
temperature, the majority of molecules will be present in the ground vibrational state,
therefore the intensity of Stokes scattering is likely to be greater than that of anti-Stokes
scattering.” The population of the energy levels and the ratio of intensities of Stokes and
anti-Stokes scattering can be predicted using the Boltzmann equation (Equation 1.1) where
N, is the number of molecules in the excited vibrational energy level, N, is the number of
molecules in the ground vibrational energy level, g is the degeneracy of the energy levels,
E,.-E., is the difference in energy between the vibrational energy levels E, and E,, k is the

Boltzmann constant (1.3807 x 102 JK™) and T is the temperature (K).

Nn _ In ex _(En_ m)
N, gn Pl kT

Equation 1.1 Boltzmann Equation

The shift in energy between the exciting laser beam and the scattered energy is known as
the Raman shift. It corresponds to molecular vibrations, which depends on the number of
atoms in the molecule. The frequency of the vibrations is related to the mass of the atoms
and bond strength. As a result, Raman spectra provide structural information regarding the
molecule under analysis. However, only one in every 10°-10° scattered photons are Raman
scattered, meaning that Raman scattering is a relatively weak process.”® This has led to the
development of resonance Raman and surface enhanced Raman scattering as methods of

improving the signal obtained from Raman scattering.”
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1.4.2 Resonance Raman Scattering (RRS)

When using a laser beam with a frequency that is coincident with the frequency of an
electronic transition in a molecule, the Raman scattering intensity increases in a process
known as resonance Raman scattering (RRS). The signal enhancement from RRS has been
reported to be 10%° however it is typically in the region of 10>-10*.>* The main difference
between Raman scattering and RRS is that when using RRS the absorption of a photon
results in the excitation of a molecule to an excited state within the first excited electronic
state, whereas in Raman scattering the excited molecule reaches a virtual energy state
(Figure 1.19). As a result, when RRS is used, more intense spectra are observed as
vibrations associated with electronic transitions in a molecule are greatly enhanced,
allowing this technique to be used in the identification of molecules in complex biological

samples. RRS does have disadvantages, primarily competing fluorescence processes that

can result in a high, unwanted fluorescence background.”

A } Vibrational Energy Levels
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Figure 1.19 A Jablonski diagram illustrating the processes of Raman and resonance Raman scattering.

1.4.3 Surface Enhanced Raman Scattering (SERS)
To overcome the limitations of RRS, surface enhanced Raman scattering (SERS) can be used.
SERS was first observed by Fleischman et al. in 1974 when they observed an intense Raman

signal from pyridine on a roughened silver electrode.” The signal was enhanced compared
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to that observed when using a smooth silver electrode. The enhancement was initially
considered to be a result of the increase in surface area meaning that more pyridine could
be adsorbed onto the surface. This was soon disputed by Jeanmarie and Van Duyne and by

96, 97

Albrecht and Creighton. They both concluded that the enhancement observed was not
only the result of an increase in surface area. Jeanmarie and Van Duyne proposed that the
enhancement was an electromagnetic effect,’® whereas Albrecht and Creighton suggested

that the enhancement was due to a charge transfer effect.”’

The general opinion is that SERS is a combination of both the electromagnetic effect and
the charge transfer effect. The electromagnetic effect is deemed to be the dominant
process, which describes the interaction between the surface plasmon and the analyte.
When the incident light interacts with the nanoparticle surface it causes the localised
surface plasmon to oscillate, which will increase the local field that is experiences by the
analyte adsorbed onto the surface causing greater polarisation around the molecule.’® *
When the plasmon frequency is in resonance with the laser excitation radiation and the
plasmon oscillates perpendicular to the surface, greater enhancement is observed. The
plasmon on an individual particle is only in resonance over a small range of wavelengths, so
in regions where individual particles or clusters of particles are touching, the electrons can
couple with adjacent particles which will result in a resonance being possible over a larger
range of wavelengths. These regions are known as “hot spots” and allow the formation of
greater electromagnetic fields between the nanoparticles, which will increase signal
enhancement.” The charge transfer effect is believed to be a smaller contribution to the
enhancement factor. It is a result of the formation of a bond between the analyte and the
surface. The attachment induces a charge transfer creating a new state that is in resonance
with the laser excitation wavelength. The polarisability of the molecule is increased and

subsequently increases the scattering effect.”* '

Various metals can be used as the substrate for SERS, such as silver, gold, copper and
aluminium. The most common forms are electrodes, thin films and colloidal suspensions of

101

metallic nanoparticles.”™ " Silver and gold are the most commonly used for Raman scattering

as their surface plasmons have a resonance frequency in the visible region.”® The greatest
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signal enhancement is observed when using silver, due to the greater polarisability of silver

giving rise to large surface plasmons.'®?

1.4.4 Surface Enhanced Resonance Raman Scattering (SERRS)

Surface enhanced resonance Raman scattering (SERRS) is a combination of RRS and SERS,
which incorporates both surface enhancement and chromophores that are in resonance
with the laser excitation to produce enhancements of up to 10**.%* The first report of SERRS

was by Stacy and Van Duyne in 1983.'®

SERRS involves the adsorption of a chromophore
onto a roughened metal surface and the laser excitation frequency chosen is close to the
absorption maximum of the chromophore. As a result, only vibrations associated to the

chromophore are enhanced, allowing for an increase in sensitivity and selectivity."

SERRS overcomes the limitations associated with Raman scattering, as it offers improved
sensitivity meaning the laser power can be decreased and will reduce the possibility of
sample degradation. Any fluorescence emission will be quenched by the metal surface,
meaning Raman peaks will dominate and reduce the fluorescence background in the
Raman spectra.”® Also, the increase in the availability of dye labels that possess different
resonant frequencies allows for the detection of multiple analytes by choosing dyes that
are in resonance with the available laser excitation wavelength. It is these multiplexing
capabilities and increased sensitivity that make SERRS a rival detection method compared

to current fluorescence-based methods.” 1% 1¢

1.4.5 SE(R)RS Detection of DNA
SE(R)RS offers many advantages as a detection method, mainly due to the multiplexing

capabilities and the detection of low quantities of DNA.'®

As a result, intensive research
has been carried out on the development of SERS-based methods for the qualitative and

quantitative detection of DNA.
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1.4.5.1 Label Free DNA Detection
SERS has proved to be a highly sensitive method for DNA detection, particularly in the area
of label free detection. The four nucleobases give rise to unique SERS spectra due to their

107109 papnadopoulou et al. were able to detect single base mismatches

differing structures.
with an oligonucleotide sequence using SERS. The oligonucleotides were adsorbed non-
specifically onto the nanoparticle surface, the sequences was allowed to adopt a flat
conformation onto the surface, which insured that all the bases interacted with the surface
resulting in readily observed Raman signals. The single base mismatches were then
identified by subtracting the spectra of the target sequence from the mutated sequence.
However, analysis of the results using the above approach can be time consuming;
therefore detection assays have been developed that exploit specific hybridisation events
and changes in the orientation of the structure with respect to the nanoparticle surface.™!
Thiolated poly-adenine DNA sequences were conjugated to gold nanoparticles and signal
enhancement of the adenine was observed depending on DNA orientation. When the
sequences lie perpendicular to the nanoparticle surface, greater intensity of the adenine

peak was observed compared to the DNA lying flat on the surface (Figure 1.20).""
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Figure 1.20 The SERS spectra observed with thiolated poly A sequences (a) to (e) with decreasing
concentrations. The spectrum shown in (f) is that of unthiolated DNA. Also, the schematic representations of
gold nanoparticles with different DNA orientations. The adenine peak used for analysis is highlighted in

111
red.
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A molecular beacon assay was also developed to detect the presence of target DNA using
this methodology. A molecular beacon in its closed form was attached to a gold
nanoparticle through a thiol linker (Figure 1.21). In its closed form, weak adenine peaks
were observed; however in the presence of target DNA the beacon opened allowing the

adenine peak to be enhanced.™!
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Figure 1.21 A schematic representation of the molecular beacon detection assay. When the target DNA
sequences hybridises to the loop sequence of the beacon, a change in conformation occurs resulting in

changes in the SERS spectrum.111

SERS has proven to be successful for the label free detection of DNA and the four DNA
bases, however this does not allow for sequence specific detection as the order of the
bases is not obtained, just simply the presence of the bases. To overcome this, dye labelled
DNA has been used for the sequence specific detection of target DNA as the spectra

generated by the dye is indicative of the presence of a specific target DNA sequence.

1.4.5.2 Fluorescent Dye Labelled DNA Detection

Fluorescent dyes can be covalently attached to DNA sequences and fluorescent labelling of
DNA is widely used in fluorescence-based detection methods and has also been used in
SERRS.'” SERRS has been used to detect multiple fluorescent dyes with different
absorption maxima and using three different excitation wavelengths, demonstrating that by
using the correct choice of fluorescent dye and wavelength, SERRS can be used to

102

guantitatively detect dye labelled DNA.™ Figure 1.22 illustrates two of the most commonly

used fluorescent dye labels; FAM and TAMRA.™ Both dyes generate unique SERRS spectra
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indicative of their structures and have been used throughout this thesis and further

discussed in chapters 2, 3 and 4.

(b)

Figure 1.22 The structures of two commonly used dye in fluorescent labelling. (a) FAM (5-(and 6-)-

carboxyfluorecein) and (b) TAMRA ((5-(and 6-)-carboxytetramethylrhodamine).

In order to observe the maximum signal intensity using SERRS, the fluorescent dye labelled
DNA must either be in close proximity or adsorbed onto the metal surface. Silver
nanoparticles possess a citrate layer, which is negatively charged that would repel the
negatively charged phosphate backbone of the DNA. Therefore, an aggregating agent is
added to facilitate adsorption of the DNA onto the metal surface by reducing the negative
charge on the DNA and thereby reducing the level of repulsion. Spermine was found to be
the optimal aggregating agent when using SERS for DNA detection.” Spermine is a
polyamine which acts as a bridge between the two negatively charged species (the silver
nanoparticle and the DNA), by interacting with the DNA reducing the negative charge and

encouraging the adsorption of the DNA onto the metal surface (Figure 1.23).'%

4Cr°

NH \/\/NH/\/

TTTT ihy

Figure 1.23 A schematic of spermine being used to facilitate the adsorption of DNA onto a nanoparticle

115
surface.

29



Commercially available dyes like FAM and TAMRA can produce high intensity SERRS signals,
however as they are fluorescent dyes, high background signals could also be generated
simultaneously with the SERS signals. Metallic nanoparticles are able to reduce the
background signals as they can quench the fluorescence emitted from the dyes.'® '
However, an alternative approach has been used in DNA labelling involving non-fluorescent

dyes in order to eliminate the unwanted fluorescence background.

1.4.5.3 Non-Fluorescent Dye Labelled DNA Detection

SERRS active dyes have been synthesised that produce string SERRS responses with no
fluorescent background. These dyes have been designed so that they complex with the
nanoparticle surface directly through the formation of bond between the dye and the metal
nanoparticle, as opposed to the alternative approach involving electrostatic interactions.**®
The design of these dyes involve benzotriazole moieties that have shown to effectively
complex onto silver nanoparticles by displacing the citrate layer and producing a well-

defined SERRS spectrum due to the azo group.'®

Benzotriazole forms a stable complex
with the nanoparticle surface with fixed orientation that increases the reproducibility of
SERRS.M® Quantitative nanoparticle studies of benzotriazole derivatives have shown that
there is concentration dependence in the SERRS intensities observed,® '*° however more
recently the synthesis of benzotriazole dye has incorporated reactive functional groups to
allow the use of SERS to monitor biological reactions.’® '’ ' |n 2001 Graham et al.
reported for the first time the use of benzotriazole dyes for the detection of DNA and
peptide nucleic acid (PNA).” The dye was non-fluorescent and demonstrated the
additional labelling chemistry that is possible for SERRS analysis. They noted that further

advantages were that due to the strong covalent bonds formed between the metal surface

and the benzotriazole dye led to highly reproducible SERS detection.
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Figure 1.24 The SERS spectra obtained for the free dye (A), dye labelled DNA (B), dye labelled PNA (C) and

bare nanoparticles (D). Highlighted peaks at 1393 cm™ and 1417 cm™ are indicative of an azo tautomer.'*

The use of fluorescent and non-fluorescent dyes attached to DNA sequences can increase
the sensitivity of detection of the biomolecules as well as allowing for sequence specific
detection. This has led to further studies involving the detection of labelled DNA using

SERRS 122,102

1.4.5.4 Quantitative Labelled DNA Detection

Fluorescence emission spectroscopy has been the chosen method of detection for DNA.
The method has been proven to produce low limits of detection'®® and furthermore, single
molecule detection has been achieved.”” ' However, SERRS has now becoming an
alternative technique to fluorescence spectroscopy for the detection of DNA. The main
advantage that SERRS has is the increased sensitivity in detection by three orders of

126

magnitude ™ and has the potential to detect multiple analytes within the one sample.

The multiplexing capability, i.e. the ability to detect multiple analytes simultaneously, of
SERRS is a result of the molecularly specific fingerprint spectra that are obtained. Faulds et

al. demonstrated the simultaneous detection of five fluorescently labelled DNA
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sequences.'® Five dye labelled DNA sequences were present in the one sample mixture,

and by using two different excitation wavelengths all five were quantitatively detected with
no need for further chemometric analysis. Two dyes, FAM and R6G were in resonance at
514.5 nm and the other three dyes, BODIPY-TRX, ROX and Cy5.5 were detected using a
laser excitation of 633 nm (Figure 1.25). Even though the five fluorescent dyes were in a

mixture, there was no decrease in sensitivity compared to when they were analysed

individually.
a) ¥ By b)
v ML VWL RéG R6G
FAM t FAM
Intensity ROX Intensity ROX
_Cy5.5 DAY U M eyss
Bodipy | Bodipy
600 1000 1400 1800 600 1000 1400 1800

Raman Shift / cm™ Raman Shift / em™

Figure 1.25 The individual SERRS spectra of each dye-labelled oligonucleotide at a) 514.5 nm and b)
632.8 nm.'”

The multiplex was then further developed for the detection of six dye labelled DNA
sequences, however only one excitation wavelength was used combined with multivariate
analysis."™® By using the entire multiplex SERS spectrum and the method of partial least
squared analysis involving every combination of the six labelled sequences, each dye
labelled sequence was detected and quantified successfully with high levels of sensitivity
and selectivity. Based on the advances of SERRS as an analytical technique, Zhong et al.
used Bayesian methods, on the same data set used by Faulds et al., to detect the specific

127 The robust method that was

sequences of disease DNA in multiplex SERRS spectra.
developed demonstrated how valuable SERRS has become as an analytical detection

method for diagnostic applications.
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1.4.5.3 SERS DNA Detection Assays

SERS has been shown to be an appealing alternative to the conventional fluorescence-
based methods for the detection of specific DNA sequences. SERS has been applied to the
discrimination between base mismatches. The denaturation of double stranded DNA
attached to a gold surface was monitored for the detection of wild type, single point
mutation (1653C/T) and the triple deletion (Delta F 508) in the CTFR gene, with low limits of

128 |abel free SERS detection of sequence mutations by

detection in the attomolar range.
monitoring the denaturation of DNA was also achieved using the CFTR gene, eliminating the
need for labelling DNA sequences prior to analysis."?® This concept was also applied to the
detection of short tandem repeats (STRs) that is required for genetic profiling in forensic
applications. SERS, combined with DNA melting, was used to discriminate between
different polymorphic repeat sequences of the STR locus D165539 in PCR products of
varying length (121-137 bp)."*° SERS-based DNA detection assays are discussed further in

Chapter 2, section 2.1.3.

1.5 Introductory Conclusions

There is a growing need for alternative detection methods that are highly specific and
sensitive in molecular diagnostics to enable faster diagnosis and more effective courses of
treatment. By using metallic nanoparticles and surface enhanced Raman scattering (SERS),
new detection methods have been developed for the simultaneous detection of DNA

sequences coding for particular diseases, reducing the time taken for positive diagnosis.
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1.6 Project Aims

The overall aim of this research was to develop alternative methods for DNA detection
using SERS, to be used in molecular diagnostics. There is a significant need for a fast and
reliable detection method for bacterial meningitis due to its rapid onset and high mortality
rates. Chapter 2 discusses the development of a SERS-based assay for the detection of
three pathogens simultaneously. The presence and the quantity of each pathogen impacts
the course of treatment advised for the patient. Using this technique, multiplexed analysis
was achieved and it was possible to quantify each pathogen in the multiplex mixture using
SERS for the first time. This will prove extremely useful in clinical diagnostics where

pathogen quantification is highly desirable.

Recently, there has been an increase in the development of multiplex assays for the
simultaneous detection of multiple analytes using fluorescently labelled DNA sequences for
SERS detection, however, there are major design considerations needed when employing
such assays. When designing SERS multiplex assays, it is essential to determine that all
sequences and labels interact with the metal surface and each other in the same way to
produce a consistent SERS response. In order to further understand the interactions
between fluorescent dyes, DNA and spermine, fluorescence and SERS studies were used to
further investigate these interactions. Chapters 3 and 4 discuss the investigative studies
performed to gain a better insight into all possible interactions that can occur in a SERS

multiplex mixture, allowing for more informed development of multiplex SERS assays.

G-quadruplex DNA has been reported to be an ideal target for cancer therapeutics and
therefore detecting the formation of these structures would be extremely useful. Chapter 5
involves the use of SERS to analyse these structures formed after interactions with three
specific G-quadruplex stabilising ligands. The aim of this project was to design and develop
a method that would readily detect these structures in a selective manner without using

any additional labelling agents.
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2. Simultaneous Detection and
Quantification of Three Bacterial Meningitis
Pathogens by SERS

2.1 Introduction

Bacterial meningitis is well known for its rapid onset and high mortality rates, therefore
there is a significant need for fast and reliable methods of detection and identification of
the specific bacteria present to ensure the most effective method of treatment is
administered.” > A new SERS-based assay for the simultaneous detection and quantification
of three bacterial meningitis pathogens was developed. This involved a combination of the
enzyme lambda exonuclease (A-exonuclease), surface enhanced Raman scattering (SERS)
and chemometric analysis.> The three pathogens that were successfully detected
simultaneously and quantitatively were, Neisseria meningitidis, Streptococcus pneumoniae

and Haemophilus influenzae.*

2.1.1 Bacterial Meningitis
Meningitis is an inflammation of the lining around the brain and spinal cord. Most cases of

meningitis are caused by viruses such as herpes, mumps or measles.” > °

Unfortunately
there are no effective therapies for most viruses that cause meningitis; therefore treatment
is aimed at limiting the effects of the symptoms. Meningitis and septicaemia caused by
bacteria are usually more serious compared to viral meningitis and require urgent medical
attention with appropriate antibiotic therapy. Meningococcal bacteria (Neisseria
meningitidis) causes meningitis and septicaemia and affects around 3,400 people each year
in the UK and Ireland according to an investigation by the Meningitis Research Foundation.’
Hib meningitis is caused by the bacterium Haemophilus influenzae type b. Vaccinations that
are administered to infants at the age of two, four and six months have now become

available to prevent this form of bacterial meningitis, however prior to this it was the main

cause of meningitis in children under the age of 4 in the UK.” However, a lot of cases of
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bacterial meningitis are in infants that are too young to receive the vaccination.?
Pneumococcal bacteria (Streptococcus pneumoniae) are the second biggest cause of
bacterial meningitis in the UK and Ireland. It is caused when these bacteria enter the
bloodstream and move into the cerebral spinal fluid (CSF). The bacteria multiply in the CSF
and releases toxins which result in inflammation of the brain. If the inflammation of the
brain cannot successfully be stopped either by using antibiotics or other treatments, the
infection can be fatal. Unfortunately, it can be difficult to diagnose pneumococcal
meningitis at the early stages as there are no obvious symptoms. Therefore, upon patient
arrival, antibiotics are administered immediately then CSF samples are taken. Results
obtained from the culture of the bacteria in the CSF samples can be obscured by the
presence of these antibiotics. Diagnosis of the cause of the meningitis is imperative for
determining the most effective course of treatment. The assay developed here
demonstrated high specificity for the pathogens present, significantly reduced analysis time

and the results would not be affected by the presence of antibiotics.

2.1.2 Lambda Exonuclease

Lambda exonuclease (A-exonuclease) is a highly processive enzyme that digests one strand
of double stranded DNA in the 5 to 3’ direction.®'’ The enzyme originates from the
bacteriophage lambda and is used in genetic recombination, where the single stranded
DNA produced from digestion acts as a substrate during the process of enzyme pairing
which then facilitates DNA recombination.” For A-exonuclease to initiate digestion of
double stranded DNA, a 5’ phosphate group, the enzyme recognition group, is required on
the DNA strand which will be the strand the enzyme digests. Studies have shown that the

absence of a 5’ phosphate significantly reduced the activity of the enzyme.®

Figure 2.1 (a) Toroidal structure of A-exonuclease showing the three protein subunits and the central channel.
(b) Theoretical model of A-exonuclease complexed with double stranded DNA, where the substrate has been

partially digested.8
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A-Exonuclease has a toroidal structure consisting of three protein subunits.”> A channel
passes through the enzyme that decreases in size from 30 A to 15 A, allowing double
stranded DNA to enter the wider end of the channel, and the digestion products (5’
mononucleotides and single stranded DNA) to exit the smaller end of the channel (Figure
2.1).2 Zhang et al further investigated the structure and processive activity of the
enzyme.™ They proposed an electrostatic ratchet mechanism where the double stranded
DNA substrate is captured in the central channel but not bound to the active site (Figure
2.2). The 5’ phosphate is then attracted to a positively charged pocket (Mg**) where the
DNA becomes wedged and the two strands start to unwind. Once the DNA is aligned
correctly in the channel/wedge and the Mg” ions are attached to the duplex, the
phosphodiester bond is cleaved yielding 5" mononucleotides and releasing the Mg”" ions
that leave through the narrow end of the channel. This then leaves the active site vacant
and a newly formed 5’ phosphate on the DNA strand, therefore allowing the process to
continue until all the phosphodiester bonds are cleaved in the DNA strand. Theoretically,
the DNA strand could move backwards, however due to the strong attraction between the
5’ phosphate and the positively charged pocket in the active site the DNA is restricted from
moving backwards.* The favoured substrate for A-exonuclease activity has been shown to

be double stranded DNA.™
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Figure 2.2 Schematic illustrating the mechanism of A-exonuclease. Step 1, DNA substrate captured in the
central channel of the enzyme, where the 5’ phosphate is attracted to the positively charged pocket that
contains Mg2+ ions. DNA substrate now becomes wedged into the positively charged pocket where the two
strands unwind, step 2, then the phosphodiester bond is cleaved, step 3. The 5’ mononucleotides are expelled
from the channel, step 4, leaving the active site vacant for successive cycles of DNA unwinding and bond

breaking, step 5.1
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2.1.3 SERS-Based Assays for DNA Detection
In recent years, there has been a heavy focus on the development of assays using surface
enhanced Raman scattering (SERS) for the detection of specific DNA sequences. SERS of the

1, however this does not give any information

nucleobases has been reported by Bell et a
on the sequence present that is required for disease DNA detection. Therefore,
oligonucleotides were designed to incorporate fluorophores that would generate a unique
SERS response. In diagnostics, it is not the target disease sequence that is modified with the
fluorophore; it is the complementary probe sequence that will possess the fluorophore.
Detection of the fluorophore attached to the complementary probe sequence is indicative

of the presence of the target sequence through the Watson-Crick base pairing between the

two sequences.

SERS was used for the detection of duplex DNA using HEX and R6G to discriminate between
the two oligonucleotides based on the SERS signals from the two fluorophores present.*®
Graham et al first reported SERS multiplexing for DNA genotyping using a combination of
amplification refractory mutation system (ARMS) and SERS for the detection of the three
different formats of the cystic fibrosis transmembrane conductance regulator (CFTCR)
gene.” The multiplexing capability of SERS was used to detect DNA sequences coding for
MRSA in a homogeneous assay format.'® The assay was based on the different affinity that
double and single stranded DNA has for the metal surface. When single stranded
fluorophore labelled DNA was used, strong SERS intensity was observed, however when
double stranded fluorophore labelled DNA was used, low SERS intensity was observed, i.e.
the presence of target DNA resulted in a reduction of SERS intensity. This assay was used to
the multiplex detection of three genes associated with MRSA using three fluorophores;
FAM, HEX and TAMRA. This proved successful using both synthetic DNA and PCR product.™®

|II

Vo-Dinh et al developed a “molecular sentinel” approach to the multiplexed detection of
DNA using SERS.” The molecular sentinel contained a loop DNA sequences with a
complementary region to a specific target sequence and the self-complementary stem
sequences that hold the sentinel closed in a hairpin loop formation. One of the stem
sequences was modified with a thiol group to allow for attachment to the metal surface

and the other stem sequence possessed a fluorophore. When the sentinel was closed, the

fluorophore was close to the nanoparticle surface therefore intense SERS signals were
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observed, however in the presence of target DNA the sentinel opens, the fluorophore then
become further away from the nanoparticle surface resulting in a reduction in the SERS
signals.” The molecular sentinels were used for the multiplex detection of two genes that
were biomarkers for breast cancer. Two sentinels were used, one modified with TAMRA,
the other with Cy3 and SERS peaks for both fluorophores were used to detect the two

breast cancer biomarkers.*

Due to the successful application of SERS for the multiplex detection of DNA, it was the
chosen technique for the simultaneous detection of the three bacterial meningitis
pathogens as other fluorescent based technique do not offer the same extent of

multiplexing capabilities.”” *!

The aim of this work is to simultaneously detect three
bacterial meningitis pathogens faster than culture and fluorescence based methods,

therefore SERS was used.

2.2 Aims

Due to the significant need for reliable detection methods for bacterial meningitis in a
much shorter time frame to improve the chances of patient survival, a SERS-based assay
has been developed to fulfil this requirement. This was used to simultaneously detect three
bacterial meningitis pathogens, Neisseria meningitidis, Streptococcus pneumoniae and
Haemophilus influenzae. Most importantly, by using chemometric analysis, each pathogen
within the multiplex mixture was able to be quantified for the first time, which has
previously not been done using SERS and is also difficult to achieve in a biological sample

mixture.

2.2.1 Exo-SERS Detection Assay

The assay developed for the detection of the bacterial meningitis pathogens was previously
optimised for the detection of Chlamydia trachomatis and consisted of several steps.? First,
the synthetic pathogen sequence underwent a sandwich hybridisation event with two
complementary sequences, one modified with biotin (capture probe) and the other
possessed a 5’ phosphate to initiate A-exonuclease digestion and a fluorescent label to aide

SERS detection (reporter probe), Figure 2.3(i). Streptavidin coated magnetic beads were
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then added which retained the newly formed duplex and allowed subsequent wash steps,
increasing the specificity of the assay by removing any unbound/excess DNA (Figure 2.3ii
and iii). A-Exonuclease was added and digestion of the 5’ phosphate and fluorescent label
modified reporter probe took place (Figure 2.3iv). This liberated the dye from the duplex
that was previously attached to the streptavidin coated magnetic bead. The products of
digestion were then added to a mixture of citrate reduced silver nanoparticles and
spermine hydrochloride; this was then followed by SERS analysis which generated the SERS
spectra of the fluorescent label present on the reporter probe (Figure 2.3v and vi). Citrate
reduced silver nanoparticles possess a negative surface, therefore spermine hydrochloride
was added to reduce this negative charge to enable the negative phosphate backbone of
the DNA to come into close proximity of the nanoparticle surface allowing SERS

enhancement to occur.

(a)

(b) el L} Na,0,P 4 »
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Figure 2.3 Schematic of the SERS detection assay illustrating each step involved. Two chemically modified
DNA sequences (b and c) hybridise to a single target DNA sequence (a) in a process known as sandwich
hybridisation (i), using 0.3 M PBS at 90 °C for 10 min then 10 °C for 10 min. Streptavidin coated magnetic
beads (d) are then added to the reaction mixture (ii) and the newly formed duplex is retained on the beads
due to the biotin modification. Subsequent washing steps (iii) take place to remove any excess/unhybridised
DNA from the reaction mixture and the beads are resuspended in 30 pL of Exonuclease Buffer (New England
Biolabs, Herts, UK). A-Exonuclease (e) is then added to the reaction mixture for double stranded digestion to
occur (iv) for 90 min at 37 °C. The digestion products are then added to a solution containing silver
nanoparticles (150 uL) and spermine hydrochloride (20 uL, 0.3 M) (v) and SERS analysis is carried out (vi) using

a Raman excitation wavelength of 532 nm and a diode laser.
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2.2.2 Selected Fluorescent Dyes

Three fluorescent dyes were required, one for each of the three reporter probes
corresponding the bacterial meningitis pathogens under analysis. The three dyes chosen
were FAM, TAMRA and Cy3, which each produce unique SERS spectra. Figure 2.4 shows the
spectra and structures of the three dyes used to label the reporter probes. Table 2.1 lists

the Raman peak assignments for each dye.
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Figure 2.4 SERS spectra and structures of the three fluorescent dyes used; (a) FAM, (b) TAMRA and (c) Cy3.

Table 2.1 Raman peak assignments for the three fluorescent dyes. Red numbering corresponds to the
highlighted peaks shown in the spectra in Figure 2.4.

Fluorescent Dye Raman Shift (cm-l) Assignment
FAM (1) 646 Carboxylic acid, in plane vibration

(2) 1172 C-0O-C symmetrical stretch

(3) 1503 Central ring breathing

(4) 1547 -C=C- stretch

(5) 1635 C=0/C=C symmetrical stretch
TAMRA (1) 1140 C-0O-C symmetric stretch

(2) 1220 =C-H in plane vibration

(3) 1357 =C-N amine stretch

(4) 1422-1452 CH3 asymmetric vibration

(5) 1509-1570 -C=C- aromatic vibrations
Cy3 (1) 799 C-C aliphatic chains

(2) 1022 -C=C- stretch

(3) 1271, 1394 -C-N- stretch

(4) 1469 Indole ring vibrations

(5) 1590 -C=N- stretch

46



2.3 Experimental

2.3.1 Colloid Synthesis

Silver nanoparticles were synthesised using a modified Lee and Meisel method.”® Silver
nitrate (90 mg) was dissolved in 500 mL distilled water. The solution was heated rapidly to
boiling with continuous stirring. Once boiling, an aqueous solution of sodium citrate
(1%, 10 mL) was added quickly. The heat was reduced and the solution was left to boil
gently for 90 min with stirring. The colloid was then analysed by UV-vis spectroscopy and
the Anax Was found to be 411 nm with the full width half-height (FWHH) measured to be
103 nm. The concentration of the colloid was calculated to be 0.3 nM. To minimise issues
that arise from batch to batch variation, experiments were performed using the same batch

of colloid.

2.3.2 Oligonucleotides

The three target pathogen sequences were those used by Guiver et al. for their
simultaneous detection using real-time PCR.* Biotinylated DNA and unmodified target DNA
sequences were purchased on a 0.01 uM scale with HPLC purification from Eurofins MWG
(Ebersberg, Germany). 5’ phosphate/Dye modified DNA sequences were ordered on a

0.1 uM scale with HPLC purification from Integrated DNA Technologies (Leuven, Belgium).

Table 2.2 Oligonucleotide sequences and modifications used in the SERS detection assay

Name Sequence (5’-3’) 5’ Modifications 3’ Modifications

Streptococcus pneumoniae TTCGAGTGTTGCTTATGGGCGCCA - -

Streptococcus pneumoniae GCAACACTCGAA - Biotin
“Capture Probe”
Streptococcus pneumoniae TGGCGCCCATAA Phosphate Spacer18-10A-TAMRA
“Reporter Probe”
Haemophilus influenzae CCACGCTCATTCGTTTGATGAGTGGT - -
G
Haemophilus influenzae AACGAATGAGCGTGG - Biotin
“Capture Probe”
Haemophilus influenzae CACCACTCATCA Phosphate Spacer18-10A-Cy3
“Reporter Probe”
Neisseria meningitidis ATGTGCAGCTGACACGTGGCAATG - -
Neisseria meningitidis TCAGCTGCACAT - Biotin
“Capture Probe”
Neisseria meningitidis CATTGCCACGTG Phosphate Spacer18-10A-FAM

“Reporter Probe”
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2.3.3 Buffer

Exonuclease buffer was supplied by New England Biolabs (Cambridge, UK) consisting of;
67 mM glycine-KOH, 2.5 mM MgCl, and 50 pg/mL bovine serum albumin (BSA). The pH of
the buffer was 9.4. Exonuclease buffer was supplied at 10x concentration and was diluted

to 1x concentration when used in the assay.

2.3.4PCR

PCR was carried out using a Stratagene MX3005P fluorimeter and the commercially
available Qiagen PCR reagents. Each reaction had a total volume of 25 puL; 2.5 plL of Qiagen
reaction buffer (10x), 1puL of MgCl, solution (25 mM), 0.4 uL of deoxynucleoside
triphosphates (10 mM), 1 uL of forward primer (10 uM), 1 uL of reverse primer (10 uM),
0.5 uL of Taq Polymerase (5 U), 1 pL of template DNA (approx. 5x10° copies/uL) and made
up to the total volume (25 pL) with DEPC treated water. PCR was then carried out using the
following thermal profile: 10 min at 95 °C, followed by 45 cycles of 95 °C for 30 s, 58 °C for

1 min then 72 °C for 1 min and a final extension for 1 min at 72 °C.

2.3.5 Gel Electrophoresis

PCR products of each of the three pathogens were run on a 3.5 % w/v agarose gel (3.5 g of
agarose in 100 mL TBE Buffer) that was stained with ethidium bromide (2 yL, 10 mM). The
gel was poured into a mould and allowed to set. Once the gel was hardened, it was placed
within an insulated chamber and filled with 1 x TBE Buffer until the gel was covered. To
each well, 15 pL of PCR product premixed with blue loading buffer (5 uL, Bioline). The gel

was run for 90 minutes at 160 V.

2.3.6 Detection Assay

A biotinylated modified sequence and a 5 phosphate/fluorophore modified sequence
underwent a sandwich hybridisation event with one complementary (target) sequence
using a Minicycler PTC-150 system. An aliquot of each DNA sequence (10 pL, 1 uM) was
added to a PCR tube containing phosphate buffered solution (70 uL, 0.3 M). The

temperature was held at 90 °C for 10 min, and then was lowered to 10 °C for 10 min. For

48



the no target control, the target DNA sequence was omitted and replaced with distilled
water, and the non-complementary control used a sequence that was not complementary
to either of the modified probes in place of the target sequence. Once the sequences were
hybridised, 15 puL of Streptavidin coated magnetic beads were added to the PCR tubes and
left at room temperature for 30 min. Three washing steps were carried out using phosphate
buffered solution (70 yL, 0.3 M). The beads were then resuspended in exonuclease buffer
(30 pL, 1x) and lambda exonuclease was added (2 uL, 1 U) for digestion to occur for 90 min

at 37 °C. SERS analysis was performed post-digestion.

2.3.7 SERS Analysis

For the limit of detection studies and multiplex assay experiments, SERS was carried out
using an Avalon Instrument Ramanstation R3 (Belfast, UK), with an excitation wavelength of
532 nm from a diode laser. Disposable 1.5 mL PMMA semi-micro cuvettes were used. To
the cuvette, 30 L of A-exonuclease digestion products was added to spermine
hydrochloride (20 pL, 0.1 M), distilled water (250 ulL) and silver citrate colloid (150 uL). The
sample was then mixed thoroughly and immediately analysed by SERS. The spectra were
baseline corrected using Grams software. When carrying out limit of detection studies, 5
scans of 5 replicate samples at each concentration were analysed. The equation of the line
obtained from the dilution studies was used to calculate the limits of detection. The limit of
detection was calculated to be 3 times the standard deviation of the blank, divided by the
gradient of the straight line. For the chemometric studies, SERS analysis was performed
using an Avalon Plate Reader, with an excitation wavelength of 532 nm. A 96 well plate was
placed onto a stage and the instrument’s software was used to automatically move the
stage so that spectra can be recorded from each well. The accumulation time was 0.01 s
and each well was scanned 5 times. A single well can hold 300 pL. Each well contained
30 uL of dye mixture (or post-assay mixture when testing the model), spermine
tetrahydrochloride (0.1 M, 20 pL), distilled water (100 uL) and silver citrate colloid (150 pL).
To train the PLS prediction model a suitable and reduced number of base line experiments
(66 in total) were designed to be performed in the lab. The design of such experiments was
based on the theory of Design of Experiments as previously described by Mabbott et al.**
Five scans of five replicates of each of the 66 different dye ratios were analysed and the

spectra were averaged prior to model construction. Following this additional samples were
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generated to test the model and included: (i) additional dye combinations and (ii) samples
after having gone through the complete SERS assay; the latter were included as these are

the closest to the clinical scenario.

2.3.8 Chemometrics

Chemometric analysis was performed by Dr. Elon Correa and Prof. Roy Goodacre at the
University of Manchester. Data were baseline corrected using the asymmetrical least
squared smoothing method.” Principal component analysis (PCA) was performed to assess
the reproducibility of the data set using Matlab software version R2012a (The MathWorks,
Natick, MA, USA). PCA reduces the dimensionality of the SERS data, making it easier to

%627 pCA was carried out on four different data sets,

identify any variations in the spectra.
three consisting of spectra obtained from single pathogen detection experiments and one
data set obtained for the multiplex detection of the three pathogens. For quantification of
the three pathogens in tertiary mixtures the supervised learning method of partial least
squares (PLS) regression was employed. PLS is a multivariate calibration method that
relates a set of independent variables X (Raman intensities) to a set of dependent variables
Y (dye-labelled oligonucleotide concentrations). PLS projects the X and Y variables into sets
of orthogonal latent variables, scores of X and scores of Y, so that the covariance between
these two sets of latent variables is maximised.”® The purpose of PLS is to build a linear
model Y = XB + E, where B is a matrix of regression coefficients and E represents the
difference (error) between observed and predicted Y values.”® After calibration of the PLS
models, validation data (new Raman spectra) not used in model building were used to
challenge PLS. These included additional dye-labelled oligonucleotide combinations as well
as samples that had gone through the whole SERS assay. If these predictions were correct
then this would show that our approach could successfully and simultaneously quantify the
three pathogens of bacterial meningitis. The PLS algorithm was run in Matlab version

R2012a.
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2.4 Results and Discussion

The three bacterial meningitis pathogens, Neisseria meningitidis, Streptococcus
pneumoniae and Haemophilus influenzae are the most common causes of acute bacterial
meningitis, which is very serious and often fatal infection of the central nervous system.*®
Current methods used for the detection of bacterial meningitis include the culture of the
bacteria present in the CSF sample. This method can take up to 36 hours to provide a
confirmative results and it has also been reported that the administration of antibiotics
prior to sample collection hampers the ability of making a positive identification of the

32, 33

bacteria present. More importantly, there has been an increase in discrepancies

between the number of suspected and confirmed cases of bacterial meningitis when using

culture based methods.** **

A solution to this problem was to use non-culture based
methods such as PCR, and this is now being used extensively for the detection of bacterial
meningitis pathogens. PCR involves the amplification of pathogen DNA sequences and
provides a universal detection technique for bacteria.>® However, the disadvantage to using
this method is the risk of obtaining false positive results due to the presence of residual
bacterial DNA during amplification. The most effective course of treatment for a patient is
determined by the positive identification of the bacteria present, therefore a detection

method must be developed that can produce reliable confirmative results for bacteria

identification to ensure that the best treatment plan had been used for the patient.

As mentioned in section 2.2.1, the assay used for the detection of the three bacterial
meningitis pathogens involved several steps. Although PCR product was used in the assay
as a way of showing the assay would work using complex samples, by using the enzyme A-
exonuclease the assay would then utilise signal amplification generated by enzyme activity
rather than the conventional DNA amplification methods. Firstly, sandwich hybridisation
between the target pathogen sequence and the capture and reporter probes takes place
followed by the addition of streptavidin coated magnetic beads and subsequent wash steps
to remove any unhybridised/excess DNA. A-exonuclease is added to allow for the digestion
of the reporter probe so that the fluorescent label is released from the bead and can be
added to a solution of citrate reduced silver nanoparticles and spermine for SERS analysis.
The assay demonstrates a high degree of specificity due to the amount of specific events

that occur only if the target pathogen is present, i.e. sandwich hybridisation and enzyme
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digestion. Whereas, compared to PCR-based methods, these are prone to contamination
and non-specific amplification due to the presence of residual DNA. This assay had been
optimised for the detection of Chlamydia trachomatis, however, the aim of this work was
to use this assay to simultaneously detect multiple pathogens which had not been done
previously. Furthermore, quantification of each pathogen was to be performed using

chemometric analysis.

2.4.1 Oligonucleotide Design

To detect each pathogen individually using this assay, three different DNA sequences were
required (Table 2.2). For initial studies, synthetic DNA sequences coding for each pathogen
were used as the target sequences. Each synthetic pathogen sequence had two
complementary synthetic probe sequences, each complementary of half of the target
sequence (Table 2.2). One probe sequence was modified at the 3’ end with a biotin and was
referred to as the capture probe. The other sequence, referred to as the reporter probe was
complementary to the other half of the target and was modified with a 5 phosphate to
enable A-exonuclease digestion. At the 3’ end there was a spacer-18 group which was an
18-atom hexa-ethylene glycol spacer that was used to stop digestion resulting in a
sequence of 10 adenine bases and the fluorescent dye on the 3’ end being released that
would then be free for SERS detection. The 10 adenine bases remained attached to the

Ill

fluorescent dye post-digestion and previous studies have shown that this adenine “tai
enhances the SERS signal compared to free dye that does not possess a DNA “tail”. ** %’
Figure 2.5a shows the low peak intensities in the SERS spectra that would be obtained if
there was only the free dye, i.e. no 10 adenine base “tail”. However, when the dye is
attached to the DNA “tail”, greater SERS intensity is obtained of the dye peaks, in this case
the dye was TAMRA (Figure 2.5b). For each of the three pathogens a different fluorescent
dye was used to label each target specific reporter probes: when detecting Streptococcus
pneumoniae the fluorescent dye TAMRA was present on the reporter probe, for the
detection of Neisseria meningitidis FAM was the fluorescent dye monitored and finally for

the detection of Haemophilus influenzae Cy3 was the chosen dye.
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Figure 2.5 (a) SERS spectra obtained after performing the assay when it is only TAMRA dye released post-
digestion. (b) SERS spectra obtained when spacer-18 is present in the reporter probe sequence so that post-
digestion a 10 adenine bases “tail” remains attached to the fluorescent label, TAMRA, meaning when it is

added to the nanoparticle-spermine mixture greater SERS enhancement is observed.

2.4.2 Single Pathogen Detection

Single pathogen detection was performed using synthetic target sequences (Table 2.2) then
using PCR product. In the first set of experiments, the synthetic target pathogen was added
to a solution containing both the capture and reporter complementary probes.
Hybridisation of the complementary probes and target pathogen then took place, followed
by the addition of streptavidin coated magnetic beads and subsequent wash steps. The
fluorescent dye was then released from the duplex by A-exonuclease digestion and was
added to a mixture of silver citrate nanoparticles and spermine. SERS analysis was then
performed and the unique spectrum of the particular dye present was obtained. Along with
the detection of the target sequence, two control experiments were undertaken each time
the assay was performed, no target and non-complementary. The non-complementary
control was different for each pathogen detection assay. When detecting Streptococcus
pneumoniae pathogen, the synthetic sequence for Neisseria meningitidis was present and

used as the non-complementary control. The Haemophilus influenzae sequence was the
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control when detecting Neisseria meningitidis and for the detection of Haemophilus
influenzae, the synthetic sequence coding for Streptococcus pneumoniae was the non-
complementary control. No SERS peaks from the fluorescent dye labels should have been
observed in either control as the synthetic target pathogen sequence is not present in the
assay and therefore the reporter probe will be removed during the wash steps that were

performed prior to A-exonuclease digestion.

The synthetic sequence coding for Streptococcus pneumoniae was successfully detected
using the Exo-SERS assay. This was carried out by monitoring the characteristic TAMRA
peaks in the SERS spectrum (Figure 2.6a), as this was the dye modification on the reporter
probe complementary to the Streptococcus pneumoniae sequence. A prominent peak was
observed at around 1650 cm™ that was present due to the C=C bonds in the dye structure
and the peaks observed around 1500-1560 cm™ represented the aromatic ring vibrations.*
All peaks observed in the spectrum were attributed to the structure of TAMRA. As
predicted, the no target and non-complementary controls showed no SERS signal since the
target pathogen sequence had been omitted from the assay, therefore a fully formed
duplex was not obtained, i.e. the reporter probe was not present to facilitate SERS
detection (Figure 2.6b). Neisseria meningitidis was detected successfully, using the
respective synthetic target DNA sequence, by monitoring the characteristic FAM peaks in
the SERS spectrum as this was the dye present on the reporter probe complementary to
Neisseria meningitidis (Figure 2.6c). The peak at 1625 cm™ was a result of the C=C
vibrations, and similar to the SERS spectrum of TAMRA, peaks within the range 1400-
1500 cm™ represented CH, and CHj; vibrations.*® Peaks between 1500 and 1600 cm™ were
from the aromatic rings in the FAM structure. Again the no target and non-complementary
controls did not produce any SERS peaks as expected since the pathogen sequence was not
present in the assay and further analysis at 648 cm™ demonstrated that both controls
showed no SERS intensity at this specific characteristic FAM peak (Figure 2.6d). Finally, the
synthetic target sequence of Haemophilus influenzae was also detected successfully using
the novel SERS assay by monitoring the characteristic SERS peaks of the dye Cy3, which was
chemically attached to the reporter probe (Figure 2.6e). Aromatic vibrations were observed
between 1500 and 1600 cm™. The intense peak observed at 1200 cm™ was due to the

aliphatic chain in the dye structure.®® The non-complementary control gave no SERS peaks
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as expected as the synthetic target pathogen sequence was excluded from the assay. This
was reaffirmed upon further analysis of the peak at 1586 cm™. However, upon analysis for
the no target control, there was a small amount of SERS intensity observed. This can be
attributed by the presence of a larger background in the SERS spectrum for this control
compared to the non-complimentary control and as it was the absolute intensity values
used to calculate the peak intensities, negligible SERS intensity could be observed (Figure

2.6f).
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Figure 2.6 SERS spectra obtained from single pathogen detection using the SERS assay: (a) SERS spectra of
TAMRA observed when detecting S. pneumoniae; (b) SERS peak intensities at 1650 cm™ for assay and both
controls when detecting S. pneumoniae; (c) SERS spectra of FAM observed when detecting N. meningitidis; (d)
SERS peak intensities at 646 em™ for assay and both controls when detecting N. meningitidis; (e) SERS spectra
of Cy3 observed when detecting H. influenzae; (f) SERS peak intensities at 1586 em™ for assay and both
controls when detecting H. influenza. SERS spectra were recorded using an excitation wavelength of 532 nm.
Peak intensities were obtained by scanning 5 replicate samples 3 times with an accumulation time of 1s.

Averages are shown and error bars are * one standard deviation.
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In summary, when synthetic target pathogen DNA was omitted from the assay or a non-
complementary sequence was present, no SERS signals were obtained, therefore

demonstrating the excellent robustness and specificity of this assay for diagnostic purposes.

2.4.3 Determining Target Limits of Detection

With the knowledge that each pathogen could be successfully detected due to the
significant SERS enhancement observed when target pathogen DNA was present in the
assay, a dilution series was carried out to determine the lowest concentration of synthetic
target pathogen DNA that could be detected using the assay. An initial concentration range
of 6x10° M to 1x10™° M of synthetic target pathogen DNA was added to 1 uM capture and
reporter probes and each step of the SERS assay was performed. The limits of detection
were calculated using the equation of the line obtained from the dilution studies and
calculating the limit of detection to be 3 times the standard deviation of the blank, divided
by the gradient of the straight line (Figure 2.7). The data was normalised using the intensity
of the cyclohexane standard measured on the day of analysis. When this SERS assay was
previously applied to the detection of Chlamydia trachomatis the lowest amount of target
DNA was determined to be 77 pM.* The calculated limits of detection when using the assay
to detect the three pathogens Neisseria meningitidis, Streptococcus pneumoniae and
Haemophilus influenzae were 45.3 pM, 99.5 pM and 21.7 pM, respectively.® Each limit of
detection study of the three pathogens produced linear calibration plots. This is a great
result considering the number of steps that need to be carried out (hybridisation, washings,
digestion) before the SERS spectra are recorded, emphasising how each event within the
assay is highly efficient. The limits of detection obtained for the detection of the three
bacterial meningitis pathogens were in the same range to that obtained from the previous
study, which indicates the high level of robustness this assay possesses as it can be applied
to various different classes of diseases and still have the same levels of sensitivity. More
importantly, detection limits in the pico-molar range are highly desirable in clinical
diagnostics where the concentrations of disease DNA under analysis are very low and
currently very difficult to detect using fluorescence, as it has been previously reported that
the limits of detection obtained using SERS are significantly lower to that obtained when

using fluorescence.*
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Figure 2.7 The assay was performed for each pathogen using the specified concentration range. The
calibration curves of normalised SERS peak heights for each pathogen are shown: (a) 1650 em™ peak height
used to calculate the limit of detection for S. pneumoniae; (b) 646 cm’ peak height used to calculate the limit
of detection for N. meningitidis; (c) 1586 cm’ peak height used to calculate the limit of detection for H.
influenzae. Table (d) summarises calculated limits of detection. SERS spectra were recorded using an Avalon
Instrument Ramanstation R3, with an excitation wavelength of 532 nm and a diode laser power of 100 mW.
Each point represents the average of 5 replicates of each concentration. Error bars are + one standard

deviation.

2.4.4 Pathogen DNA Amplification

The successful results obtained so far used short synthetic exact complement DNA
sequences that code for each of the three pathogens. However, this assay has been
developed to be used in clinical diagnostics when the pathogen DNA under analysis has
been extracted from the bacteria DNA present in the CSF sample extracted from the
patient. To ensure that the assay would also produce successful results with clinical
samples, pathogen DNA was amplified from plasmid DNA using the polymerase chain
reaction (PCR) in order to obtain DNA samples that would be more representative of
extracted bacteria DNA from CSF samples as clinical samples were not available.
Commercial Qiagen PCR reagents were used to amplify the plasmid DNA of each of the

three pathogens. Primers were designed so that they hybridised to the specific region of
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interest in the plasmid DNA sequence. The first step of the PCR cycle involved the
denaturation of the double stranded plasmid DNA to produce two single strands of DNA
using the enzyme activity of Taq polymerase, dNTPs were added in the correct sequence
order to produce two newly formed duplex DNA sequences of the bacterial meningitis
pathogen under analysis. Successive cycles (40-55) of these steps resulted in a significant
increase in the amount of DNA, noted by the increase in the fluorescence emitted from

Sybr Green in the amplification plot (Figure 2.8a-c).
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Figure 2.8 Results obtained from PCR performed to obtain amplified DNA product for each pathogen. (a)
Amplification plot of the PCR reaction using Neisseria meningitidis plasmid DNA (black) and using a control
where the plasmid DNA was omitted from the PCR (red). (b) Amplification plot of the PCR reaction using
Streptococcus pneumoniae plasmid DNA (black) and using a control where the plasmid DNA was omitted
from the PCR (red). (c) Amplification plot of the PCR reaction using Haemophilus influenzae plasmid DNA
(black) and using a control where the plasmid DNA was omitted from the PCR (red). (d) Gel electrophoresis
used to size the PCR product obtained from each of the three amplifications. Ethidium bromide stained gel is
used to aid the visualisation of the DNA bands and compare them to the ladder standard to determine the
size of the PCR product. PCR was carried out using a Stratagene MX3005P with fluorescence detection and

commercially available Qiagen PCR reagents. Plasmid DNA was provided by Renishaw Diagnostics Limited.
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To ensure the correct size of PCR product was generated using the specific primers and the
optimal reagent concentrations, gel electrophoresis was performed (Figure 2.8d). A 3.5%
agarose gel was used that was stained with ethidium bromide (EtBr) to enable the
fluorescent identification of the DNA bands. Also used was the Bioline Hyper Ladder V that
sized PCR product ranging from 25 to 500 base pairs in length. Loading buffer was premixed
with the PCR product before it was added to the wells to facilitate monitoring of the DNA
bands while the gel was running. Once the bands were fully separated (90 minutes) the gel
was then placed in a BioDoc-It™ Imaging System fitted with a 2UV Transilluminator set at
365 nm. The DNA bands were successfully visualised on the agarose gel and product sizes
were estimated to be 80, 100 and 110 base pairs in length for Streptococcus pneumoniae,
Haemophilus influenzae and Neisseria meningitidis respectively. These were in good
agreement with the predicted product size using the specific primers. Once PCR product for
each of the three pathogens was obtained, it was used to investigate if the assay would

successfully detect the three pathogens simultaneously using clinically relevant samples.

2.4.5 PCR Product Used in Assay

The assay has previously been performed using short synthetic DNA sequences, the target
pathogen sequences were 24 base pairs long and the complementary probes were 12 base
pairs in length. PCR product is much longer than synthetic target sequences, the length of
PCR product of the three pathogens are stated in the above section (2.4.4). It was vital to
demonstrate that the assay would work using the same complementary probes but longer
target sequences, i.e. PCR product. The longer pathogen DNA will over hang the probe
sequences that in theory would raise issues for the assay to perform efficiently, in terms of
the sandwich hybridisation and enzyme digestion. The assay steps were carried as before;
however instead of adding synthetic pathogen DNA, pathogen PCR product was added to a
solution of the complementary capture and reporter probes. The hybridisation conditions

remained the same, as did the bead addition, washings and enzyme digestion.
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Figure 2.9 Stacked SERS spectra showing the spectra obtained when using PCR product of each pathogen in
the assay (red) and the spectra of each dye (black) for comparison. (a) Spectra of Haemophilus influenzae
PCR product present in the assay (red) and the spectrum of Cy 3 (black). (b) Spectra of Neisseria meningitidis
PCR product present in the assay (red) and the spectrum of FAM (black). (c) Spectra of Streptococcus
pneumoniae PCR product present in the assay (red) and the spectrum of TAMRA (black). SERS spectra were

recorded using an excitation wavelength of 532 nm with a 10 s (PCR product) or 1 s (dye) accumulation time.

Figure 2.9 shows the spectra obtained when using pathogen PCR product in the assay in
place of synthetic pathogen target DNA. For comparison, the individual dye spectra are also
shown. As can be seen, the spectra obtained from using PCR product in the assay is that of
the dye present on the reporter probe. This is a strong indication that the assay does work
efficiently when using PCR product, overcoming the issues of hybridisation and enzyme
digestion when using longer DNA target sequences. With the knowledge that the assay
successfully detects pathogen DNA in both synthetic and PCR product forms, it was now

important to determine if the assay could be used for multiplex detection.
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2.4.6 Multiplex Pathogen Detection

One of the main aims of this study was to develop a SERS-based assay for the simultaneous
detection of three bacterial meningitis pathogens. SERS has been applied to the detection
of multiple analytes successfully due to the molecular specific fingerprint spectra that are
produced. The three dyes used to detect the pathogens using SERS were FAM (Neisseria
meningitidis), TAMRA (Streptococcus pneumoniae) and Cy3 (Haemophilus influenzae). The
SERS spectra of FAM and TAMRA are similar which is due to the similarities in their
chemical structures (Figure 2.4). By contrast, Cy3 has a markedly different SERS spectrum
due to the difference in chemical structure compared to the other two dyes. FAM and
TAMRA are xanthene based dyes compared to Cy3, which is an indole based cyanine.
Despite the similarity in the SERS spectra of FAM and TAMRA, they can be used successfully
in a multiplex system along with Cy3. Multiplex studies were carried out using both

synthetic target pathogen DNA and with PCR product of each pathogen.
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Figure 2.10 Stacked spectra obtained from the simultaneous detection of all three bacterial meningitis
pathogens using synthetic target DNA. (a) Multiplex spectra, (b) SERS spectrum obtained when detecting
Streptococcus pneumoniae, (c) SERS spectrum obtained when detecting Neisseria meningitidis and (d) SERS
spectrum obtained when detecting Haemophilus influenzae. All synthetic target concentrations were 1 uM.
SERS spectra were recorded using an excitation wavelength of 532 nm with a 1 s accumulation time. The

green boxes show peaks that are unique to each SERS spectrum and hence each pathogen.
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Synthetic target DNA was used to prove the concept that the three dyes could be used to
differentiate between the three pathogens and that they could be detected simultaneously,
results are shown in Figure 2.10. Following this, PCR product was then used to establish
that the multiplexed assay could be used to analyse clinically relevant CSF samples. For this
assay to be considered clinically relevant, it must perform well and produce successful
results using pathogen PCR product. As before, with single pathogen detection, all the steps
of the assay were performed however in a multiplex scenario, where all three pathogen
PCR products and both the complementary probes for each pathogen were present in the

one reaction mixture, i.e. nine DNA sequences in total.
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Figure 2.11 Stacked spectra obtained from the simultaneous detection of all three bacterial meningitis
pathogens using PCR product. (a) Multiplex spectra, (b) SERS spectrum obtained when detecting
Streptococcus pneumoniae using PCR product concentration of 2.4x10° copies/uL, (c) SERS spectrum obtained
when detecting Neisseria meningitidis using PCR product concentration of 1.13x10° copies/uL and (d) SERS
spectrum obtained when detecting Haemophilus influenzae using PCR product concentration of
7.24x105copies/uL. SERS spectra were recorded using an excitation wavelength of 532 nm with a 10 s
accumulation time. The green boxes show peaks that are unique to each SERS spectrum and hence each

pathogen.

Figure 2.11a shows the SERS obtained when detecting all three pathogens simultaneously
in the multiplex scenario of the assay. At least one identifiable peak of each dye (Figure

2.11c-d) can be readily observed in the multiplex spectra, indicating that all three targets
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have been successfully detected simultaneously using the assay and their presence or

absence could be detected using these unique identifying peaks.

2.4.7 Specificity of the Multiplex Detection

When the assay is applied to the detection of one or more of the pathogens, all three
reporter probes and three capture probes will be present, regardless if the target pathogen
is present or absent. Therefore, it must be determined that the SERS spectra of the three
dyes will only be observed when the associated pathogen is present. The assay was carried
out to detect one or more of the pathogens in the presence of all complementary probes
by analysis of the SERS spectrum. This was done to ensure that no background signal was
obtained from non-complementary probes and that they were all removed through the

washing steps in the assay.
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Figure 2.12 Stacked SERS spectra of the different combinations of pathogens and their associated dyes. Each
set of spectra have the three dye spectra as references, the blue spectra is Cy3 (Haemophilus influenzae),
TAMRA (Streptococcus pneumoniae) is the red spectra and the black spectra is FAM (Neisseria meningitidis).
The pink spectra is the SERS spectra after carrying out each step of the assay which should only contain peaks
from the pathogen present. Single pathogens in the presence of all complementary probes were detected (a)
Haemophilus influenzae, (b) Neisseria meningitidis and (c) Streptococcus pneumoniae. Spectra were taken
when detecting two out of the three pathogens with all complementary probes present, (d) Haemophilus
influenzae and Neisseria meningitidis, (e) Haemophilus influenzae and Streptococcus pneumoniae and finally

(f) Neisseria meningitidis and Streptococcus pneumoniae.
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The assay was performed to detect only one of the three pathogens but in the presence of
all three reporter probes and all three capture probes. The SERS spectra of the dye
associated with the pathogen present should be the only spectrum observed after the assay
is performed due to the multiple washing steps performed that remove any excess or
uncomplimentary DNA, regardless of the presence of the other two dyes which should not
be seen as the respective target sequence is not present. Figure 2.12a-c are the results
obtained when detecting each pathogen individually in such a manner. When detecting
Haemophilus influenzae and Streptococcus pneumoniae individually, it is only the Cy3 or the
TAMRA SERS spectra that are observed even when all three dyes are present, showing that
the sequences used are highly specific towards the target pathogen and in clinical
diagnostics this is highly desirable as it would greatly reduce the risk of incorrect pathogen
identification. However, when detecting Neisseria meningitidis only (Figure 2.12b), peaks
from TAMRA and Cy3 were observed arguably at a much lower intensity than that of FAM.
To overcome this, the number of wash steps performed after bead addition in the assay
could be increased to ensure all non-complementary reporter probes are removed prior to
enzyme digestions. The results obtained when two target pathogens out of the three were
present are shown in Figure 2.12d-f. In each scenario, the unique indicative dye peaks
unique to the specific pathogen observed in the spectra are those of the two reporter
probes that are complementary to the two pathogens present, regardless of the third

reporter probe being present in the initial assay mixture.

2.4.7 Pathogen Quantification using Chemometrics

The multiplex spectra obtained are multivariate in nature therefore it is difficult to analyse
the spectra by eye alone, as can be seen in some of the results obtained in the previous
section, where identifiable dye peaks can overlap, for example, the TAMRA and FAM peaks
at 1635 cm™ and 1650 cm™. Furthermore, Cy3 peaks tend to be dominated by TAMRA and
FAM spectra therefore, to overcome this, multivariate analysis in the form of principal
component analysis and partial least squared regression was performed to generate
models to analyse the nature of the multiplex and to quantify the amount of each pathogen
present. This was done in collaboration with Prof. Roy Goodacre and Dr. Elon Correa at the

University of Manchester.
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2.4.7.1 Principle Component Analysis (PCA)

Principal component analysis (PCA) was performed on the multiplex spectra generated
from replicate SERS measurements containing equimolar concentrations of each dye
labelled oligonucleotide (1 uM), as well as the three separate dye-labelled oligonucleotides
(reporter probes) associated with each pathogen. The assay was performed to collect the
spectra required for each data set. PCA is an excellent approach to reduce the

dimensionality of the SERS data.?®
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Figure 2.13 (a) PCA scores plot showing the relationship between the multiplex spectra and each of the three
single pathogen spectra. 5 scans of each of the 5 replicates were recorded using an excitation wavelength of
532 nm. The loading plots of Principal Component 1 (b) and Principle Component 2 (c) are shown, with FAM,

Cy3 and TAMRA peaks highlighted in red, green and purple respectively.

The resulting principal component (PC) scores plot can be seen in Figure 2.13a. The strong
relationship the multiplex spectra (blue) has with each of the three pathogen spectra can
clearly be seen. The dye-labelled oligonucleotides SERS spectra form the corners of a
triangle with the multiplex spectra in between the three dye data sets, indicating the
multiplex has some characteristics of each pathogen. Five scans of five replicate samples
were collected for each of the four data sets (multiplex, FAM, TAMRA and Cy3) are shown
in the PCA plot. Each data set is tightly clustered which strongly indicates that this SERS
assay exhibits excellent reproducibility. The PC loading plots for both components are

shown in Figure 2.13 b and c. The loadings plot for the first principal component (Figure
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2.13b) represents the x-axis of the PCA score plot, with the peaks corresponding to FAM
and Cy3 being in the negative region and the TAMRA peak in the positive. The second
loadings plot (Figure 2.13c) represents the y-axis of the PCA scores plot that shows the
peaks of all three dyes are in the positive region, which is in good agreement with the
scores plot. From this PCA analysis, using the two principal components, 92.94 % of the

variance within the multiplex data can be explained.

It is noteworthy that the multiplex cluster contains a 1:1:1 mixture of all three reporter
probes and is positioned closest to the Neisseria meningitidis cluster (red), which suggests
the multiplex exhibits a stronger FAM signal compared to the other two dye-labelled
oligonucleotides due to the FAM spectra perhaps dominating over the other two dye as it
may have a greater surface affinity for the nanoparticle. Dye interactions on and off the
nanoparticle surface have been investigated in chapters 4 and 5. This means that a more
powerful supervised learning method will be needed to accurately quantify the three

pathogens in tertiary mixtures.

2.4.7.2 Further Chemometric Analysis for Quantification

Fluorophores are covalently attached to oligonucleotides to aid the detection of DNA
sequences. The simultaneous detection of multiple dye labelled oligonucleotides has been
successfully achieved using SERS, where 5 labelled oligonucleotides within the one sample
were all identified without the need for chemometric analysis.”” The multiplex was then
increased to detect six dye labelled oligonucleotides with the aid of multivariate analysis.**
Previous chemometric analysis involved the detection of dye labelled oligonucleotides in a
premixed solution; the aim of this study was to use chemometric analysis to quantify
pathogens in a multiplex mixture after the SERS-based assay had been performed. Initially,
mixtures of dye-labelled probes that had not been through the assay were used to generate
the models used for predicting the quantities of each pathogen. Following this, the models
were tested using dye-labelled oligonucleotides that had been through the SERS-based
assay, i.e. post-assay samples. In order to quantify the dye-labelled oligonucleotides in the
multiplex, fractional factorial design was used to determine the lowest number of

experiments required that would test an equal combination of low, median and high levels
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of all three factors (dye-labelled oligonucleotides). Each combination had a final volume of
30 plL and each dye labelled oligonucleotide varied in concentration. This was calculated to
be 66 different dye-labelled oligonucleotide ratios, which were analysed by SERS. For ease
of visualisation, each set of replicates were averaged to generate 66 SERS spectra prior to
PCA. This resulted in the generation of a single PCA scores plot for each dye that shows the
guantitative relationship of each of the dye-labelled oligonucleotides within the 66

multiplex SERS mixtures.
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Figure 2.14 (a-c) PCA score plots for each dye-labelled oligonucleotide using averaged replicates of the 66
data points. (d-f) PLS regression models for each dye-labelled oligonucleotide generated using the same 66
average data points. The black spot were used to build the model and the red dots were used to test the

linearity of the model. Results show that quantification of each dye is clearly possible.

In Figure 2.14a-c, three PCA plots were produced which have identical PC score locations.
The size of the dot is proportional to the concentration of dye-labelled oligonucleotide
present in the mixture. The triangular shapes of the score plots are a very good indication
that each dye-labelled oligonucleotide present can be quantified. Using the 66 data points
generated from the PCA plots, partial least squared (PLS) regression models were
constructed (Figure 2.14d-f). The data points were split into two groups, one used to build

the PLS model (black) and one used to test the model (red). The three PLS models all show
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an expected linear relationship, i.e. they fall on the expected y=x line, which further
indicates excellent reproducibility and more importantly the dyes can be quantified in a

multiplex.

2.4.7.3 Generating and Testing the Chemometric Model

The PCA score plots and PLS regression models were generated using only dye-labelled
oligonucleotide mixtures, that is to say that the SERS assay was not performed in full. A
second model was then generated that was scaled to a range that would be able to
guantify the amount of pathogen present in a post-assay sample. Similar PCA and PLS plots
were obtained using the reduced concentrations of the three dye-labelled oligonucleotides
and it was now important to test the model. The re-scaled model was tested using “blind”
samples, where the actual dye-labelled oligonucleotide concentrations were unknown to
the analyst. The results generated by the model (predicted values) were compared to the
actual values. Table 2.3 summarises the results obtained from the “blind” test. Some of the
best outcomes were the combinations 4, 7 and 10, where there was excellent agreement
between the predicted and actual percentages dye-labelled oligonucleotide. However,
some of the predicted values were not in good agreement with the actual values, for
example, combinations 6, 8 and 12, where the predicted values were much less than the
actual values. In particular, in combination 8 the model predicted values for Cy3 and
TAMRA where there should not be any dye present, although notably they were very low.
With the predictions generated, there is a margin of error and all the results predicted were
within these margins (Figure 2.15). Overall, the predicted values are in very good

agreement with the actual dye-labelled concentrations used in the assay.
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Table 2.3 Comparison of the results obtained from the predictions using the model and the actual dye-

labelled oligonucleotide concentrations present.

Actual Dye-Labelled Oligonucleotide %  Predicted Dye-Labelled Oligonucleotide %

FAM TAMRA Ccy3 FAM TAMRA Ccy3
1 0 0 6.67 0 0 5.53
2 0 0 333 0 0 24.7
3 0 6.67 0 0 8.13 0
4 0 6.67 333 0 6.27 31.1
5 0 20 20 0 20 17.5
6 0 333 6.67 0 25.2 5.73
7 0 333 33.3 0 32 30.2
8 6.67 0 0 5.33 0.2 0.07
9 6.67 0 33.3 5.8 0 311
10 6.67 6.67 6.67 6.2 7.07 6.27
11 6.67 6.67 333 6.27 5.8 29.7
12 6.67 20 20 4.07 14.9 16.4
13 6.67 33.3 0 6.27 25.4 0
14 6.67 333 20 4.93 28 18.8
15 6.67 333 333 6.13 29.9 26.7

The most important testing stage was using samples that had been generated from the
detection assay, i.e. post-assay sample testing. This testing was so important as this would
mimic the samples that would be used in a clinical environment. The values for pathogen
concentration predicted by the model for the post-assay samples were in excellent
agreement with the actual concentration values, a very exciting and important result as
quantification of pathogen DNA in a clinically relevant sample was successful, regardless of
which different pathogens were present. Table 2.4 highlights the results obtained.
Combinations 1 and 5 show great agreement between the predicted and actual
percentages of the dye-labelled oligonucleotides, however some predictions were not
particularly accurate, specifically combinations 6 and 7. The problem here was the model
predicted values greater than there should be present. As this testing involved post-assay
samples, there is a greater change of incorrect predictions and the greater the values that
are predicted could be a results of insufficient wash steps that are needed to remove
excess and non-complementary DNA. Nonetheless, the model can be used to successfully

predict the amount of each pathogen present in a post-assay multiplex sample.

69



Table 2.4 Predicted dye-labelled oligonucleotide percentages using post assay samples used to further test

the model.
REAL DYE % PREDICTED DYE %

FAM TAMRA CcY3 FAM TAMRA CcY3
1 6.67 6.67 6.67 7.67 7 6.2
2 6.67 6.67 0 6.4 6.87 0.07
3 6.67 0 6.67 5.87 0 5.93
4 0 6.67 6.67 0 7.27 6.4
5 6.67 0 0 6.47 0 0
6 0 6.67 0 0.8 7.53 2.07
7 0 0 6.67 3.27 0 8.07
8 0 0 0 0.07 0.07 0

Error values were estimated for each dye-labelled oligonucleotide. Normalised root-mean-
square error (NRMSE) plots were generated that indicated the error between the actual
and predicted concentration values (Figure 2.15). The overlap between the actual
concentration values (green) and the predicted concentration values (red) is excellent and
indicated that there is a small error associated with the predictions obtained from the PLS
model. This emphasises the accuracy and reliability of the chemometric model in predicting
the concentration of pathogen present in a multiplex sample. Not only can this detection
assay be used to simultaneously detect three bacterial meningitis pathogens, but each

pathogen can successfully be quantified in the multiplex using chemometrics.

10 FAM (NRMSE 54%) W 10l TAMRA (NRMSE 6.5%) g 10| CY3 (NRMSE 6.6%) |
©  Observed o o 70 ©  Observed e oy, o o  Observed & -'-.v i.i.,
®  Predicted ’ ®  Predicled ®  Predicted
8t {8 L
(@) (b) (o
L]
g § s . 2 § %, "%
26 B g 2 6
§ - § §
g ] ¢ |
8 2 8
2  ehpsongt’yet”
2 e L7 ¢ 2} otoo’inoag?.
" L
* [ eagoongegetoe’
0 Monggpmaycg’so 1 0 saghostfioBos ;&
. : : - : — 0 10 2 30 40 50 60 . - - : : .
0 10 20 30 40 50 60 Experiment number 0 10 20 30 40 50 60
Experiment number Experiment number

Figure 2.15 Error estimation plots for each dye-labelled oligonucleotide. Overlap between actual values
(green) and predicted values (red) shows the closeness of the two values and therefore the normalised root-

mean-square error (NRMSE) associated with the predictions.
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2.5 Chapter Conclusions

A SERS-based assay was developed for the multiplex detection of three bacterial meningitis
pathogens, Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus influenzae.
Consideration was taken when designing the dye-labelled oligonucleotide (reporter) probe
that was used to aid the detection of each pathogen. It was found that instead of having
the free dye after enzyme digestion, a spacer molecule that halts enzyme digestion was
used in the sequences that left 10 adenine bases attached to the dye that enhanced the
SERS peaks unique to that dye. Once the design of the reporter probe was finalised, the
assay was used to detect each pathogen individually. Successful results were obtained
showing the assay to have strong specificity by using two controls, no target and non-
complementary where the pathogen sequence was omitted from the assay. Limits of
detection studies were performed showing that each pathogen could be detected down to
the pico-molar range, advantageous for clinical assays. To determine if this assay developed
was suitable for clinical use, PCR product of each pathogen was generated and used in the
assay producing equally successive results when using synthetic pathogen DNA. Multiplex
studies were then performed using both synthetic DNA and PCR product. The multiplex
format of the assay proved to be successful using both forms of the pathogen DNA, which
proved that the SERS-based assay can be used for the simultaneous detection of the three
bacterial meningitis pathogens. This work was the first report of using chemometric
analysis to quantify pathogen DNA is a multiplex post-assay mixture. By using principal
component analysis (PCA), generating PLS regression models and multiple testing stages of

the models, quantification of each pathogen was successful.

This method of bacterial meningitis detection produces consistent results faster than
conventional methods and through the development of the multiplex assay and the use of
chemometrics for quantification, this detection method is a promising alternative to
current PCR methods of detection and could potentially be applied to a variety of bacterial,

fungal and viral diseases.
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3. Interaction of Fluorescent Dyes with DNA
and Spermine using Fluorescence

Spectroscopy

3.1 Introduction

Oligonucleotides labelled with fluorescent dyes are widely used as probes for the
identification of DNA sequences using detection methods involving optical spectroscopies
such as fluorescence and surface enhanced Raman scattering (SERS)." > Spermine is widely
used in SERS and surface enhanced fluorescence (SEF) assays® as a charge-reduction
aggregating agent as it interacts strongly with the phosphate backbone of the
oligonucleotide and is shown to enhance the signal of labelled oligonucleotides. It is
important to understand the interactions involving the fluorescent dyes as certain
interactions could potentially effect the fluorescence emission observed. Possible
interactions include; dye-DNA interactions and dye-spermine interactions. This is also
important for SERS based assays as these dye interactions could also affect the SERS
intensity observed. By using fluorescence spectroscopy, an understanding into the dye

interactions away from the nanoparticle surface could be gained.*

3.1.1 Applications of Fluorescent Dyes

Fluorescent dyes are widely used in biological applications, for example in cell imaging,’
monitoring protein interactions® and nucleic acid detection.” ® Nucleic acids are essential in
living organisms as they are responsible for storing and transmitting genetic information.
Oligonucleotide probes are single stranded nucleic acids that are designed to have high
specificity and selectivity towards particular targets such as nucleic acids, proteins and
small molecules.’ Fluorescent labels, such as carboxyfluorecein (FAM) and
carboxytetramethylrhodamine (TAMRA) enable highly selective and sensitive detection of

biological targets and have become widely used in research and numerous applications
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such as the visualisation of DNA amplification in the polymerase chain reaction (PCR)."> ™

Oligonucleotide-based fluorescent probes consist of a specific DNA sequence covalently
attached to a fluorescent dye, Figure 3.1 is a schematic of a oligonucleotide fluorescent
probe.’ Different fluorescent dyes have been used to generate oligonucleotide probes such

as TAMRA, fluorescein, HEX and rhodamine-6 green.'” **

In fluorescence quenching
applications, quencher molecules such as black hole quenchers (BHQ) can also be attached
to the oligonucleotide.” Fluorescent dyes and quenchers are selected based upon the
desired application and considerations such as pH dependence and fluorescent dye position

on the DNA sequence must be taken into account.”™’

NV —
(a) (b)

A
(c)

Figure 3.1 Schematic of an oligonucleotide probe. A DNA sequence (a) is covalently attached to a fluorescent

dye (b). The fluorophore transforms biorecognition events (e.g. hybridisation) into a fluorescent signal (c).

DNA hybridisation is a recognition event and can be monitored using oligonucleotide
probes. These probes are called hybridisation probes and are used in many applications

involving the detection of nucleic acids. Applications of hybridisation probes include DNA

8 19, 20

microarray chips,’® monitoring intracellular mRNA and monitoring the amplification

2L 22 yybridisation probes are widely used in molecular biology

progress in real time PCR.
and molecular diagnostics for the detection of DNA hybridisation using methods such as
PCR and fluorescence in-situ hybridisation (FISH).”> There are two forms of hybridisation
probes; binary probes and molecular beacons. Binary probes are mainly used in

10, 20, 24

fluorescence resonance energy transfer (FRET) systems (Figure 3.2a). They are half-
complementary probes, one is labelled with a fluorescent dye and the other can be labelled
with another fluorescent dye or a quencher molecule. Molecular beacons are the most

common form of hybridisation probes and were first reported by Tyagi et al in 1996."° They
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are based on fluorescence quenching and complementary base pairing (Figure 3.2b). Binary
probes are advantageous as they do not produce and false positives or non-specific signals;
however the kinetics of hybridisation favour molecular beacons, as binary probe

hybridisation relies on two events.

(a)

A 4

N
" T

Fluorescence No Fluorescence

(b) o+ ;EEEIIE]I!;.
No Fluorescence Fluorescence

Fluorophore 1 . Fluorophore 2 . Quencher \ Binary Probe 1 /. Binary Probe 2 Molecular Beacon

\ 4

Target

Figure 3.2 A schematic of the two forms of hybridisation probes. (a) Binary probes where before hybridisation
there is large fluorescence intensity, then upon hybridisation and due to a FRET mechanism there is a
significant reduction in fluorescence intensity. (b) Molecular beacons, the arm sequences are self-
complementary, therefore in the absence of target the loop remains closed and fluorescence in quenched due
to the proximity of the quencher molecule to the fluorophore. Then upon hybridisation to complementary
target sequence, the fluorophore and quencher are separated and fluorescence intensity is significantly

increased.

In the field of molecular diagnostics, there is a push for more information rich assays that
produce results in a short time frame. This can involve in situ detection in a complex matrix
such as cell lysate, extracted DNA or PCR product. It is a fair assumption to make that there
will be a high chance of the fluorophores interacting with the specific matrix, which can
then alter the intensity of the fluorescent dye emission. This is a major consideration when
multiple targets/fluorescent dyes are to be detected in the one sample where the

interactions that take place will be dye specific.
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3.1.2 Base Quenching

Fluorescence emission can be quenched in various ways, for example by using two
fluorophores as a FRET pair where one accepts the fluorescence of another thereby
quenching the fluorescence (FRET)® or using quencher molecules where the energy can be
transferred and emitted as heat instead of light. This is what occurs in molecular beacons,
fluorescence emitted from a fluorophore will be quenched by a quencher molecule when
they are in close proximity, i.e. when the beacon is closed.” However, the fluorescence
emitted by a fluorophore can also be quenched by a nucleobase, in particular guanine.”*?®
Guanine acts as a fluorescence energy acceptor through a photoinduced electron transfer

mechanism.?” %

This phenomenon has been used to quantitatively detect specific DNA
sequences,’® protein mutations,” and single base alterations.*! Guanine quenching has also
facilitated numerous studies focussing on the hybridisation of complementary
oligonucleotides.”® Nazarenko et al. reported that upon hybridisation of complementary
DNA sequences, there was only a decrease in the fluorescence intensity emitted by
fluorescein when either d(CC) or d(GG) bases and the fluorescent dye were both present at
the 5’ terminus of the sequence.'” Therefore, the design of oligonucleotide sequences is
important when using fluorescence detection in hybridisation assays for the detection of
specific DNA sequences.? Although the quenching effect of guanine can be used for the
detection of DNA and other biomolecules, it can be considered a major drawback when

carrying out fluorescence measurements where quenching of the fluorescence emitted by

the fluorophore is undesirable.

3.1.3 Spermine

Polyamines, such as spermine, belong to a large group of biogenic amines that are involved
in many physiological functions such as cell growth and proliferation and they are also
involved in the synthesis of DNA and RNA.** Generally, polyamines are low molecular
weight aliphatic amines that are water soluble and have a pK, of around 10. They are
protonated at physiological pH meaning they are polycations, which explains why they have

such strong interactions with polyanionic macromolecules such as DNA.>* *°

Spermine is
reported to have a strong interaction with DNA. Basu et al. studied the effect of spermine

on the aggregation and melting temperatures of calf-thymus DNA. Results showed that
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spermine encourages DNA aggregation and can cause the melting temperatures of the DNA

to increase as the spermine concentration is increased.®

Many molecular studies have been performed to determine the effects of polyamines on
double stranded DNA. Models were proposed that showed an interaction between the
protonated polyamine group and the negatively charged double stranded DNA focussing on
the electrostatic interactions, however direct interactions between the two were
discarded.’” ** Further studies on polyamine analogues showed that in addition to
electrostatic effects between the polyamine and double stranded DNA, structural
specificities were also a major component between the interaction of spermine and double
stranded DNA.*® X-Ray diffraction studies of spermine-DNA crystals showed that the
spermine was positioned across the major groove of double stranded DNA meaning that

0.4 However, it was still unclear

the spermine did come into contact with the bases.
whether these specific binding sites existed in solution samples of spermine-DNA
complexes. NMR studies on DNA solutions were carried out which indicated that the
spermine-DNA interactions were highly localised therefore, it is not purely a result of

electrostatic interactions.* **

It was also believed that the NMR model alone cannot fully
explain the spermine-DNA interactions as it was still believed that structural specificities
would play a major role.** Ruiz-Chica et al. studied the interaction between double
stranded DNA and spermine by FT-Raman spectroscopy to achieve a deeper understanding
of the spermine-DNA interaction in solution.”> They concluded that there were specific
binding sites, between the spermine NH;" groups and either the purine-N7 or thymine-O4

atoms, and this was in addition to the electrostatic effects previously reported.

3.1.3.1 Application of Spermine in SERS
Aggregating agents are essential when using SERS as a method of analysis. For
enhancement to occur, the nanoparticles need to aggregate to produce hotspots that

generate the enhanced signals.**

The polyamine spermine is an example of an
aggregating agent used in SERS analysis, particularly for the detection of DNA. Spermine
interacts with DNA, reducing the negative charge of the phosphate backbone allowing the

DNA to come into close proximity to the nanoparticle surface and causing an enhancement
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in the signal generated.*® Spermine has also shown to attach onto the nanoparticle surface,
changing the overall surface charge to positive that will also encourage aggregation of the
nanoparticles.* Figure 3.3 is a schematic outlining the action of spermine as an aggregating

agent and how this compares to nanoparticle aggregation caused by the addition of a salt.
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Figure 3.3 A schematic representation of nanoparticle aggregation caused by (a) salt, NaCl and (b) spermine.
Aggregation caused by the addition of a salt is due to the charge screening effect that allows the
nanoparticles to come closer to one another, whereas nanoparticle aggregation caused by the addition of
spermine is a result on the surface charge on the nanoparticle changing from negative to positive, therefore

in the presence of negatively charged DNA, the nanoparticles can form aggregates (drawings not to scale).

Spermine is widely used in surface enhanced detection methods such as surface enhanced
fluorescence (SEF)’ and SERS,” especially for the detection of DNA. Enhanced fluorescence
was obtained from dye labelled DNA using spermine and aggregated silver nanoparticles.”
*% SERS detection of unlabelled DNA has also been obtained without the use of fluorescent
dyes through the presence of spermine acting as an aggregating and charge reducing

agent.!

3.2 Aims

Due to the wide application of fluorophores in biological detection assays that use optical

techniques such as fluorescence or surface enhanced Raman scattering (SERS), it is
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important to gain an insight into the possible interactions that can occur between the
different molecules involved and the effect these have on the spectroscopic response. This
study used fluorescence spectroscopy to investigate the interactions between two
commonly used fluorophores, FAM and TAMRA, with DNA and more importantly the
interaction of the two fluorophores with spermine, which is used extensively in metal
surface enhanced assays such as SEF and SERS. The effects of spermine addition on the
fluorescence intensity of the two fluorophores were compared and different experimental
conditions were used, for example changing the pH and reagent concentration. The overall
outcome of this study has a significant impact on the choice of fluorophores and

experimental conditions when developing a biological detection assay.

3.3 Experimental

3.3.1 Oligonucleotides
All sequences were purchased on a 0.2 uM scale with HPLC purification from Eurofins MWG

(Ebersberg, Germany), shown in Table 3.1.

Table 3.1 Modified oligonucleotides and complementary oligonucleotide sequence used in this investigation

Name Sequence (5’-3’) Modifications
TAMRA labelled oligonucleotide GGTTCATATAGTTATAATAA 5’ TAMRA
FAM labelled oligonucleotide GGTTCATATAGTTATAATAA 5 FAM
Complementary Sequence TTATTATAACTATATGAACC -

FAM Sequence 2 CATTGCCACGTG-Spacer18-10A 3’ FAM
Complementary FAM Sequence 2 ATGTGCAGCTGACACGTGGCAATG -

TAMRA Sequence 2 TGGCGCCCATAA-Spacer18-10A 3’ TAMRA

Complementary TAMRA Sequence 2 TTCGAGTGTTGCTTATGGGCGCCA -

3.3.2 Reagents and Buffers
Spermine hydrochloride and triethylamine (TEA) were purchased from Sigma Aldrich

(Dorset, UK) and a stock solution of 0.1 M was prepared and diluted when required.
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3.3.3 Fluorescent Instrumentation

Fluorescent measurements were recorded using a Horiba Scientific Fluorolog 3-22, which
comprised of an Ushio UXL 450S-0O 450 W Xenon short arc lamp as an excitation source, a
200-900 nm double grating excitation and emission monochromators and a R928
Hamamatsu photomultiplier tube. When measuring the FAM fluorescence emission the
excitation wavelength was set to 494 nm with a scanning range 500-560 nm and when
measuring TAMRA emission the excitation wavelength was set to 560 nm and the scanning
range was 570-630 nm. The integration time was set to 0.1 sec and the slits widths were 5
nm for both excitation and emission. For each experiment, three replicate samples were

prepared and each replicate was measured five times.

3.3.4 Effects of DNA Attachment on Fluorescence Emission

The fluorescence emission was recorded of the free dyes, F-ITC and TR-ITC, and dye labelled
single stranded DNA sequences (FAM and TAMRA) was carried out by adding a solution of
the free dye or dye labelled single stranded DNA (100 pL, 1 uM) to a 1.5 mL disposable
PMMA microcuvette, containing distilled water (300 uL). Three replicates of each sample

were analysed 5 times using the instrumental settings described in section 3.3.3.

3.3.5 Effects of Spermine Addition on Fluorescence Emission

To determine the effect spermine had on the fluorescence emission of the two dyes, free
dye or dye labelled single stranded DNA (100 pL, 1 uM) was added to a 1.5 mL disposable
PMMA microcuvette containing distilled water (300 uL). Fluorescence measurements were
recorded (section 3.3.3) before and after the addition of spermine (50 uL, 0.1 M). Three

replicates of each sample were analysed 5 times.

3.3.6 Concentration Studies
Concentration studies were carried out to determine if the effects observed by DNA

attachment and spermine addition were concentration dependent.
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3.3.6.1 Fluorescent Dye Labelled DNA Concentration Study

An initial concentration of 1 nM to 1 uM of dye labelled single stranded DNA was used to
observe the effects of spermine addition at different concentration levels. This was
performed by adding FAM or TAMRA labelled single stranded DNA with varying
concentrations (100 pL) to a 1.5 mL disposable PMMA microcuvette containing distilled
water (300 pL). Fluorescence measurements were recorded before and after the addition
of spermine (50 pL, 0.1 M) at each dye labelled single stranded DNA concentration. The
instrument settings were those outlined in section 3.3.3. Three replicates of each sample

were analysed 5 times.

3.3.6.2 Spermine Concentration Study

The dye labelled single stranded DNA concentration remained constant (1 pL), however the
concentration of the spermine added varied from 100 uM to 500 mM. Both FAM and
TAMRA labelled single stranded DNA were used. To 1.5 mL disposable PMMA microcuvette
containing distilled water (300 pL), dye labelled single stranded DNA (100 uL, 1 uM) and
spermine with varying concentration (50 uL) was added. Fluorescence measurements were
recorded as described in section 3.3.3. Three replicates of each sample were analysed 5

times.

3.3.7 pH Studies

The fluorescence emission of FAM and TAMRA labelled single stranded DNA sequences was
measures before and after spermine addition over a pH range. Three different solutions
were used for the pH studies. 250 mM trisodium citrate was prepared and pH was adjusted
to 2.9 using HCl. 10 mM phosphate buffered saline, pH 6.9, was prepared by dissolving one
tablet (Sigma Aldrich) in 200 mL distilled water. Finally, 1 M NaOH was prepared and pH
was measured to be 13.2. The dye labelled single stranded DNA sequence (100 uL, 1 uM)
was added to a 1.5 mL disposable PMMA microcuvette that contained one of the four
solutions with varying pH (300 pL). Fluorescence measurements were recorded before and
after spermine addition (50 uL, 0.1 M) using the instrument settings described in section

3.3.3. Three replicates of each sample were analysed 5 times.
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3.3.8 Double Stranded DNA Studies
Fluorescent measurements were recorded under different experimental conditions using

FAM or TAMRA labelled double stranded DNA.

3.3.8.1 DNA Hybridisation

To a 1.5 mL eppendorf, both the dye labelled single stranded DNA sequence (100 pL, 1 uM)
and the complementary sequence (100 pL, 1 uM) was added to phosphate buffered saline,
PBS (200 uL, 0.3 M). DNA hybridisation was carried out using an MJ Research Minicylcer™.
The temperature was increased to 90 °C for 10 minutes then decreased to 10 °C for another

10 minutes.

3.3.8.2 Effects of Spermine Addition on Fluorescence Emission

Analysis of the effects of spermine addition on the fluorescence emission of FAM and
TAMRA when they were covalently attached to double stranded DNA was carried out by
adding a solution of dye labelled double stranded DNA (200 uL, 1 uM) to a 1.5mL
disposable PMMA microcuvette containing distilled water (200 plL). Fluorescence
measurements were recorded before and after spermine addition (50 pL, 0.1 M) using the

settings outlines in section 3.3.3. Three replicates of each sample were analysed 5 times.

3.3.8.3 Spermine Concentration Study

The same spermine concentration range used in section 3.3.6.2 (100 uM to 500 mM) was
applied to the analysis of dye labelled double stranded DNA. Dye labelled double stranded
DNA (200 pL, 1 uM) was added to a 1.5 mL disposable PMMA microcuvette containing
distilled water (200 uL) followed by a solution of spermine with varying concentration
(50 pL). Fluorescence measurements were recorded using the settings described in section

3.3.3. Three replicates of each sample were analysed 5 times.

3.3.8.4 pH Study
The fluorescence emission of FAM and TAMRA labelled double stranded DNA was

measured over a pH range. The four solutions used in section 3.3.7; citrate acid (pH 2.9),
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distilled water (pH 5.2), PBS (pH 6.9) and NaOH (pH 13.2) were also used in these
experiments. Dye labelled double stranded DNA (200 pL, 1 uM) was added to a 1.5 mL
disposable PMMA microcuvette containing on of the four solutions with varying pH
(200 pL). Fluorescence measurements were recorded before and after the addition of
spermine (50 pL, 0.1 M) using the setting described in section 3.3.3. Three replicates of

each sample were analysed 5 times.

3.3.9 Triethylamine (TEA) Comparison Studies

For comparison studies, triethylamine (TEA) was added to the sample mixture in place of
spermine. Dye labelled single and double stranded DNA was used. For dye labelled single
stranded DNA experiments, to a 1.5 mL disposable PMMA microcuvette that contained
distilled water (300 pL) dye labelled single stranded DNA (100 pL, 1 uM) was added. For dye
labelled double stranded DNA experiments, to a 1.5 mL disposable PMMA microcuvette,
distilled water (200 uL) was added followed by dye labelled double stranded DNA (200 pL,
1 uM). Fluorescence measurements were recorded before and after the addition of TEA
(50 pL, 0.1 M) using the instrumental settings outlined in section 3.3.3. Three replicates of

each sample were analysed 5 times.

3.3.10 Sequence Specification Studies

To determine the effect the particular DNA sequence had on the fluorescence emission of
FAM and TAMRA, fluorescence measurements were recorded when FAM and TAMRA were
attached to different sequences that were previously used (FAM/TAMRA sequence 2, Table
3.1). Analysis was carried out using dye labelled single and double stranded DNA. For dye
labelled single stranded DNA experiments, to a 1.5 mL disposable PMMA microcuvette that
contained distilled water (300 uL) dye labelled single stranded DNA (100 pL, 1 uM) was
added. For dye labelled double stranded DNA experiments, to a 1.5 mL disposable PMMA
microcuvette, distilled water (200 uL) was added followed by dye labelled double stranded
DNA (200 pL, 1 puM). Fluorescence measurements were recorded before and after the
addition of spermine (50 pL, 0.1 M) using the instrument settings described in section 3.3.3.

Three replicates of each sample were analysed 5 times.
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3.4 Results and Discussion

Fluorescent labelling is widely used in molecular diagnostics to facilitate the detection of
DNA sequences coding for particular diseases. Specific DNA sequences are modified with a
fluorescent dye and the response of the fluorophore measured using either fluorescence™
or surface enhanced Raman scattering (SERS).>* The development of assays for the
detection of multiple targets is of increasing importance as more informative assays are
sought and in some formats this involves the comparison of emission or scattering from
more than one fluorophore. However, fluorescent dyes are susceptible to interactions with
the nucleobases in a DNA sequence® and to conditions such as pH and concentration. In
addition, spermine has been used extensively in studies involving surface enhanced
fluorescence (SEF)* *° and SERS." * Spermine, shown in Figure 3.4c, is used to reduce the
negative charge on the surface of a nanoparticle and on the DNA allowing the DNA
sequence to come into close proximity to the nanoparticle and, if required, to aid
nanoparticle aggregation. To characterise the effect of changing conditions and of adding
spermine, fluorescence from two commonly used dyes were compared at different pHs and
concentrations in the presence and absence of the bases spermine and triethylamine. The
two fluorophores used were FAM and TAMRA (Figure 3.4a-b) and for the majority of the
experiments the dyes were attached to the same DNA sequence to eliminate the issue of
sequence specific affects; however, to determine if the sequence did have an effect on the

fluorescence, different sequences attached to FAM and TAMRA were analysed.

Figure 3.4 The structures of the two fluorophores used in this study and spermine. (a) Structure of FAM, (b)
Structure of TAMRA. In both cases R = NHS ester when the fluorophore is attached to an oligonucleotide and
R = isothiocyanate when measurements were performed on the free dye. (c) Structure of spermine. The

structures shown are those present at physiological pH.
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3.4.1 Effects of DNA Attachment and Spermine Addition on Fluorescence Emission
Initially the effect on the fluorescence of attachment of the dye to an oligonucleotide
sequence and the effect of adding spermine to the dye labelled oligonucleotide on the
fluorescence emission were investigated. The fluorescence from 22 nM solutions of the
free dyes FAM isothiocyanate (F-ITC) and TAMRA isothiocyanate (TR-ITC) along with FAM
labelled oligonucleotide and TAMRA labelled oligonucleotide was measured before and
after spermine (50 pL, 0.1 M) addition (Figure 3.5). It should be noted that no change in pH
was observed following the addition of spermine, the pH remained at 5.2 throughout the

experiments.

Fluorescence spectra were recorded of the free dyes and the dye labelled DNA sequences.
The fluorescence emission of FAM decreases when the dye is covalently attached to a DNA
sequence (Figure 3.5a) and further comparison of the peak intensity at 518 nm shows the
decreases in fluorescence emission in the presence of DNA (Figure 3.5b). The reason for
this decrease in the fluorescence is due to the quenching effect of the DNA bases, in
particular when guanine is positioned next to the fluorophore, significant quenching occurs.
When fluorescence spectra were recorded for TR-ITC and TAMRA labelled DNA, the
opposite effects are observed (Figure 3.5c). TAMRA is known to be less susceptible to
fluorescence quenching;®” *° however in the data presented here, there is a significant
increase in fluorescence emission (Figure 3.5d). This could be a result of sequence effects or
the presence of DNA that could change the dipole across the molecule that may increase

the fluorescence emission.
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Figure 3.5 Fluorescence spectra observed when analysing the free dyes, F-ITC and TR-ITC, and when the
fluorescent dyes are attached to an oligonucleotide sequence (all concentrations are 22 nM). (a) Fluorescence
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Fluorescence spectra of TR-ITC (black) and TAMRA labelled DNA (red) and (d) Fluorescence intensity
comparison at 580 nm. For each analysis, 3 replicate samples were analysed 5 times, average spectra are

shown. All error bars represent + one standard deviation.

Fluorescence spectra were then recorded in the absence and presence of spermine. With
the exception of TAMRA labelled DNA (Figure 3.6f), the addition of spermine enhances the
fluorescence emission of the dye (Figure 3.6a, ¢, e€). The enhancement observed when
spermine is added to a solution of FAM labelled DNA and F-ITC; the spermine may be
intercalating between the FAM and DNA molecules, reducing the base quenching effect.
Spermine added to a solution of TR-ITC does not induce the same level of enhancement
compared to that of F-ITC and FAM labelled DNA. The measurements were recorded at pH
5.2, and with the pK, of spermine being 10.5 and the pK, of the carboxylic acid in the
TAMRA structure is around 3, both the dye and spermine will be positively charged
resulting in little interaction between the two molecules; therefore the lower impact on the

fluorescence emission.
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Figure 3.6 The fluorescence spectra observed in the absence (black) and presence (red) of spermine and
comparisons of fluorescence intensity at A.,,. (a) Fluorescence spectra of F-ITC (22 nM) and (b) fluorescence
intensity at 518 nm, (c) fluorescence spectra of FAM labelled DNA (22 nM) and (d) fluorescence intensity at
518 nm. (e) Fluorescence spectra of TR-ITC (22 nM) and (f) fluorescence intensity at 580 nm, (g) fluorescence
spectra of TAMRA labelled DNA (22 nM) and (h) fluorescence intensity at 580 nm. For each analysis, 3
replicate samples were analysed 5 times, average spectra are shown. All error bars represent + one standard

deviation.
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The presence of spermine has now been shown to have an effect on the fluorescence
emission of the fluorescent dyes FAM and TAMRA. The experimental conditions remained
constant for the above measurements; however it was unknown what the effect of
changing the concentration of dye/DNA, the pH and the attached DNA sequence would

have on the fluorescence observed before and after spermine addition.

3.4.2 Concentration Studies

It was important to determine if the spermine-induced enhancement observed with the
fluorescent dye FAM was dependent on the concentration of FAM-labelled oligonucleotide
present. It was also necessary to ascertain if changing the concentration of TAMRA labelled

DNA, would affect whether spermine either enhanced or decreases the fluorescence

intensity.
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Figure 3.7 Fluorescence intensity at varying fluorescent dye labelled DNA concentrations. (a) Fluorescence
intensity at 518 nm for varying the concentration of FAM-labelled oligonucleotide, in the presence (red) and
absence (blue) of spermine, 3 replicate samples were analysed 5 times each, error bars represent + 1
standard deviation. (b) Fluorescence intensity at 580 nm for varying the concentration of TAMRA-labelled
oligonucleotide, in the presence (red) and absence (blue) of spermine, 3 replicate samples were analysed 5

times each, error bars represent + 1 standard deviation.

Figure 3.7a shows that the relationship between fluorescence intensity and FAM labelled
oligonucleotide concentration over the range 22 pM to 22 nM is approximately linear

except at the highest concentration. It can also be observed that the enhancement
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attributed to the addition of spermine is greater at higher concentrations of FAM labelled
oligonucleotide. However, the concentration dependence of the fluorescence emission for
TAMRA oligonucleotide shows a decrease in intensity at the highest concentration (Figure
3.7b). It can also be noted that TAMRA does not experience any significant fluorescence
enhancement in the presence of spermine compared to FAM. The sudden decrease in
TAMRA intensity at the highest concentration (22 nM) is a result of TAMRA having self-
guenching properties that can occur at these concentrations. This effect is also observed for

other rhodamine derivatives.>

Concentration studies were also performed whereby the fluorescent dye labelled DNA
concentration was kept constant (22 nM) and the spermine solution concentration was

decreased from 50 mM to 11 uM.
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Figure 3.8 Results obtained when varying concentrations of spermine (50 mM to 11 uM) were added to the
solution of fluorescent dye labelled oligonucleotides. (a) Fluorescence spectra obtained when decreasing
concentrations of spermine were added to a 22 nM solution of FAM-labelled oligonucleotide. (b) Comparison
of fluorescence intensities at 518 nm over the concentration range of spermine added. (c) Fluorescence
spectra obtained when decreasing concentrations of spermine were added to a 22 nM solution of TAMRA-
labelled oligonucleotide. (d) Comparison of fluorescence intensities at 580 nm over the concentration range
of spermine added. 3 replicate samples were analysed 5 time and the error bars represent + 1 standard

deviation.

The effect of spermine on the FAM labelled oligonucleotide can be seen in Figure 3.8a-b.
The FAM fluorescence intensity decreased with decreasing spermine concentration,
emphasising the strong interaction there is between spermine and FAM. Therefore; the
addition of spermine does significantly enhance the fluorescence intensity of FAM and this
effect is concentration dependent. However, when the spermine concentration is
decreased in the presence of TAMRA labelled oligonucleotide, there is very little change in
fluorescence intensity, indicating that there is very little dependence between the spermine

concentration and TAMRA intensity (Figure 3.8c-d). Regardless of the spermine
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concentration being decreased, there was always an excess of spermine molecules

compared to dye labelled DNA molecules.

3.4.3 pH Studies

All previous experiments were carried out at a pH of 5.2; therefore it was imperative to
investigate the intensity dependence and also the spermine enhancement affect at
different pHs. Fluorescence measurements of FAM and TAMRA labelled oligonucleotides
were recorded at pH 2.9, 5.2, 6.9 and 13.2, and there was no change in pH when spermine
was added. When the pH increased, the fluorescence intensity of FAM increased as did the
spermine attributed enhancement at all pHs, however the effect was much greater at
pH 5.2 (Figure 3.9a-b). In contrast, the fluorescence intensity of the TAMRA oligonucleotide
varied less with pH as previously reported but there is a significant increase at pH 5.2
(Figure 3.9¢-d).>>*® There is a small enhancement due to the addition of spermine at pH 6.9

but at the other pHs there is a small decrease.
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Figure 3.9 Fluorescence measurements obtained after varying the pH of the solution. (a) Fluorescence spectra
of FAM-labelled oligonucleotides (22 nM) when the pH was altered. (b) Fluorescence intensity analysis at
518 nm. (c) Fluorescence spectra of TAMRA-labelled oligonucleotides (22 nM) when the pH was altered. (d)
Fluorescence intensity at 580 nm, 3 replicate samples were analysed 5 times and the error bars represent + 1

standard deviation.

The efficiency of the emission of FAM and TAMRA is dependent upon the dipole across the
molecule and this is affected by changes in substitution pattern around the ring. This can
clearly be seen in the results shown in Figure 3.5, where the covalent attachment of the dye
to an oligonucleotide sequence increases the FAM efficiency and decreased TAMRA
efficiency. The carboxylic acid group of FAM has a pK, of 3.9 (Figure 3.4) and the phenolic
group a pK, of 9.5, therefore at pH 5.2 FAM will exist in solution in equilibrium between the
lactone and ionic forms (Figure 3.10 b).>” *® The lactone form only gives very weak
fluorescence. Therefore; the positively charged spermine would be expected to bind across
the molecule forming an acid base complex, thus altering the equilibrium in favour of the

jonic form.
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With the exception of strongly acidic conditions, TAMRA exists in equilibrium between its
protonated and zwitterionic forms and its non-fluorescent lactone form (Figure 3.10 b). The
pKa of the carboxylic acid is very low (pKa~3), therefore across the pH range used, TAMRA
will be present mainly in the zwitterionic form with some of the protonated form at the
lowest pH.*® The spectra show changes in the emission wavelength and intensity as the
equilibrium changes, maximum emission occurs at pH 6.9, where the zwitterion form
should predominate. Covalent attachment to an oligonucleotide causes a notable increase
in intensity (Figure 3.5), presumably by stabilising the zwitterionic form and increasing the
dipole. An acid base pair will form with the spermine but the effect on the dipole will be

more limited and more complex due to the positive charge on the TAMRA.

(a) HO

pK,~10

(b)

FAM

TAMRA

Weak/Non-fluorescent Fluorescent Fluorescent Fluorescent

Figure 3.10 The structures of the chromophores at varying pH. (a) The structures of FAM and TAMRA labelled
with the pK,’s of the carboxylic acid and phenol groups. (b) The varying structures of both FAM and TAMRA
with changing pH. The ring-open form of FAM is fluorescent and increases in fluorescence emission with
increasing pH. At higher pH the phenolic OH will also ionise. Ring-closed lactone form of FAM present at
acidic pH which is non-fluorescent. The protonated form of TAMRA and zwitterion, both present at neutral
and alkaline pH and fluorescent. The lactone form of TAMRA is non-fluorescent and exists at extremely acidic

pH.
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Therefore, attaching DNA to fluorescent dyes, changing the spermine concentration or the
pH of the buffer solutions will all have an effect on the fluorescence emission of FAM and
TAMRA. All previous results were obtained using dye labelled single stranded DNA, the next
part of this study was to determine what effect changing the experimental conditions
would have on the fluorescence emission of the dyes when they were attached to double

stranded DNA.

3.4.4 Double Stranded DNA Studies

It was imperative to know what the affect the presence of spermine would have on the
fluorescence intensity if it was double stranded DNA instead of single stranded. As before,
the spermine concentration was decreased from 50 mM to 11 uM and added to a solution
of double stranded DNA (22 nM). When spermine was added to a solution of FAM labelled
double stranded DNA there was a slight decrease in fluorescence emission, as was the case
when spermine was added to TAMRA labelled double stranded DNA (Figure 3.11a). When
spermine concentration studies were performed using FAM and TAMRA labelled double
stranded DNA, the fluorescence intensity of both fluorescent dyes did not vary greatly
(Figure 3.11b). This suggests that when either fluorophore is attached to double stranded
DNA, due to the already reported strong interaction with spermine and double stranded
DNA,* it is this interaction that dominates. The spermine has little or no interaction with

FAM or TAMRA resulting in little change in intensity, regardless of spermine concentration.
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Figure 3.11 Fluorescence intensity comparisons obtained when fluorescent dyes were attached to double
stranded DNA (22 nM). (a) Fluorescence intensity measured at 518 nm of FAM labelled double stranded DNA
in the absence and presence of spermine (b) Fluorescence intensity measured at 580 nm of TAMRA labelled
double stranded DNA in the absence and presence of spermine. (c) Fluorescence intensity at 518 nm of FAM
labelled double stranded DNA with decreasing spermine concentration from 50 mM to 11 uM. (d)
Fluorescence intensity at 580 nm of TAMRA labelled double stranded DNA with decreasing spermine
concentration from 50 mM to 11 pM. For each experiment, 3 replicate samples were analysed 5 times and

the error bars represent * 1 standard deviation.

The pH dependence of the fluorescence of both fluorescent dyes in the double stranded
DNA form is markedly different compared to that observed when they were attached to
single stranded DNA. The FAM intensity at pH 2.9 was again low but at pH 5.2 and above it
was nearly constant and greater than in the single stranded form (Figure 3.12a) even in the
presence of spermine, it most likely that the ionic form of the dye is favoured due to steric
hindrance. In contrast, the fluorescence intensity of TAMRA was lower than that observed
in the single stranded form and surprisingly decreased significantly with increasing pH with
no sharp increase in intensity at pH 6.9 (Figure 3.12b). In strongly alkaline conditions, the
60

hydrogen bonds between the base pairs will break resulting in two single DNA strands.

Therefore at pH 13.2 the DNA attached to the fluorophore may no longer be in duplex form
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so theoretically the fluorescence intensity observed should be similar to that of single
stranded DNA at pH 13.2. However at all pHs the fluorescence is lower than at the
equivalent pH for the single stranded form, suggesting that the covalent attachment causes
a change in dipole which reduced the emission efficiency. The lack of a sharp increase in
intensity at pHs where the zwitterion would be expected to form suggests that the
covalently bound fluorescent dye is attached to the DNA in a way which prevents the true

zwitterion formation.

2.50E+07 1.05E+07 -
(a) (b)
9.00E+06 -

2.00E+07 -
@ <@
g é 7.50E+06
£ 1.50E+07 £
3 1.50E+ . 2
H £ 6.00E+06 -
E  No Spermine £ B No Spermine
4 o
S . S :

[ ] 4.50E+06 u

E 1.00E+07 Spermine § Spermine
2 2
2 £
S S 3.00E+06 -
= w

5.00E+06 -

1.50E+06 l
0.00E+00 s T T — 0.00E+00 il
pH2.9 pH5.2 pH6.9  pH13.2 pH2.9 pH5.2 pH6.9  pH13.2

Figure 3.12 Fluorescence intensity comparisons obtained when fluorophores were attached to double
stranded DNA. (a) Fluorescence peak intensities at 518 nm comparing the change in FAM fluorescence with
changing pH. (b) Fluorescence peak intensities at 580 nm comparing the change in TAMRA fluorescence with
changing pH. For each experiment, 3 replicate samples were analysed 5 times and the error bars represent £ 1

standard deviation.

3.4.5 Triethylamine (TEA) Comparison Studies

The presence of spermine does affect the emission of the fluorescent dyes. To understand
the interaction between spermine and the two fluorescent dyes and if it was related to an
acid-base relationship, the pH dependence experiments were repeated using a simple non-
nucleophilic base, triethylamine (TEA), and both single and double stranded DNA (Figure
3.13). With the single stranded FAM oligonucleotide, maximum fluorescence was obtained
at pH 5.2 and above, a result that was similar to that found for the double stranded product
with no spermine and a greater effect than that obtained with spermine (Figure 3.11a).
Perhaps not surprisingly for the double stranded FAM oligonucleotide, the spermine had
little effect (Figure 3.13c). The TEA is present in excess and may form an acid base pair with
both the carboxylic acid and phenolic groups by pH 5.2, whereas spermine is likely to be

already bound across the molecule and may not affect the phenolic group.
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Figure 3.13 (a) Fluorescence intensity comparison obtained when TEA or spermine was added to a solution of
FAM labelled single stranded DNA (22 nM). (b) Fluorescence intensity comparison obtained TEA or spermine
was added to a solution of TAMRA labelled single stranded DNA (22 nM). (c) Fluorescence intensity
comparison obtained TEA or spermine was added to a solution of FAM labelled double stranded DNA (22 nM)
(d) Fluorescence intensity comparison obtained TEA or spermine was added to a solution of TAMRA labelled
double stranded DNA (22 nM). For each experiment, 3 replicate samples were analysed 5 times and the error

bars represent * 1 standard deviation.

For double stranded TAMRA labelled DNA (Figure 3.13d), the fluorescence emission
decreased as the pH increased and there was a much greater reduction in intensity at every
pH compared to that observed when spermine was added. This suggested that TEA could
be acting as a quencher to TAMRA, which is surprising as this should not be the case. The
more likely explanation is that the excess base is interacting with part of the xanthine
structure, probably the electron rich oxygen in the bridge, to alter the electronic structure
and reduce the dipole. This may also be part of the reason it is so efficient at increasing the

fluorescence efficiency of FAM. The fact that one effect is enhancement and the other
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reduction of fluorescence is reasonable since the efficiency of emission depends on the
dipole and this will be altered differently in FAM and TAMRA, which will ultimately be
affected by changing pH as the fluorescent and non-fluorescent forms of the dyes will exist

at differing pHs.

3.4.6 Sequence Specificity

The FAM and TAMRA labelled oligonucleotides used so far both had the same DNA
sequence attached to the fluorophores, eliminating the issue of sequence specific effects.
To investigate whether a change in oligonucleotide sequence would affect the fluorescence
intensity observed, fluorescent measurements were recorded when the FAM and TAMRA
fluorophores were attached to different oligonucleotide sequences. Table 3.1 in the
experimental section lists the sequences used for these experiments, sequence 1
FAM/TAMRA are those used in previous experiments and sequence 2 FAM/TAMRA were
used for comparison to determine if there was any sequence related influences on the

effects observed.

Fluorescent measurements were recorded on the different sequences of single and double
stranded labelled oligonucleotides. When single stranded labelled oligonucleotides were
analysed, for both FAM and TAMRA, the fluorescence intensity observed when the
fluorophores were attached to sequence 2, was always greater than that observed when
using sequence 1 (Figure 3.14a,c). This can be explained by the base quenching that FAM
and TAMRA experienced due to the dGG present at the 5’ terminus next to the fluorescent
dye of sequence 1. It has previously been reported that the guanine base is the more
efficient quencher of all the nucleobases, especially when they are positioned adjacent to
the fluorescent dye, which is the case for sequence 1. For double stranded
oligonucleotide experiments, varied results are obtained (Figure 3.14b,d). When FAM was
attached to the duplex sequences, sequence 1 generated the higher fluorescence intensity
compared to sequence 2. This could be a result of the complementary strands now causing
more base quenching than the single stranded counterparts when FAM is attached to the

oligonucleotide. When TAMRA is attached to the double stranded oligonucleotides, there
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were no significant changes in fluorescence intensity when the sequences attached were

different, which was due to TAMRA being less susceptible to base quenching.
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Figure 3.14 Fluorescence intensity comparisons obtained when fluorescent dyes were attached to different
oligonucleotide sequences. (a) Fluorescence peak intensities at 518 nm comparing the change in FAM
fluorescence when it is attached to two different single stranded oligonucleotides, sequence 1 and 2 (22 nM).
(b) Fluorescence peak intensities at 518 nm comparing the change in FAM fluorescence when it is attached to
two different double stranded oligonucleotides, sequence 1 and 2 (22 nM). (c) Fluorescence peak intensities
at 580 nm comparing the change in TAMRA fluorescence when it is attached to two different single stranded
oligonucleotides, sequence 1 and 2 (22 nM). (d) Fluorescence peak intensities at 580 nm comparing the
change in TAMRA fluorescence when it is attached to two different double stranded oligonucleotides,
sequence 1 and 2 (22 nM). For each experiment, 3 replicate samples were analysed 5 times and the error bars

represent * 1 standard deviation.

The sequence that is covalently attached to the fluorescent dye has shown to have an
effect on the emission of the two fluorescent dyes, FAM and TAMRA. The trends reported
in previous sections are relevant to only the same sequence that is attached to both FAM

and TAMRA (Table 3.1). The main reason sequence specificities arise is due to base
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guenching effects. Previous literature has reported that the presence of guanine bases,
dGG, on the 5’ terminus next to the fluorescent dye results in a significant amount of base

guenching as observed in the results for sequence 1 (Figure 3.5).

3.5 Chapter Conclusions

This investigative study has shown that fluorescent dyes that are commonly used in
biological detection assays are susceptible to interactions with the oligonucleotide
sequence that they are attached to and to the polyamine spermine. Both interactions have
a significant effect on absolute fluorescence intensity which can potentially impact the use
of these fluorescent dyes in detection assays. The polyamine spermine is widely used in
SERS and SEF based detection methods;"™ *° therefore it was of great importance to
consider the interaction of spermine with the fluorescent dyes as the overall signal can be
affected. Two fluorescent dyes were compared, FAM and TAMRA. When spermine was
added to the free dye F-ITC and FAM labelled oligonucleotides, there was a significant
fluorescence enhancement. This was a result of the reduction in base quenching
experienced by FAM, due to the design of sequence 1 that contains dGG in the 5’ terminus
next to FAM, as the spermine would intercalate between adjacent oligonucleotide
sequences and would reduce the base quenching effect. Conversely, TAMRA did not exhibit
the same fluorescence enhancement as observed with FAM. TAMRA is a positively charged
fluorescent dye and therefore the polycation spermine would not have a strong interaction

with this dye, compared to the negatively charged FAM.

In fluorescence assays, the relative intensities of the fluorescent dyes vary with pH and
concentration and evidence of aggregation of DNA causing reduced fluorescence was
found. In addition, the formation of a double strand alters the emission efficiency
significantly. If spermine is added, or another base such as TEA, large changes in emission
efficiency occur that is dependent on the base that is added. The fluorescence emitted from
the fluorescent dye and the enhancement achieved by the addition of spermine can be
affected by the oligonucleotide sequence attached to the dye, ultimately due to the level of

base quenching that occurs. When spermine was added to the FAM labelled
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oligonucleotide sequence, the emission is enhanced as the spermine intercalates between
the DNA and FAM reducing the base quenching effect. TAMRA labelled DNA does not
experience the same enhancement, a consequence of the positive charge present on
TAMRA at the pH used for analysis or that TAMRA is less susceptible to base quenching

prior to spermine addition.

The major reason for this study was to establish the extent to which the fluorescence will
be affected in different conditions thus providing the knowledge to construct assays for the
detection of multiple oligonucleotide sequences labelled with different fluorescent dyes. In
the experiments discussed in this chapter, the two fluorescent dyes were analysed
separately and more complexity is to be expected if they are mixed. However, for a deeper
understanding as to why the emission efficiency of different fluorophores changes
dependent upon experimental conditions and addition of a base, more experimental and
computational analysis will need to be performed. Nevertheless, the results obtained
emphasise the great consideration when selecting the conditions, reagents, and
oligonucleotide design that is required if fluorescence intensities are to be compared in the

development of biological detection assays.

The two fluorescent dyes, FAM and TAMRA are commonly used for the simultaneous
detection of multiple targets using SERS, for example they were two of the three dyes used
in Chapter 2 in the SERS-based assay for the simultaneous detection of three bacterial
meningitis pathogens. This fluorescence study has shown the interactions that can occur
between the two dyes and DNA, and how the presence of spermine affects the
fluorescence emission. The fluorescence was further affected by changing experimental
conditions, such as concentration and pH. It is reasonable to assume that these changing
conditions may lead to changes in the SERS spectra obtained, where it is changes in peak
positions or relative peak intensities. The following chapter will discuss the affect changing
concentration and pH has on the SERS spectra of FAM and TAMRA, with more emphasis on

the dye present in a mixture, i.e. a multiplex SERS mixture.
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4. Interaction of Fluorescent Dyes with
Spermine and DNA Using Surface Enhanced
Raman Spectroscopy (SERS)

4.1 Introduction

SERS offers many advantages as a method for DNA analysis due to the low limits of
detection®™ ? that can be obtained ant the ability to detect multiple analytes in a sample
mixture using the molecularly specific fingerprint spectra that are observed and without the
need for any separation steps. To obtain the optimal SERS signals for successful DNA
detection, a DNA probe sequences has to be designed that contains a surface seeking group
for nanoparticle attachment and also a chromophore, which will provide a resonance
contribution with the excitation laser wavelength to give a large increase in sensitivity.? The
chromophore that has to be attached to the DNA sequence can be either a fluorescent
label, such as TAMRA or FAM, as the metallic surface is capable of quenching the
fluorescence emission® or it can be a specifically designed SERS dye (section 1.4.5.3).
Through careful design of the SERS probe, sensitive and specific DNA detection can be

achieved.

4.1.2 SERS Probes for DNA Detection

SERS probes designed for DNA detection can involve commercially available fluorescent
dyes that are covalently attached to the DNA sequence of interest. Fluorescent dyes are
commonly used in SERS probes due to the simple chemistry that is involved to attach the
dyes to a DNA sequence and because of the quenching ability of the nanoparticle surface.
There are numerous examples where commercially available dyes were attached to SERS
probes and used for DNA detection.”® Faulds et al. labelled DNA sequences with eight
commercially available fluorescent dyes and each were shown to be easily detected using

SERS.™ Limits of detections were calculated for each dye, showing that quantitative SERS
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analysis at low concentration levels could be readily achieved, something that was not
possible using fluorescence based methods. Further to this, Stokes et al. analysed 13 DNA
sequences that were each labelled with a commercially available fluorophore.’* This
emphasised the power of SERS to be used to successfully quantify DNA sequences that are

labelled with fluorescent dyes.

4.1.3 Multiplex Detection of Fluorescent Dye Labelled Probes

Multiplex detection is the ability to detect multiple labels (fluorescent dye labelled DNA
sequences) at the same time without using any separation procedures.’” Multiplex
detection can involve a 2-plex, an example being the multiplex analysis of mutations within
the cystic fibrosis gene.’” The specific DNA sequences used in that study were labelled with a
rhodamine dye and HEX. A 3-plex system was then developed for the detection of SERS
probe sequences that corresponded to particular gene sequences from E. coli.”® Following
this, a multiplex system was developed for the detection of 5 dye labelled DNA sequences
using two laser excitation frequencies (514.5 and 633 nm)."* Three of the dyes would give
low limits of detection at 514.5 nm excitation and the other two at 633 nm excitation.
When all 5 oligonucleotides were mixed together in the one sample, using the 514.5 nm
laser excitation signals from three dyes, FAM, R6G and ROX, were easily observed and
when using the 633 nm excitation laser the other two dyes, BODIPY and Cy 5.5 could then
be identified in the SERS spectrum. The fluorescent dye ROX produced signals at both laser
excitations. To increase the SERS multiplex to the detection of 6 or more labelled DNA
sequences, chemometric analysis will be required to clearly identify the presence or

absence of the fluorescent dye labels in the multiplex mixture.”

4.1.4 Interactions within the Multiplex Mixture

Nanoparticles are often used for the detection of DNA sequences using SERS. For example,
silver nanoparticles can be prepared with a citrate layer that will possess a net negative
charge on the nanoparticle surface.” Therefore, to allow the negatively charge phosphate
backbone of a DNA sequence to adsorb onto the negatively charges silver nanoparticle
surface, a method involving the reduction of these charges is required. One approach

involves electrostatic layering using either poly(L-lysine) or spermine."” Spermine was found
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to facilitate the maximum adsorption of DNA onto the nanoparticle surface. Spermine is
discussed in more detail in chapter 3 section 3.1.3. The two fluorescent dyes used within
this study are TAMRA and FAM; structures are shown in Figure 3.3. These are charged dyes,
with TAMRA being positive and FAM negative. The charge on the dye, or indeed any analyte
to be detected, can have a significant effect on the SERS intensity observed. Negatively
charged dyes like FAM tend to produce poor SERS intensity due to the repulsion between
the dye and the negatively charged nanoparticle surface, whereas positively charged dyes
such as TAMRA produce a greater SERS intensity due to the ease of surface adsorption. The

use of spermine can overcome these electrostatic repulsions.

With various charged components in a SERS multiplex mixture, it is reasonable to assume
numerous interactions can take place. These interactions, such as the ones between dye
labelled DNA and spermine, enhance the SERS signal observed. However, there are other
interactions that can reduce the SERS intensity and these interactions can also be dye
specific. It is important to understand all possible interactions that can occur, especially
when using SERS for the simultaneous detection of multiplex analytes as each fluorescent

dye present must produce sufficient SERS intensity to be identified and then quantified.

4.2 Aims

Previous work (chapter 3) demonstrated that the presence of spermine can either enhance
or reduce the fluorescence emission of two fluorescent dyes, FAM and TAMRA, which may
have an effect on the SERS spectra observed for the two dyes. Therefore, studies into the
effects of these interactions between the dyes, DNA, spermine and the silver nanoparticle
surface under different experimental conditions were undertaken. The effect of changing
the experimental conditions the surface adsorption of the analytes (dye or dye labelled
DNA) and how it will affect the SERS response was investigated. These studies involved the
SERS analysis of free dyes as well as the fluorescent dyes covalently attached to single or
double stranded DNA. It is important to understand the possible interactions between
these fluorescent labels using SERS as the results will have an impact on the design of

multiplex SERS-based detection assays.
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4.3 Experimental

4.3.1 Colloid synthesis

Silver nanoparticles were synthesised using a modified Lee and Meisel method.'® Silver
nitrate (90 mg) was dissolved in 500 mL distilled water. The solution was heated rapidly to
boiling with continuous stirring. Once boiling, an aqueous solution of sodium citrate (1 %,
10 mL) was added quickly. The heat was reduced and the solution was left to boil gently for
90 min with stirring. The colloid was then analysed by UV-vis spectroscopy and the A, was
found to be 406 nm with the full width half-height (FWHH) measured to be 82 nm. The
concentration of the colloid was calculated to be 0.18 nM. To minimise issues that arise
from batch to batch variation, experiments were performed using the same batch of

colloid.

4.3.2 Oligonucleotides
All sequences were purchased on a 0.2 uM scale with HPLC purification from Eurofins MWG

(Ebersberg, Germany), shown in Table 5.1.

Table 4.1 Modified oligonucleotides and complementary oligonucleotide sequence used in this investigation

Name Sequence (5°-3’) 5’ Modifications
TAMRA labelled oligonucleotide GGTTCATATAGTTATAATAA TAMRA

FAM labelled oligonucleotide GGTTCATATAGTTATAATAA FAM
Complementary Sequence TTATTATAACTATATGAACC -

4.3.3 SERS Instrumentation

SERS analysis was carried out using an Avalon Instrument Ramanstation R3 (Belfast, UK),
with an excitation wavelength of 532 nm from a diode laser. Disposable 1.5 mL PMMA
semi-micro cuvettes were used. Instrument settings were 5 x 1 second accumulations with
0.5 cm™ resolution. Data was baseline corrected using Grams software (Al 7.00). In some
experiments, the 1 second exposure time had to be reduced due to saturation of the

detector. The data was corrected to account for the change in exposure time.
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4.3.4 Fluorescent Dye Analysis

Analysis of the free dyes was carried out by preparing TR-ITC and F-ITC 1 uM solution of
each dye. To a microcuvette, the free dye (10 uL, 1 uM) was added to a solution of
spermine (20 uL, 0.1 M), distilled water (220 uL) and citrate reduced silver nanoparticles
(150 uL), in that order. SERS analysis was then performed immediately as described in
section 4.3.3. Each sample was prepared in triplicate and an average SERS spectrum was

calculated.

4.3.5 Fluorescent Dye Labelled Single Stranded DNA Analysis

Single stranded DNA labelled with either TAMRA or FAM were also analysed using SERS,
sequences are shown in Table 4.1. Analysis was carried out by preparing 1 uM solutions of
TAMRA and FAM labelled single stranded DNA. The dye labelled DNA (10 uL, 1 uM) was
added to a cuvette followed by spermine (20 pL, 0.1 M), distilled water (220 uL) and citrate
reduced silver nanoparticles (150 pL), in that order. SERS analysis was then performed
immediately as described in section 4.3.3. Each sample was prepared in triplicate and an

average SERS spectrum was calculated.

4.3.6 Fluorescent Dye Labelled Double Stranded DNA Analysis

When analysing double stranded labelled DNA, DNA hybridisation had to be performed
prior to SERS analysis. To a sample vial, dye labelled DNA (10 uL, 1 uM) and the
complementary sequence (10 uL, 1 uM) were added to a solution of phosphate buffered
saline, PBS (20 uL, 0.3 M). The sample vial was placed in a heating block at 90 °C for 10
minutes and then cooled to 10 °C for 10 minutes. For SERS analysis, the double stranded
labelled DNA (20 pL, 1uM) was added to a solution of spermine (20 uL, 0.1 M), distilled
water (210 plL) and citrate reduced silver nanoparticles (150 pL). SERS analysis was then
performed immediately as described in section 4.3.3. Each sample was prepared in

triplicate and an average SERS spectrum was calculated.
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4.3.7 Concentration Studies

For dye concentration studies discussed in sections 4.4.2.1and 4.4.2.2, a final concentration
range of 2.2 pM to 22 nM was prepared. The concentration study performed in section
4.2.2.3 involved a range from 0.13 nM to 24.7 nM. The free dyes and dye labelled
oligonucleotides were analysed both individually and in a mixture of both. For individual
analysis, fluorescent dye, dye labelled single stranded DNA or dye labelled double stranded
DNA (10 pL, 10 pL or 20 puL) was added to a solution of spermine (20 uL, 0.1 M), distilled
water (220 or 210 pL) and silver citrate reduced nanoparticles (150 uL). SERS analysis was
then performed immediately. For mixture analysis, 10 uL of each fluorescent dye or dye
labelled DNA was added to a solution of spermine (20 uL, 0.1 M), distilled water (220 uL)
and silver citrate reduced nanoparticles (150 uL). The varying concentrations of each

fluorescent dye or fluorescent dye labelled DNA were prepared prior to SERS analysis.

4.3.8 Time Studies

Time studies, using TR-ITC/F-ITC and TAMRA/FAM labelled single or double stranded DNA,
were performed to determine what affect the order of addition of the analyte had on the
SERS intensities observed. The fluorescent dyes were treated as primary or secondary
probes based on their order of addition. To a microcuvette, the primary fluorescent dye or
dye labelled single stranded DNA (10 pL, 1 uM) was added to a mixture of spermine (20 pL,
0.1 M), distilled water (220 pL) and citrate reduced silver nanoparticles (150 pL). Following
this, the secondary fluorescent dye or dye labelled single stranded DNA was added and
SERS analysis started immediately. SERS measurements were recorded every 5 minutes for
20 minutes. When time studies were performed using fluorescent dye labelled double
stranded DNA, the same order of addition was followed however there were two volume
changes, the amount of dye labelled DNA added was increased to 20 pL and the amount of

distilled water was reduced to 210 pL.

4.3.9 pH Studies
SERS spectra were recorded using buffers with varying pHs to determine what affect
changing the pH had on the SERS intensity of the characteristic peaks of the fluorescent

dyes. Table 4.2 lists the four solutions used for the pH studies.
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Table 4.2 Solutions of varying pH

pH Solution

2.9 Citrate/HCl

5.2 Distilled Water

6.9 Phosphate Buffered Saline (PBS)
13.2 NaOH

250 mM trisodium citrate was prepared and pH was adjusted to 2.9 using HCl. 10 mM
phosphate buffered saline, pH 6.9, was prepared by dissolving one tablet (Sigma Aldrich) in
200 mL distilled water. Finally, 1 M NaOH was prepared and pH was measured to be 13.2.
The distilled water used throughout all of the experiments had a measured pH of 5.2.
Samples for analysis were prepared as follows; fluorescent dye or dye labelled single
stranded DNA (10 puL, 1 uM) was added to spermine (20 uL, 0.1 M), one of the four
solutions listed in Table 5.2 (220 uL) and citrate reduced silver nanoparticles (150 uL). For
double stranded DNA studies, 20 uL of dye labelled DNA was added to the cuvette and the
amount of solution added was reduced to 210 pL. SERS analysis was carried out
immediately. Each sample was prepared in triplicate and an average SERS spectrum was

calculated.

4.3.10 Nanoparticle Characterisation

4.3.10.1 Nanosizing

Dynamic light scattering (DLS) measurements were performed to determine the effect of
changing the pH of the solution had on the nanoparticles. This was carried out by adding
citrate reduced silver nanoparticle (400 plL) and one of the solutions in Table 4.2 (400 ulL) to
a cuvette and performing the measurement using a Malvern Zetasizer nano ZS system.
Measurements of all four solutions were also recorded after the addition of spermine

(80 pL, 0.1 M).

5.3.8.2 Zeta Potential
The zeta potential for each of the four solutions used for the nanosizing measurements

(section 4.3.10.1) was performed using the same instrument. Samples were prepared in a
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similar way, citrate reduced silver nanoparticles (400 pL) were added to one of the four

solutions (400 pL). The dip cell was placed into the cuvette and analysis followed.

4.4 Results and Discussion

Detection of nucleic acids, proteins and small molecules has been readily achieved using
surface enhanced Raman scattering (SERS), through the ability to label these biomolecules
with fluorescent dyes.18 Due to the multiplexing capabilities of SERS, more than one
fluorescently labelled biomolecule can be detected in the same sample mixture.' These
methods of detection rely on each of the fluorescent dyes present producing equivalent
amounts of signal so that each one can be readily detected. Ideally, they will have similar
Raman cross sections and affinity for the metal surface, so that one dye does not dominate
over the others in the multiplex. However, interactions can occur between the fluorescent
dyes on and off the nanoparticle surface that will ultimately affect the overall SERS
response that is obtained. These interactions can be due to the presence of other
molecules such as aggregating agents like spermine, or can be a result of the electrostatic
interactions due to the charge on the fluorescent dyes compared to the nanoparticle.

Within the scope of this work, fluorescently labelled DNA will be detected using SERS.

Before any studies were performed, SERS spectra of TAMRA isothiocyanate (TR-ITC), FAM
isothiocyanate (F-ITC), TAMRA labelled oligonucleotide and FAM labelled oligonucleotide
were recorded to determine if the SERS spectrum changed upon covalent attachment of
the fluorescent dye to a DNA sequence (Figure 4.1). To achieve this free dye or dye labelled
DNA (10 uL, 1 uM) was premixed with spermine (20 uL, 0.1 M)and then added to silver

nanoparticles (150 puL).
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Figure 4.1 SERS spectra of the fluorescent dyes TAMRA and FAM when attached and unattached to an
oligonucleotide (22 nM) premixed with spermine (0.1 M) and added to silver nanoparticles. (a) SERS spectrum
of FAM labelled oligonucleotide, (b) SERS spectrum of FAM isothiocyanate (F-ITC), (c) SERS spectrum of
TAMRA labelled oligonucleotide and (d) SERS spectrum of TAMRA isothiocyanate (TR-ITC). Additional DNA
peaks are highlighted in red and isothiocyanate peaks in green. Spectra were recorded using an excitation

wavelength of 532 nm with a 1 s accumulation time.

The SERS spectra observed when FAM and TAMRA are attached to an oligonucleotide
sequence (Figure 4.1 a, c) contain an additional peak at 730 cm™, which is attributed to the
presence of an oligonucleotide sequence, in particular the adenine base.” An additional
peak is observed at 417 cm™ in the spectra of the free dyes, F-ITC and TR-ITC, due to the
presence of the isothiocyanate group attached to the free dyes (Figure 4.1 b, d). There was
a shift in all peak positions of 4 cm™ between the free dye and dye-oligonucleotide forms.
The peaks chosen for analysis were 646 cm™ and 650 cm™ for F-ITC and FAM labelled
oligonucleotide, and 1650 cm™® and 1654cm™ for TR-ITC and TAMRA labelled
oligonucleotide respectively. Furthermore, there are some changes in relative peak

intensities upon attachment of the fluorescent dye to an oligonucleotide sequence, for
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example, the 1575 cm™ peak in the F-ITC spectrum compared to that in the FAM labelled
oligonucleotide where there is a change in frequency of the ring vibrations due to the
attachment of DNA. Changes in relative peak intensities are also a result the change in
orientation of the fluorescent dye with respect to the nanoparticle surface when it is

attached or unattached to DNA.

4.4.1 Affinity of Fluorescent Dye to the Nanoparticle Surface

Previous studies have shown that different intensities of SERS spectra are observed when
the fluorescent dye is attached to single stranded DNA, double stranded DNA or when it is
in its free form. In 2009, MacAskill et al. used SERRS for the detection of specific DNA
sequences based on the different affinity between single and double stranded DNA and the
silver nanoparticle surface. Results showed that reduced SERS intensity was observed when
double stranded DNA was attached to the fluorescent dye FAM, whereas an increase in
SERS intensity was observed when single stranded DNA was attached to FAM.* Following
this, Harper et al. demonstrated the different affinities that TAMRA labelled single and
double stranded and the free dye TAMRA has for the silver nanoparticle surface. It was
shown that TAMRA labelled single stranded DNA has the highest affinity for the
nanoparticle surface producing the most intense SERS spectrum, followed by TAMRA
labelled double stranded DNA whereas the free dye TAMRA was shown to have no affinity
for the surface resulting in no SERS intensity observed.”” Both studies used different
experimental conditions to those used in this work; EDTA reduced silver nanoparticles
compared to citrate reduced silver nanoparticles were used and the pH of the buffer was
7.4, whereas the pH of the SERS solution in this instance was 5.2. These changes in
conditions could potentially affect the affinity the fluorescent dyes and dye labelled DNA

sequences have for the nanoparticle surface.

The difference in SERS intensity observed when the fluorescent dye is free or attached to
single or double stranded DNA is due to the difference in electrostatic attraction between
the nucleobases and the nanoparticle. However, the fluorescent dyes themselves are also
charged, TAMRA is positive whereas FAM is negative. Free dye or dye labelled DNA was

added to a solution of spermine, distilled water and citrate reduced silver nanoparticles.
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SERS spectra were recorded for TR-ITC/TAMRA labelled DNA and F-ITC/FAM labelled DNA.

The results obtained for TAMRA are given in Figure 4.3.
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Figure 4.2 SERS analysis of (a) TR-ITC (22 nM) (b) TAMRA labelled single stranded DNA (22 nM) and (c) TAMRA
labelled double stranded DNA (22 nM). (d) Further peak analysis at 1650 cm™ for TR-ITC and 1654 cm™ for
TAMRA covalently attached to DNA. SERS spectra were recorded using an excitation wavelength of 532 nm.
Peak intensities were obtained by scanning 5 replicate samples 3 times with an accumulation time of 1s.

Averages are shown and error bars are * one standard deviation.

When the SERS spectra were recorded of TR-ITC (Figure 4.2a), TAMRA labelled single
stranded DNA (Figure 4.2b) and TAMRA labelled double stranded DNA (Figure 4.2c), varying
peak intensities were observed. The strongest SERS intensity was observed when TAMRA
was attached to double stranded DNA and the weakest was when the dye was in free form.
This is a result of the combined electrostatic attraction between the positively charged
TAMRA and the negative nanoparticle surface, and between the negatively charged
phosphate backbone of the oligonucleotide and the positively charged spermine. TAMRA

labelled single stranded DNA also experiences these electrostatic interactions but not to

115



the same extent. The free dye has no attraction to the positively charged spermine, only to
the negatively charged nanoparticle surface, which does not produce the same SERS
intensity as the dye labelled oligonucleotides. The fluorescence background also varies,
most notably when TAMRA is covalently attached to single stranded DNA where the largest
background signal is observed (Figure 4.2b). This suggests that the TAMRA labelled single
stranded DNA is orientated in such a way that the fluorescent dye is positioned away from
or unable to come close to the nanoparticle surface, increasing the background
fluorescence i.e. decreasing the fluorescence quenching caused by the nanoparticle. The
results shown here are different to those obtained by Harper et al.** In that study, TAMRA
labelled single stranded DNA produced the largest SERS intensity with the free dye
producing no SERS peaks. The main difference between the two studies is the silver
nanoparticles used; Harper et al. used EDTA reduced silver nanoparticles whereas in this
study citrate reduced silver nanoparticles were used. The surface layer on the nanoparticles
will be different, which will ultimately affect the affinity between dye/DNA and the
nanoparticle surface. Furthermore, Harper et al. found that the pH greatly affected the
degree of affinity the DNA had for the nanoparticle surface and found that pH 8.3 gave the

greatest discrimination, whereas pH 5.2 was used throughout these experiments.”* **

The results obtained from SERS analysis of F-ITC (Figure 4.3a), FAM labelled single stranded
DNA (Figure 4.3b) and FAM labelled double stranded DNA (Figure 4.3c) are different
compared to those obtained from the SERS analysis of TR-ITC/TAMRA labelled DNA. The
highest SERS intensity was observed when the FAM was free and when it was covalently
attached to single stranded DNA as the dye will be closest to the nanoparticle surface.
There are two possible reasons why FAM labelled double stranded DNA produced the
lowest intensity. Firstly, the strong interaction between spermine and double stranded DNA
that could dominate over any interactions between the dye and spermine, resulting in FAM
being positioned further away from the nanoparticle surface producing the lowest SERS
intensity and highest fluorescent background (Figure 4.3c), or there could be a stronger
interaction between the negatively charged phosphate backbone that is exposed in single
stranded DNA and the positively charge spermine, resulting in higher SERS intensity
observed for FAM labelled single stranded DNA (Figure 4.3b). The results obtained here
agree with those shown by MacAskill et al. where double stranded DNA attached to FAM
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gave lower SERS intensity compared to single stranded DNA attached to FAM, a result due
to the electrostatic interaction between the nucleobases, spermine and the nanoparticle
surface.?! MacAskill et al. did not analyse FAM as the free dye (F-ITC), therefore there is no

previous data on the comparison between F-ITC and FAM labelled single stranded DNA.
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Figure 4.3 SERS analysis of (a) F-ITC (22 nM) (b) FAM labelled single stranded DNA (22 nM) and (c) FAM
labelled double stranded DNA (22nM). (d) Further peak analysis at 646 cm™ for F-ITC and 650 cm™ for FAM
covalently attached to DNA. SERS spectra were recorded using an excitation wavelength of 532 nm. Peak
intensities were obtained by scanning 5 replicate samples 3 times with an accumulation time of 1 s. Averages

are shown and error bars are * one standard deviation.

When analysing the free dyes and dye labelled DNA using fluorescence spectroscopy, the
fluorescence intensity changed depending on the DNA attachment to the dye. Fluorescence
results for TAMRA demonstrated the maximum intensity was observed when single
stranded DNA was attached to TAMRA, with TR-ITC and double stranded TAMRA labelled
DNA producing similar fluorescent intensities (Figure 3.5). Comparing this to the SERS
spectra shown in Figure 4.2, the change in fluorescence background of the spectra

correlates to the fluorescence intensity results, with single stranded DNA showing the
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highest fluorescence background (Figure 4.2 b). For FAM fluorescence comparison, the
intensity was not greatly affected by DNA attachment, which is reflected in the SERS
spectra (Figure 4.3 a-c) where the fluorescence background does not change significantly as
it does with TAMRA. Therefore, both the SERS and fluorescence data have shown that
attachment of a DNA sequence to a fluorescent dye will affect the fluorescence emission of
the dye, which also correlates with the fluorescent background in the SERS spectra. The
electrostatic interactions that arise due to the attachment of DNA to the fluorescent dye
have shown to have an effect on the fluorescence emission (Figure 3.5), however changes
in the SERS spectra of the dyes are also observed such as additional DNA peaks and a shift

in all peak positions.

These results were based on separate analysis of the individual fluorescent dyes. As can be
seen, each produced different SERS intensities depending on their attachment to
oligonucleotides. However, the focus of this study was to determine what the outcome
would be when the two fluorescent dyes were both present in mixtures, both in free forms

and when they were covalently attached to an oligonucleotide sequence.

4.4.2 Effects of Changing Fluorescent Dye Concentration
The SERS intensity observed of the free dyes and dye labelled DNA sequences has a linear
relationship with changing concentration, i.e. as the concentration of the analyte is

increased, the SERS intensity also increases.'” **

However, it was important to determine
what happens to the relative intensities of the two fluorescent dyes then present in a
mixture when only the concentration of one fluorescent dye is changed. This is extremely
important as it will ultimately affect the ability to quantify each dye present and ensure
that one dye does not dominate or displace the other from the nanoparticle surface in the
mixture. Four concentration studies were performed, two using the free forms of the

fluorescent dyes, TR-ITC and F-ITC, and two using the TAMRA and FAM labelled single

stranded DNA. The peaks monitored were the same as those stated previously.
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4.4.2.1 Fluorescent Dyes (TR-ITC and F-ITC)

Two different scenarios were investigated, one involved changing the concentration of F-
ITC from 2.2 pM to 22 nM while keeping the concentration of TR-ITC constant (22 nM). The
other involved changing the concentration of TR-ITC (2.2 pM to 22 nM) while F-ITC
concentration remained at 22 nM, at these concentrations the dyes will be above
monolayer coverage on the nanoparticle surface. When varying the concentration of TR-ITC
that was added to a solution of F-ITC, the FAM and TAMRA peaks at 646 cm™ and 1650 cm™
respectively were monitored. The results are given in Figure 4.4, it can be seen that the
FAM peak at 646 cm™ does not increase in intensity as would be expected since the
concentration is not increasing. However, as the TR-ITC concentration is increased, the peak
intensity of TAMRA also increases and at the highest concentration where the two dyes are
in equimolar concentration, TAMRA intensity is higher than that of FAM (Figure 4.4a). This
suggests that as TAMRA increases in concentration, it is capable of displacing FAM from the
nanoparticle surface, resulting in a higher TAMRA SERS peak intensity, which is in good
agreement with Figures 4.2 and 4.3 that show TAMRA producing much higher SERS
intensity than FAM. When varying the concentration of F-ITC added to TR-ITC (22 nM), the
F-ITC peak intensity does increase with increasing concentration, however not to the same
extent with increasing TR-ITC concentration (Figure 4.4 b). At the highest concentration
(22 nM), the F-ITC peak intensity at 646 cm™ is not greater than that of TR-ITC at 1650 cm™,
suggesting that when TR-ITC is added first, it is strongly attached to the nanoparticle
surface and is not readily displaced by F-ITC.
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Figure 4.4 Results obtained when analysing the SERS peak intensities of TR-ITC (1650 cm'l) and F-ITC (646 cm’
1) when one dye concentration is varied from 2.2 pM to 22 nM. Blue data represents F-ITC peak intensity and
red data represents TR-ITC peak intensity. (a) SERS spectra with increasing TR-ITC concentration, (b) Peak
intensity comparison when varying concentration of TR-ITC. (c) SERS spectra with increasing F-ITC
concentration and (d) Peak intensity comparison when varying concentration of F-ITC. SERS spectra were
recorded using an excitation wavelength of 532 nm and a 1s accumulation time. Peak intensities were
obtained by scanning 5 replicate samples 3 times with an accumulation time of 1 s. Averages are shown and

error bars are + one standard deviation.

4.4.2.2 Single Stranded TAMRA and FAM Labelled DNA

The same concentration studies were performed using fluorescent dye labelled single
stranded DNA. When varying concentrations of TAMRA labelled DNA (2.2 pM to 22 nM)
was added to FAM labelled DNA (22 nM), the TAMRA peak intensity at 1654 cm™ increased
as the concentration increased and, similar to that observed in Figure 4.5, there was no
increase in the FAM peak intensity at 650 cm™. The higher concentrations, 0.2 nM to
22 nM, there was a slight decrease in intensity (Figure 4.5 a). Compared to the results
obtained when varying the free dye concentration (Figure 4.4 a), at the highest
concentration (22 nM), the TAMRA peak intensity is not greater than that of FAM. This

suggests that when TAMRA is covalently attached to DNA, it is not able to displace FAM
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labelled DNA as readily as the free form dyes due to the presence of the oligonucleotide
sequences. At the highest concentration, 22 nM, it is above monolayer coverage. Figure
4.6b shows the results obtained when monitoring peak intensities when varying
concentrations of FAM labelled DNA is added to TAMRA labelled DNA (22 nM). When
TAMRA is added first, is strongly adheres to the nanoparticle, evidenced by the high peak
intensity, similar to that observed when adding TR-ITC first. However, even when the
concentration of FAM labelled DNA was increased, there is no increase in peak intensity at
650 cm™, suggesting that FAM labelled DNA is not able to displace TAMRA labelled DNA
from the nanoparticle surface due to the electrostatic interactions between the charged
dyes, negative DNA and the negative nanoparticle surface. The interaction between DNA,
spermine and the nanoparticle surface is most likely to be the strongest, more so that the

electrostatic interactions involving the charged dyes.
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Figure 4.5 Results obtained when analysing the SERS peak intensities of TAMRA labelled DNA, at 1654 cm™
(red) and FAM labelled DNA at 650 cm? (blue) when one concentration is varied from 2.2 pM to 22 nM (peaks
are highlighted in the green boxes). (a) SERS spectra with increasing TAMRA labelled oligonucleotide and (b)
peak intensity comparison with varying concentrations of TAMRA labelled DNA. (c) SERS spectra with
increasing FAM labelled DNA concentration and (d) peak intensity comparison with varying concentrations of
FAM labelled DNA. SERS spectra were recorded using an excitation wavelength of 532 nm and a 1s
accumulation time. Peak intensities were obtained by scanning 5 replicate samples 3 times with an

accumulation time of 1 s. Averages are shown and error bars are * one standard deviation.

4.4.2.3 Increasing Concentration of Both Fluorescent Dyes

Concentration studies were then performed using fluorescent dye labelled single stranded
DNA and increasing both dye labelled DNA concentrations from 0.13 nM to 24.7 nM
simultaneously. The lower concentrations were used so that the analysis was performed
below monolayer coverage. Figure 4.6a shows the SERS spectra obtained when increasing
the concentrations of both FAM and TAMRA labelled DNA. By monitoring the TAMRA and
FAM peak intensities (1654 cm™ and 650 cm™ respectively), when they are present in the
mixture (red data set) and when they are separate (blue data set), a clearer understanding

of what happens on the nanoparticle surface with changing concentration can be obtained
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(Figure 4.6b, c). Comparing both TAMRA and FAM dye labelled DNA when they are present
separately, and in the mixture, the same response to changing concentration is observed
for both dyes. At very low concentrations, below monolayer coverage around 0.13 nM to
1.3 nM, the oligonucleotides are likely to lie flat on the nanoparticle surface due to the
attractive forces between the spermine and phosphate backbone and that there is space
available on the nanoparticle surface (Figure 4.6 d(i)). There is then a plateau region from
2.6 nM to 16.9 nM suggesting that there is no more space on the nanoparticle surface for
the dye labelled oligonucleotides to lie flat resulting in the formation of a second layer
producing a slight increase in SERS intensity (Figure 4.6d(ii)). At the higher concentrations,
18.2 nM to 24.7 nM, the mixed monolayers on the surface may form into clusters or more
layers with complex geometry. These may be head to tail structures with the dyes at the
same or opposite ends with one pointing down to the surface and one away from the
surface (Figure 4.6d(iii)). Therefore, above monolayer coverage, some dyes will lie off the
surface and some are on it in equal measures, linking the SERS response to the increase in
fluorescence. The fluorescence is not necessarily enhanced as this would require the
correct distance between the fluorescent dye and the nanoparticle; it simply may not be as

qguenched at higher concentrations.

The blue data sets shown in Figure 4.7 represent the peak intensities observed when the
dye labelled DNA sequences are both increased, however they are not present in a mixture.
For both FAM and TAMRA Ilabelled DNA, within this concentration range monolayer
coverage is not reached as there is no plateau region observed. This is reasonable as
monolayer coverage will be attained at lower dye concentrations when they are present in
the mixture (red data sets), as there will be more dye labelled oligonucleotides present in
that volume. This concentration study highlights why spermine is powerful in SERS as it
influences the orientation of the dye labelled oligonucleotide through dye-DNA or DNA-
DNA interactions resulting from the presence of spermine. Furthermore, results shown in
Chapter 4 demonstrate the presence of spermine also influences the fluorescence emission
of FAM and TAMRA; spermine enhances the fluorescence emission of FAM but has a lesser

effect on TAMRA.
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Peak intensities were obtained by scanning 5 replicate samples 3 times with an accumulation time of 1
second. Averages are shown and error bars are * one standard deviation. (d) A schematic representation of

the orientation of the dye labelled DNA sequences when the concentration is increased (not to scale).
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As demonstrated by the concentration studies performed, there is a marked difference in
SERS intensity between TAMRA and FAM, either attached to an oligonucleotide or free,
when both are present in a mixture. Order of addition of the dye labelled oligonucleotides
plays a major role in the overall intensity observed as does the concentration of the free
dye or dye labelled DNA. All concentration studies involved immediate SERS analysis after
dye addition, therefore it was important to determine what happened to the SERS intensity

of the fluorescent dyes over a time period.

4.4.3 Time Studies

For the two dyes to be used successfully in a SERS multiplex, it is imperative to understand
the optimum sample preparation conditions required to enable identification of both dyes
in a mixture. Previous experiments involved the two fluorescent dyes being premixed
directly before SERS analysis resulting in spectra containing peaks from both dyes (Figure
4.7). The spectrum observed when the two fluorescent dyes are premixed is shown in
Figure 4.7a and the individual spectra of TR-ITC and F-ITC are shown in Figure 4.7 b and ¢
respectively. The multiplex spectrum contains peaks from both dyes, highlighted with

asterisks.
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Figure 4.7 The SERS spectra of (a) the two fluorescent dyes, TR-ITC and F-ITC (both 22 nM), premixed directly
before SERS analysis, (b) TR-ITC (22 nM) and (c) F-ITC (22 nM). TR-ITC peaks are highlighted with the red
asterisk and the F-ITC speaks are highlighted by the black asterisk. SERS spectra were recorded using an

excitation wavelength of 532 nm and a 1 second accumulation time.

Concentration studies have shown that the order of addition of fluorescent dye affects the
SERS spectra produced (section 4.4.2). Therefore, studies were performed that did not
focus on changing the concentration of the free dyes or dye labelled DNA, but what
happened to the SERS intensity of the two dyes after initial addition to the mixture over a
period of time. The unique peaks for TAMRA and FAM were monitored over a period of 20

minutes, with SERS spectra collected every 5 minutes.

4.4.3.1 Free Dyes Time Study
The SERS spectra of F-ITC and TR-ITC (22 nM) were monitored over a period of time. TR-ITC
was added to the solution of spermine and silver nanoparticles followed by F-ITC

immediately before SERS analysis. The order of addition of the fluorescent dyes was
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reversed for the second time study. TR-ITC was added first to the cuvette containing
spermine, distilled water and citrate reduced silver nanoparticles followed by the addition
of F-ITC and spectra were recorded every 5 minutes for 20 minutes. The TAMRA peak at
1650 cm™ decreases over time. A peak at 646 cm™ due to F-ITC was observed, showing that
F-ITC does interact with the nanoparticle surface; however does not vary much over time.
The intensity observed at 1650 cm™ is higher indicating a stronger interaction with the

nanoparticle when it comes to TR-ITC (Figure 4.8a-c).

— 0 mins —0mins
——5 mins — & mins

6000 - — 1o 12000 —— 10mins
—— 15 mins ——15 mins
(a) ——20 mins (b) —— 20 mins
10000 -|
~ 5000 =
S =
< < 00
2 = 1
& G
& 4000\ g
E f £ 6000
%) 1% 8
o o
& &
00 4000 -|
2000 -|
2000 T T T T T 1 T T T T T 1
500 550 600 650 700 750 800 1500 1550 1600 1650 1700 1750 1800
Raman Shift cm™) Raman Shift cm™)

8000 - (c)
7000 -

6000

4000 | uFAM
= TAMRA
2000
1000
o | is L1 - || il

0 mins 5 mins 10mins 15mins 20 mins

:

:

Peak Intesnities (a.u.)

Figure 4.8 Results obtained when monitoring the SERS intensity for 20 minutes. TR-ITC (22 nM) was added
first to the sample mixture followed by F-ITC (22 nM). (a) SERS spectra focussing on 646 em? peak monitored
for F-ITC, (b) SERS spectra focussing on 1650 em? peak monitored for TR-ITC. (c) Comparison of the TR-ITC
peak (red) and the F-ITC peak (blue). SERS spectra were recorded using an excitation wavelength of 532 nm
and a 1 second accumulation time. Peak intensities were obtained by scanning 5 replicate samples 3 times

with an accumulation time of 1 s. Averages are shown and error bars are + one standard deviation.

The second time study involved the addition of F-ITC first, followed by the addition of TR-
ITC. The intensity of the 1650 cm™ TAMRA peak does not significantly increase over time;
however the intensity of the 646 cm™ F-ITC peak decreased (Figure 4.9a-c). This suggests

that TR-ITC is displacing F-ITC from the nanoparticle surface, further indicating the stronger
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affinity that TR-ITC has for the nanoparticle surface compared to F-ITC and is in good
agreement with initial results shown in Figures 4.2 and 4.3. This is further highlighted when
considering the change in background fluorescence, which decreases over time. This could
be a result of the dyes coming closer to the nanoparticle surface over time, especially TR-

ITC, allowing for the fluorescence to be quenched.
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Figure 4.9 Results obtained when monitoring the SERS intensity for 20 minutes. F-ITC (22 nM) was added first
to the sample mixture followed by TR-ITC (22 nM). (a) SERS spectra focussing on 646 cm? peak monitored for
F-ITC, (b) SERS spectra focussing on 1650 cm™ peak monitored for TR-ITC. (c) Comparison of the TR-ITC peak
(red) and the F-ITC peak (blue). SERS spectra were recorded using an excitation wavelength of 532 nmand a1
second accumulation time. Peak intensities were obtained by scanning 5 replicate samples 3 times with an

accumulation time of 1 second. Averages are shown and error bars are * one standard deviation.

4.4.3.2 Single Stranded DNA Time Study

Similar time studies were then carried out using single stranded DNA labelled with either
FAM or TAMRA. Initially, FAM labelled single stranded DNA was added to a solution
containing TAMRA labelled single stranded DNA and SERS spectra were monitored. Then
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the converse was carried out, FAM labelled single stranded DNA was added initially
followed by TAMRA labelled single stranded DNA. SERS spectra were then recorded at
5 minute intervals for 20 minutes. The TAMRA and FAM peaks that were monitored for

intensity comparisons were 1654 cm™ and 650 cm™ respectively.

Figure 4.10a-c shows that when TAMRA labelled single stranded DNA was added initially to
the sample mixture followed by FAM labelled single stranded DNA, TAMRA dominated the
SERS spectrum. This suggests that there is a very strong interaction between the TAMRA
labelled single stranded DNA and the nanoparticle surface. As observed in Figure 4.2,
TAMRA labelled single stranded DNA does have a stronger affinity for the nanoparticle
surface, especially compared to TR-ITC. Therefore, when FAM labelled single stranded DNA
is added last, FAM cannot displace TAMRA labelled DNA and come into close enough
contact with the nanoparticle surface for signal enhancement. The stronger attraction that
TAMRA has for the nanoparticle surface is likely to be a result of electrostatic attraction
between the positive dye and the negative nanoparticle surface. Again, there is a decrease
in the background fluorescence over time, most notable at the TAMRA peak at 1654 cm™
(Figure 4.10b), as the fluorescence is being quenched when the dye labelled single stranded
DNA sequences is coming closer to the nanoparticle surface. The differences observed
between the time studies involving the free dyes and dye labelled single stranded DNA is
another effect observed due to the attachment of a DNA sequence, which has been shown

to cause changes in the SERS spectra in Figure 4.1.
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Figure 4.10 Results obtained when monitoring the SERS intensity for 20 minutes. TAMRA labelled single
stranded DNA (22 nM) was added first to the sample mixture followed by FAM labelled single stranded DNA
(22 nM). (a) SERS spectra focussing on 650 em™ peak monitored for FAM labelled single stranded DNA, (b)
SERS spectra focussing on 1654 cm® peak monitored for TAMRA labelled single stranded DNA. (c) Comparison
of the TAMRA peak (red) and the FAM peak (blue). SERS spectra were recorded using an excitation
wavelength of 532 nm and a 1s accumulation time. Peak intensities were obtained by scanning 5 replicate
samples 3 times with an accumulation time of 1s. Averages are shown and error bars are * one standard

deviation.

When FAM labelled single stranded DNA was added first, FAM peaks are strong in the SERS
spectrum (Figure 4.11 a and b). The intensity of the 650 cm™ FAM peak remains constant
over the 20 minutes, whereas the intensity of the 1654 cm™ TAMRA peak increases, despite
there being no increase in concentration (Figure 4.11c). This suggests that TAMRA is coming
closer to the nanoparticle surface over time, and if this continues TAMRA could eventually
displace FAM on the surface and dominate the SERS spectrum. This is in agreement with
results shown in Figures 4.2 and 4.3, where TAMRA produces the higher SERS intensity
compared to FAM regardless of their covalent attachment to DNA. There is also a change in

the background signal, however it does not decrease in a similar way as shown in
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Figure 4.9. This difference that is observed could be a result of the attachment of the dyes
to single stranded DNA sequences that will affect the orientation and therefore the
distance between the dye and the nanoparticle surface. There is no clear pattern with the
change in background fluorescence of the time period and this could be a result of the
formation of mixed layers where the dyes will not be uniformly positioned with respect to

the nanoparticle surface.
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Figure 4.11 Results obtained when monitoring the SERS intensity for 20 minutes. FAM labelled single
stranded DNA (22 nM) was added first to the sample mixture followed by TAMRA labelled single stranded
DNA (22 nM). (a) SERS spectra focussing on 650 em™ peak monitored for FAM labelled single stranded DNA,
(b) SERS spectra focussing on 1654 ecm™ peak monitored for TAMRA labelled single stranded DNA. (c)
Comparison of the TAMRA peak (red) and the FAM peak (blue). SERS spectra were recorded using an
excitation wavelength of 532 nm and a 1 s accumulation time. Peak intensities were obtained by scanning 5
replicate samples 3 times with an accumulation time of 1 s. Averages are shown and error bars are + one

standard deviation.
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4.4.3.3 Double Stranded DNA Time Study

TAMRA and FAM labelled DNA sequences were hybridised to their complementary
sequences to determine the effect double stranded labelled DNA would have on the
intensity of the SERS spectra over the time period. Two samples were analysed, one where
TAMRA labelled double stranded DNA was added first to the sample mixture followed by
FAM labelled double stranded DNA, and the reverse of this where FAM labelled double
stranded DNA was added first.

When TAMRA labelled double stranded DNA is added first, there was no significant increase
in intensity at 650 cm™ indicative of the presence of FAM and as the time study progressed,
TAMRA intensity at 1654 cm™ decreased (Figure 4.12). Figure 4.12c suggests that when
TAMRA labelled double stranded DNA is added initially, it adsorbs directly onto the surface;
however over time a layer of TAMRA double stranded DNA could form around the
nanoparticle surface where TAMRA is positioned further away from the surface resulting in
a decrease in peak intensity. Regardless, TAMRA is positioned closer to the surface and as a
result dominated the SERS spectrum throughout the time study. An observed decrease in
the background signal suggests that over the time period TAMRA labelled double stranded

is coming in closer proximity to the nanoparticle surface, quenching the fluorescence.
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Figure 4.12 Results obtained when monitoring the SERS intensity for 20 minutes. TAMRA labelled double
stranded DNA (22 nM) was added first to the sample mixture followed by FAM labelled double stranded DNA
(22 nM). (a) SERS spectra focussing on 650 cm™ peak monitored for FAM labelled double stranded DNA, (b)
SERS spectra focussing on 1654 cm™ peak monitored for TAMRA labelled double stranded DNA. (c)
Comparison of the TAMRA peak (red) and the FAM peak (blue). SERS spectra were recorded using an
excitation wavelength of 532 nm and a 1 s accumulation time. Peak intensities were obtained by scanning 5
replicate samples 3 times with an accumulation time of 1 s. Averages are shown and error bars are * one

standard deviation.

Similar to the results obtained from the time studies involving the free dyes (Figure 4.9) and
dye labelled single stranded DNA (Figure 4.11), when FAM labelled double stranded DNA is
added first followed by TAMRA labelled double stranded DNA, the FAM peak intensity is
readily observed at 650 cm™. The intensity of the peaks are lower than that when TAMRA
labelled DNA is added first (2,000 a.u. compared to 10,000 a.u.); however, based on results
shown in Figure 4.3 and 4.4 this is to be expected as TAMRA does produce higher SERS peak
intensities compared to FAM. The TAMRA peak intensity does increase over time (Figure
4.13c). A potential competing effect to the displacement of FAM by TAMRA is the formation
of layers consisting of dye labelled DNA. When TAMRA labelled DNA is added first, a layer

could form around the nanoparticle resulting in high TAMRA SERS intensity and upon
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addition of FAM labelled DNA, a second layer may form; however this will be further from
the nanoparticle surface and therefore FAM SERS intensity is low. Conversely, when FAM
labelled DNA was added initially followed by TAMRA labelled DNA, a layer of FAM labelled
DNA could form around the nanoparticle and this time in closer proximity resulting in the
observable FAM peak intensities. Even when TAMRA labelled DNA is added last, it may still
be capable of forming a layer around the FAM labelled DNA over time and as it produces
higher SERS intensity separately (Figure 4.2), TAMRA peak intensity will also be readily
observed. This layer could be positioned further away from the nanoparticle surface due to

the increase in background signal observed.
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Figure 4.13 Results obtained when monitoring the SERS intensity for 20 minutes. FAM labelled double
stranded DNA (22 nM) was added first to the sample mixture followed by TAMRA labelled double stranded
DNA (22 nM). (a) SERS spectra focussing on 650 cm’ peak monitored for FAM labelled double stranded DNA,
(b) SERS spectra focussing on 1654 cm? peak monitored for TAMRA labelled double stranded DNA. (c)
Comparison of the TAMRA peak (red) and the FAM peak (blue). SERS spectra were recorded using an
excitation wavelength of 532 nm and a 1 s accumulation time. Peak intensities were obtained by scanning 5
replicate samples 3 times with an accumulation time of 1s. Averages are shown and error bars are * one

standard deviation.
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The results obtained from these time studies show the major impact that order of addition
has on the SERS intensity observed for both fluorescent dyes. Another major consideration
is that the order of addition is dependent upon the fluorescent dye being bound or
unbound to DNA and whether the DNA is either single or double stranded. These are not
the only factors that will affect the design considerations of a SERS based assay. Changing
experimental conditions such as pH has been shown in chapter 3 to greatly influence the
fluorescence emission of TAMRA and FAM; therefore it is reasonable to assume that

varying the pH could potentially affect the SERS spectra of the two dyes.

4.4.4 pH Effects on SERS Intensity

The effect of changing the pH on the SERS intensity of each fluorescent dye solution was
investigated. The free fluorescent dyes, fluorescent dye labelled single stranded DNA and
fluorescent dye labelled double stranded DNA were analysed under four different pHs. The
solutions used were citrate/HCI (pH 2.9), distilled water (pH 5.2), phosphate buffered saline
(pH 6.9) and NaOH (pH 13.2), found in Table 4.2.

4.4.4.1 TAMRA

TR-ITC, TAMRA labelled single stranded DNA or TAMRA labelled double stranded DNA were
added to a solution of spermine, one of the four varying pH solutions and citrate reduced
silver nanoparticles. The SERS spectra obtained and the comparisons of peak intensities can

be found in Figure 4.14.

135



—pH 29 ——pH 29

——pH52 ——pH 52
18000 pH 6.9 | 100000 — pH69
16000 - pH 132 | pH 132
14000 80000+ A
3 3 Mo
S 12000 s [ g | N
2 2 60000
S 10000 e v T
c c i
g g y
£ 8000 £ /
] » 40000 e
e o ~
Z 6000 o
» - 7] s
0007 20000 A ==
2000
0 T T T T T T T 1 0 T T 77777: T T T T 1
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm™)
——pH29
——pH 52 90000
2100001 () ——pH69 (d) =
——pH 13.2 80000
180000 4 -
3 70000
- &
> o
2 150000 E 60000
s 5
2 b3
g 120000+ & 50000 mDye
] ®
= H ssDNA
£ 90000 Z 40000
2 2 ‘ = dsDNA
% 60000 £ 30000 |
= |
T 20000 o
30000 4 i e
10000 I
0 ; ; == = i : i , .
400 600 800 1000 1200 1400 1600 1800 a — T S =~
pH 2.9 pH5.2 pH 6.9 pH 13.2

Raman Shift (cm")

Figure 4.14 Results obtained from varying the pH of the solution of TR-ITC or TAMRA labelled DNA (22 nM).
(a) SERS spectra of TR-ITC with changing pH, (b) SERS spectra of TAMRA labelled single stranded DNA with
changing pH and (c) SERS spectra of TAMRA labelled double stranded DNA with changing pH. (d) Comparison
of the peak intensities at 646/650 cm™ and 1650/1654 cm™ over the pH range for TR-ITC (blue), TAMRA
labelled single stranded DNA (red) and TAMRA labelled double stranded DNA (green). SERS spectra were
recorded using an excitation wavelength of 532 nm and a 1s accumulation time. Peak intensities were
obtained by scanning 5 replicate samples 3 times with an accumulation time of 1 s. Averages are shown and

error bars are + one standard deviation.

SERS analysis of TR-ITC solutions of varying pH (Figure 4.14a), show that no SERS signal was
observed at pH 2.9, and the highest intensity SERS signal was observed at pH 13.2. TR-ITC is
a positive dye and therefore has a strong affinity for the negatively charged surface of the
nanoparticle, further enhanced at pH 13.2. SERS results obtained when analysing TAMRA
labelled single stranded DNA at the varying pH solutions (Figure 4.14b) are different to
those obtained for TR-ITC. SERS spectra are observed at acidic and neutral pH, however at
pH 13.2 there is a significant reduction in intensity. For TAMRA labelled double stranded
DNA, high intensity at 1654 cm™ is observed at pH 6.9 (Figure 4.14c). These results are in
good agreement with Figure 4.2, where double stranded TAMRA labelled DNA has a higher
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affinity for the nanoparticle surface compared to single stranded DNA. At pH 13.2, TAMRA
exists in its protonated form that is fluorescent and DNA becomes denatured which has
resulted in no SERS signal observed for either single or double stranded TAMRA labelled
DNA. As shown in chapter 3 (Figure 3.8), changing the pH will cause structural changes in
the fluorescent dyes. This is evident in Figure 4.14a as there is a change in the relative peak
intensities at 1500-1600 cm™ suggesting that TR-ITC has a different structure at pH 13.2

compared to the other pHs, structures are shown in chapter 3 Figure 3.10.

4.4.4.2 FAM

To investigate the effect of pH on the SERS signals from F-ITC, FAM labelled single stranded
DNA or FAM labelled double stranded DNA was added to a solution of spermine, one of the
four varying pH solutions and citrate reduced silver nanoparticles. The SERS spectra

obtained and the peak intensity comparisons can be found in Figure 4.15.
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Figure 4.15 SERS obtained from varying the pH of F-ITC or FAM labelled DNA (22.2 nM). (a) SERS spectra of F-
ITC with changing pH, (b) SERS spectra of FAM labelled single stranded DNA with changing pH and (c) SERS
spectra of FAM labelled double stranded DNA with changing pH. (d) Comparison of the peak intensities at
646/650 cm™ and 1650/1654 cm™ over the pH range for F-ITC (blue), FAM labelled single stranded DNA (red)
and FAM labelled double stranded DNA (green). SERS spectra were recorded using an excitation wavelength
of 532 nm and a 1s accumulation time. Peak intensities were obtained by scanning 5 replicate samples 3

times with an accumulation time of 1 s. Averages are shown and error bars are + one standard deviation.

At pH 5.2 and 6.9, F-ITC gives the optimal SERS intensity (Figure 4.15a); in acidic and
alkaline conditions the SERS intensity is greatly reduced. SERS intensity obtained when the
pH of FAM labelled single stranded DNA was changed gave similar results to F-ITC (Figure
4.15b). Again with double stranded FAM labelled DNA, no SERS intensity is observed at pH
2.9 or pH 13.2 and the intensity observed at pH 5.2 and 6.9 is lower than that for F-ITC and
single stranded DNA (Figure 4.15c).

When changing the pH of the solution, the fluorescence emission and SERS intensities of

both TAMRA and FAM are greatly affected. With respect to fluorescence, the structures of
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the dyes changed with varying the pH (Figure 3.10). As the pH was increased, FAM changed
from its non-fluorescent lactone structure to its ring opened structure that was highly
fluorescent, which explained the increase in FAM fluorescence with increase in pH.
Analysing the same pH solutions containing F-ITC or FAM labelled DNA, SERS signals were
only observed within the pH range 5.2 to 6.9. An increase in SERS intensity was not
observed and therefore did not show the same response compared to fluorescence
emission. Varying the pH did not affect the fluorescence emission of TAMRA as the dye
exists in two forms in the pH range used, either the zwitterion or the protonated form that
are both fluorescent (Figure 3.10). The SERS intensity observed of TR-ITC and TAMRA
labelled DNA with varying pH showed an increase in SERS intensity for TR-ITC when the pH
increased, however at pH 13.2 no SERS signals were observed for TAMRA labelled DNA
(Figure 4.14d). There is no direct relationship between fluorescence and SERS when varying
the pH, a reason for this may be that in SERS the silver nanoparticles will also be affected by

changing pH, which was not an issue when performing fluorescence analysis.

4.4.5 Nanoparticle Characterisation at Different pH

It has already been discussed in chapter 3 section 3.4.3 that changing the pH of a solution
will have an effect on the structure of the fluorescent dye; however changing the pH will
also have an effect on the nanoparticles. This will ultimately affect the ability of the analyte
to interact with the nanoparticle surface and the stability of the nanoparticles. For example,
changing the pH could remove/displace the citrate from the surface of the nanoparticle or
it could cause uncontrolled aggregation. Both these situations could potentially inhibit the
interaction of spermine with the nanoparticle surface could reduce the ability of the dye or
dye labelled DNA to adsorb onto the surface of the nanoparticle and affect the
reproducibility of the SERS response. The effect of changing the pH on the nanoparticles
was investigated by measuring the size and zeta potential of the nanoparticle at different

pH in the presence and absence of spermine.

Citrate reduced silver nanoparticles were added to each of the four solutions with varying
pH and the particle size was measure before and after spermine addition (Figure 4.16).

SERS measurements were previously recorded at a pH of 5.2, and as can be seen in Figure
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4.16, varying the pH away from 5.2 causes nanoparticle aggregation that will be
uncontrolled, as the particle size in the absence of spermine at pH 5.2 is approximately
60 nm, when the pH is changed this increases significantly to between 600 and 800 nm. The
presence of spermine does cause aggregation of the nanoparticles, however this is
controlled. At pH 6.9, the aggregation will be caused by the presence of the salt in PBS
solution. At extremely acidic and alkaline pH, the surface charge on the nanoparticle will

change inducing uncontrolled aggregation.
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Figure 4.16 Size of the citrate reduced silver nanoparticles when changing the pH. Measurements were taken
before (blue) and after (red) spermine addition. Three replicate measurements were taken for each sample.

Error bars represent *1 standard deviation.

The Zeta potential of each of the four different pH solutions containing nanoparticles and
spermine was then measured. The Zeta potential provides information regarding the
charge on the nanoparticle surface. As the silver nanoparticles possess a negatively charged
citrate layer on the surface, the more negative the value the more stable the nanoparticles
are in solution. Results are shown in Figure 4.17 and they provide a clearer understanding

as to what is happening on the nanoparticle surface at the various pHs.
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Figure 4.17 Zeta potential of the citrate reduced silver nanoparticles when changing the pH. Measurements
were taken before (blue) and after (red) spermine addition. Three replicate measurements were taken for

each sample. Error bars represent +1 standard deviation.

The addition of the polycation spermine changes the surface charge from negative to
positive at acidic and neutral pHs. However at pH 13.2, addition of spermine does not
change the charge on the surface of the nanoparticle to positive. The pKa of spermine is
around 10.5, therefore at pH 13.2 spermine is no longer a polycation and as a result cannot
create a positive charge on the surface of the nanoparticle. This explains why there is no
SERS observed at pH 13.2 of dye labelled DNA. SERS relies on the interaction of the analyte
(fluorescent dye or DNA) with the nanoparticle surface. This can only occur if spermine is
present to reduce the negative charge on the nanoparticle surface allowing the negative
DNA to come close to the surface. Fluorescence studies demonstrated that at pH 13.2,
fluorescence intensity was observed (Figure 3.9), however in these fluorescence

measurements there is no dependence on the presence of spermine to observe a signal.

At low pH, the nanoparticle/spermine solution is positive, allowing for optimal
nanoparticle-DNA interactions to occur. However at pH 13.2, there is a net negative charge
on the nanoparticle surface causing a high degree of repulsion between the DNA and
surface, therefore the analyte cannot come close enough to the nanoparticle resulting in

poor SERS intensity. At physiological pH, TAMRA will favourably make contact with the
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nanoparticle surface, whereas FAM will preferentially interact with the polycation spermine
(Figure 4.18). These differences in proximity to the nanoparticle surface explain why

TAMRA produces a higher SERS intensity compared to FAM.

Silver
Nanoparticle

FAM Labelled DNA /\/\/W{::} TAMRA Labelled DNA /\IVVV* Spermine /\/

Figure 4.18 Schematic of the interactions between the silver nanoparticles, spermine, FAM labelled DNA and

TAMRA labelled DNA in neutral pH conditions.

As discussed in chapter 4, changing pH also affects the structural form of the fluorescent
dyes. TAMRA can exist in three forms; protonated, zwitterion and lactone. The lactone form
is non-fluorescent and is present in acidic conditions, whereas the fluorescent protonated
and zwitterion forms are present at neutral and alkaline pH. FAM exists in equilibrium
between the non-fluorescent lactone form and the ring open fluorescent form that exists at
higher pH. When putting these interactions in context of SERS, the decrease in fluorescence
at low pH would reduce the background in the SERS spectra, giving a better signal-to-noise
ratio. However, at low pH there is also a reduced SERS intensity as at pH 2.9, the stability of
the nanoparticles are greatly reduced (Figure 4.17), which results in the poor signal

enhancement.

To summarise, the SERS intensity and fluorescence emission of FAM and TAMRA are highly
dependent on pH. In the limits of the pH range, for dye labelled DNA no SERS signals are
observed at acidic and alkaline pH; however FAM fluorescence increases with increasing pH

and TAMRA produces fluorescence regardless of the pH. SERS spectra of the dyes are
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strongly affected by the stability of the nanoparticles as would be expected. When the pH
used was changed away from 5.2, uncontrolled nanoparticle aggregation occurs resulting in
the loss of SERS signals. This was a factor that was not of concern in the fluorescence
studies. Spermine is required to observe SERS signals of fluorescent dye labelled DNA,
however when using alkaline pH the ability of spermine to do this is prevented as it is no
longer protonated therefore will not reduce the charge on the nanoparticle surface
allowing the negatively charged DNA to come into close proximity for SERS signals to be

observed.

4.5 Chapter Conclusions

The SERS intensity of two fluorescent dyes, TAMRA and FAM, were investigated under
different experimental conditions. Studies were performed when the dyes were free (TR-
ITC and F-ITC) and when they were attached to either single or double stranded DNA. The
presence of the DNA sequence had an effect on the SERS spectra obtained due to the
interactions involving the DNA sequence and the fact that the proximity of the dye to the
nanoparticle surface will be affected. The two fluorescent dyes produce different peak
intensities that is affected if they are free or attached to DNA. Also, the charge on the
fluorescent dye will have a major effect on the SERS intensity. SERS intensity increases
when TAMRA is covalently attached to a DNA sequence, which is a result of an increase in
electrostatic attraction between the dye labelled DNA, spermine and the nanoparticle
surface. F-ITC and FAM labelled single stranded DNA produced higher SERS intensity
compared to FAM labelled double stranded DNA, which is in agreement with previous work
by MacAskill et al. that showed double stranded DNA had a lower affinity for the
nanoparticle surface as the negative nucleobases were not exposed to induce electrostatic

interaction with the positive spermine.?

The order of addition of the fluorescent dyes was also investigated using time studies.
Results concluded that the dye that was added first produced the strongest intensity.
TAMRA was found to have a stronger interaction with the nanoparticle surface,

demonstrated clearly in the studies involving fluorescent dye labelled single stranded DNA.
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When FAM labelled single stranded DNA was added first, FAM SERS intensity was readily
obtained, with TAMRA intensity increasing over time. However, when TAMRA labelled
single stranded DNA was added first no FAM intensity was observed throughout the time

study.

Studies into the effects of varying pH on the SERS intensity were performed. The optimal
pH for the greatest SERS intensity was found to be in the region of pH 5.2. At the other pHs,
uncontrolled nanoparticle aggregation was observed. Furthermore, at pH 13.2, spermine
was not able to reduce the negative charge on the nanoparticle surface as it is no longer a
polycation, resulting in repulsion between the negative DNA and negative nanoparticle
surface. TR-ITC was an exception to this, which can be explained by the positive charge on
the dye that has a strong affinity for the negative nanoparticle surface. Simultaneous
analysis of the fluorescent dyes produce lower SERS intensity compared to the individual
analysis of the two dyes. This is a result of the competition between the two fluorescent
dyes on the nanoparticle surface. This is a strong consideration for multiplexing SERS

analysis as there is a decrease in sensitivity.

The combination of the fluorescence and SERS studies has provided a detailed insight into
the interactions between spermine and the fluorescent dyes TAMRA and FAM and the
effect of changing experimental conditions has on the SERS signals observed for the two
dyes. For both fluorescence and SERS, the covalent attachment of TAMRA or FAM to a DNA
sequence results in a change in intensity. This is of major significance when using SERS or
fluorescence for the detection of dye labelled DNA and, more importantly, when multiplex
detection is required as the two dyes are affected differently by DNA attachment.
Fluorescence studies of the free dyes and dye labelled oligonucleotides at different pHs
demonstrated that different structures of the dyes will be present when the pH is changed.
These structural changes affected the fluorescence emission of the dyes. With the
information on the structures of the dyes at different pHs, SERS spectra were recorded of
the free dyes and dye labelled DNA sequences. At acidic and alkaline pH, no SERS signals of
FAM or TAMRA labelled DNA were observed, a result of uncontrolled aggregation of the

nanoparticles at these pHs. The resulting SERS spectrum observed for the multiplex
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detection of FAM and TAMRA labelled DNA will be strongly affected by the nature of the
DNA sequence attached and the experimental conditions used. By undertaking these
studies, it has been shown how important experimental set up such as order of addition, pH
and the presence of spermine will ultimately determine if the two dyes FAM and TAMRA

can be identified and quantified successfully in multiplex detection.
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5. Qualitative SERS Analysis of G-quadruplex
DNAs Using Selective Stabilising Ligands

5.1 Introduction

Nucleic acids are of key biological importance due to their range of functions and ability to
form different structures. A key example is G-quadruplexes that are nucleic acid structures
formed by guanine rich sequences. G-quadruplexes are found in different regions of the
genome such as telomeres and promoter genes. This work involved the design of a method
for analysing the formation of G-quadruplexes using surface enhanced Raman spectroscopy
(SERS). Three ligands that specifically bind to and stabilise G-quadruplexes were used that
each have their own unique SERS response. When the ligands were bound to a G-
guadruplex no SERS spectra were observed, however when the ligand was added to a
solution of DNA with a different topology such as a duplex structure, the ligands do not
bind and remain free in solution to produce SERS spectra. This resulted in an “on to off”

method for the detection of G-quadruplex formation using SERS."

5.1.1 G-quadruplex DNA

G-quadruplexes are guanine rich DNA sequences that have the ability to form stable
structures under physiological conditions in vivo.” * G-quadruplexes are composed of G-
quartets that are a result of Hoogsteen hydrogen-bonding between guanines that stack on
top of each other resulting in four-stranded helical structures that are held together by n-nt
interactions.” > The structure and stability of G-quadruplexes is known to be dependent on
several factors such as the nature of the sequence, flanking nucleotides, loop length, and
most importantly the presence of monovalent cations such as K* and Na*.*® The specific
cation that is present influences the topology of the G-quadruplex, for example in the

presence of Na®, human telomeric DNA sequence AGs(T,AGs); folds into an anti-parallel

structure, whereas in the presence of K, (T,AG3) repeats can fold into at least five distinct
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guadruplex structures, the most common being the parallel and anti-parallel configurations

(Figure 5.1).>°
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Figure 5.1 Depending on how the individual guanine bases are arranged, quadruplexes can adopt different
topologies. (a) When all the strands are in the same 5’-3’ direction (green arrows), the quadruplex is termed
parallel. (b) If one or more of the strands are in a different 5’-3’ direction, the quadruplex has adopted an

anti-parallel topology. The red lines represent the G-quartets held together through n-nt stacking interactions.

Studies have shown that guanine rich DNA sequences can spontaneously fold into G-
quadruplex DNA structures in vitro and more recent studies have shown that quadruplexes
have certain functions in vivo.®> G-quadruplexes are involved in regulating telomere
maintenance, as well as transcription, replication and translation.* Telomeres are
nucleoprotein complexes and their main function is to protect the ends of eukaryotic
chromosomes by containing repetitive guanine-rich DNA.” In somatic cells, telomeres are
shortened in length by 50-200 bases after each successive cell division cycle due to the
inability of DNA polymerase to replicate the telomeric DNA strand as the 3’ OH group at the
extreme end of the chromosome is unavailable. When telomeres are shortened critically,
they reach the hayflick limit and the cells become senescent and induce apoptotic signals
resulting in cell death. However, telomere length is maintained in around 85% of cancerous
cells due to the enzyme telomerase, which is notably absent in somatic cells. Telomerase is
an enzyme that can add TTAGGG repeats to 3’ end of DNA strands in telomere regions,
which would usually be shortened in the absence of telomerase during successive cycles of
cell division.™ The formation of a G-quadruplex at telomere ends will inhibit the activity of

telomerase because it isolates the substrate needed for telomerase activity, the single
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stranded DNA."? The ability of G-quadruplexes to inhibit telomerase activity makes them

ideal targets in cancer therapeutics.

5.1.2 G-quadruplex Stabilising Ligands
There has been extensive research on the development of G-quadruplex ligands, in
particular those that target the human telomeric repeat [d(T,AGs)s), and in turn would

block the action of telomerase.’***

G-quadruplexes have a larger nt-surface area compared
to duplex DNA because of the four coplanar bases compared to only two in duplex DNA.
The majority of small molecules that can bind to these structures also have large n-surface
areas to maximise the formation of m-m interactions.'® Small organic molecules can
therefore lead to cell death by displacing the protective telomeric components or isolating
the substrate (single stranded DNA) needed for telomerase activity.'” ** Telomestatin is a
natural product that was isolated from the bacterium Streptomyces anulatus and has been
shown to be a very potent telomerase inhibitor.”” As mentioned previously, monovalent
ions such as Na* or K" are required for G-quadruplex formation, however telomestatin itself
has the capability to convert linear DNA into G-quadruplex structures without the need for
these monovalent cations.” Kim et al. demonstrated the first experimental evidence that
telomestatin selectively facilitates the formation or stabilisation of intra-molecular G-
quadruplexes, particularly quadruplexes produced from the human telomeric sequence.
Their results concluded that telomestatin was the first natural product that could inhibit
telomerase activity as it facilitates the formation of stable G-quadruplex structures."
20, 21

There are several other G-quadruplex-interactive compounds such as, anthraquinones,

perylenes®?* and quinolones® that have all been shown to inhibit telomerase.

G-quadruplexes can be used as potential therapeutic targets for anti-cancer therapy.” The
ligand 2,6-diamidoanthraquinone was shown to stabilise a G-quadruplex structure and
inhibit telomerase activity.”® Since then, many classes of ligands have been reported as G-
quadruplex stabilising agents, however very few of these have shown specificity towards
the targeted G-quadruplex structure over other DNA topologies. Some ligands have also
been shown to indirectly inhibit telomerase by displacing the telomere binding proteins

that then induce a DNA damage response, as opposed to forming a G-quadruplex
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structure.”® ¥’

Therefore, there has been great interest in developing strong and selective
guadruplex binding agents that can detect the formation of G-quadruplex structures in

vivo.'®

5.1.3 Current Methods of G-quadruplex Analysis
The structure and stability of G-quadruplexes have been extensively investigated using
various methods.”® Several spectroscopic techniques can be used such as UV molecular

? circular dichroism (CD) spectroscopy,® fluorescence (FRET)** and NMR.*

absorption,2
UV/CD techniques have the more sensitive instrumental response to the interaction
between the G-quadruplex strands. Additionally, CD can be used to determine if the G-
quadruplex has a parallel or anti-parallel configuration.”® However, more detailed
molecularly specific information on binding events and analysis of the formation of G-

quadruplexes can be obtained using Raman spectroscopy.

5.1.3.1 The use of Raman and SERS for DNA Analysis

Raman spectroscopy is an alternative technique which can be used to analyse the structure
of macromolecules such as DNA. It has been successfully applied to the investigation of the
phosphodiester backbone conformation and the hydrogen-bonding interactions of G-
quadruplexes.** Muira et al. identified specific Raman markers as indicators of the presence
of parallel or anti-parallel G-quadruplexes.®® Raman spectroscopy is limited by the relatively
low cross section of the Raman scattering process compared to other techniques such as
fluorescence and absorption spectroscopy. Surface enhanced Raman scattering (SERS) has
now become an alternative method as it overcomes the limitations associated with Raman
spectroscopy.®® The high sensitivity achieved when using SERS is due to the enhancement
of the Raman cross section when the analyte is in close proximity to a metal surface , for
example a silver or gold colloidal suspension. There have been several studies involving the
direct detection of DNA bases or sequences using SERS. For example, Kneipp et al. used
SERS for the detection of adenine bases®” and Bell et al. successfully used SERS for the label

38-43

free detection of DNA bases, emphasising the capability of SERS to be a successful

method for direct DNA detection.
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The detection of the formation of specific DNA structures has proven to be more difficult
using SERS due to the high dependence that the enhancement of Raman scattering has on
the orientation of the DNA with respect to the metallic surface. Rusciano et al. developed
the application of SERS to investigate the stability of G-quadruplexes by using SERS to gain
information on the structure of guanine-rich DNA sequences. G-quadruplex structures with
different structural features such as the orientation of glycosidic bonds and distortions in
the sugar-phosphate backbone were analysed. SERS analysis allowed the stabilities to be
compared using fluctuations in the spectra resulting in the discovery of specific Raman
markers of G-quadruplex DNA.* This demonstrated for the first time that SERS can be an
extremely useful technique for the analysis of the stabilities of different G-quadruplex

structures.

Breuzard et al. demonstrated that is was possible to use SERS to analyse DNA structures
and in particular to investigate the stability of G-quadruplexes using derivatives of ethidium
bromide.” Ethidium bromide has a weak stabilising effect on G-quadruplexes compared to
the three ethidium bromide derivatives also used, which had a stronger stabilising effect.
When ethidium bromide intercalated with double stranded DNA, SERS signals were
completely lost. When ethidium bromide and its derivatives were complexed to a G-
quadruplex structure, there was a decrease in ethidium bromide SERS intensity. The
methods used by Breuzard et al. are similar to what the methods used in this study;
however there are some major differences. Ligands that specifically bind to G-quadruplexes
and also stabilise their formation were used. These ligands also produced a uniqgue Raman

response and had no affinity for duplex DNA.

5.2 Chapter Aims

G-quadruplexes have been shown to be ideal targets for cancer diagnostics. By using SERS
to analyse the formation of G-quadruplexes, a new method was to be designed that would
be an appealing alternative to the fluorescence-based methods currently available. Three
ligands, synthesised by Dhamodharan et al.,*® known to stabilise G-quadruplex structures

were used and their ability to act as Raman reporters assessed. Using the combination of
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SERS and the three ligands, a highly specific method for the analysis of G-quadruplex
formation was developed. By combining the therapeutic stabilising nature of the ligands
and their Raman reporter capabilities, it is hoped that this method can be further

developed and used as a diagnostic tool for anti-cancer therapies.

5.2.1 G-Quadruplex Stabilising Ligands and their Method of Analysis

This work used SERS for the qualitative detection of the formation of G-quadruplex
structures. SERS was used to monitor the formation of G-quadruplexes based on the unique
SERS response given by three G-quadruplex stabilising ligands. When each ligand was
added to a solution containing G-quadruplex DNA, they bind strongly to this DNA structure
and upon addition of silver nanoparticles, no interaction happens between the ligand and
nanoparticles therefore no SERS response is obtained (Figure 5.2a). However, when the
ligand was added to a solution of duplex DNA, it remains unbound and free in solution.
Therefore when silver nanoparticles are added, aggregation occurs due to the interaction of
the ligand with the nanoparticles, resulting in the unique SERS spectrum associated with

that particular ligand (Figure 5.2b).
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Figure 5.2 A schematic overview of the qualitative detection of G-quadruplex DNA. (a) When the stabilising

=
=

ligand is added to a solution containing G-quadruplex DNAs, the ligand strongly binds to the G-quadruplex
and when silver nanoparticles are added, the ligand is not free to induce aggregation and a unique SERS
response is not observed. (b) When the stabilising ligand is added to a solution containing duplex DNAs, the
ligand does not bind to this DNA structure, therefore in the presence of silver nanoparticles, aggregation

occurs resulting in a SERS response from the ligand.
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This work was carried out in collaboration with Prof. Pradeepkumar from IIT Bombay, who
synthesised the ligands used in this study. 360A was previously studied by Granotier et al,*’
and the other two ligands, 3AQN and 6AQN (Figure 5.3), were previously shown to stabilise
various G-quadruplexes (telomeric, C-KIT1, C-KIT2 and C-MYC) selectively over duplex
DNA.*® This was the first study that utilised SERS as the method of analysis due to the ability
of the three ligands to act as Raman reporters. Several guanine-rich DNA sequences were
used including the human telomeric sequence, the sequence from the promoter gene C-

MYC and the sequence peroxidase deoxyribozyme.
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Figure 5.3 The structures of the three selective G-quadruplex binding ligands. From left: 3AQN (3-amino-
quinolinium naphthyridine); 6AQN (6-amino-quinolinium naphthyridine) and 360A (3-amino-quinolinium

pyridine).

5.3 Experimental

5.3.1 Ligand Synthesis
The three ligands (3AQN, 6AQN and 360A) used in this study were provided and

synthesised as reported previously by Dhamodharan et al.*®

5.3.2 Colloid Synthesis
Silver nanoparticles were synthesised using a modified Lee and Meisel method.*® Silver
nitrate (90 mg) was dissolved in distilled water (500 mL). The solution was heated rapidly to

boiling with continuous stirring. Once boiling, an aqueous solution of sodium citrate (1 %,
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10 mL) was added quickly. The heat was reduced and the solution was left to boil gently for
90 minutes with stirring. The colloid was then analysed by UV-vis spectroscopy and the A,
was 403 nm with the full width half-height (FWHH) measured to be 124 nm. The

concentration of the colloid was calculated to be 0.2 nM.

5.3.3 Oligonucleotides
All DNA sequences were purchased on a 0.2 uM synthesis scale with HPLC purification from

Eurofins MWG (Ebersberg, Germany).

Table 5.1 The DNA sequences used in this work consisting of three G-quadruplex sequences and a self-

complementary duplex sequence used as a control.

Name Description Sequence (5’ - 3’)
Peroxidase Deoxyribozyme Quadruplex GTGGGTAGGGCGGGTTGG
Human Telomeric DNA Quadruplex AGGGTTAGGGTTAGGGTTAGGG
C-MYC Promoter Quadruplex TGAGGGTGGGTAGGGTGGGTAA
Control Duplex CAATCGGATCGAATTCGATCCGATTG
(Self complementary)
Molecular Beacon Molecular Beacon GGGTTAGGGTTTTTTCCTTTGTTTGTTTTTGGGTTAGGG
Loop Complementary Single Stranded DNA AAAAACAAACAAAGGAAAAAA
Sequence

5.3.4 SERS Analysis of the Stabilising Ligands

To determine if the ligands could act as Raman reporters, analysis was performed using two
different types of nanoparticles and two laser excitations. Silica coated gold nanoparticles
(420 pL) or citrate reduced silver nanoparticles (420 uL) were added to a disposable PMMA
microcuvette containing one of the three ligands (20 uL, 50 uM). SERS analysis was
performed using a Renishaw inVia microscope system with a laser excitation of 633 nm. The
sample mixture in the PMMA microcuvette was analysed using a 20 x long working distance
objective and an accumulation time of 1 second. WIiRE 2.0 software (Renishaw PLC) was
used to collect the spectra which were then baseline corrected using a multipoint
polynomial fit and level and zero mode using Grams software (Al 7.00). When using the
second excitation laser, each ligand (20 pL, 50 uM) was added to a well within a 96 well

plate containing citrate reduced silver nanoparticles (280 pL). Samples were analysed using
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an Avalon Plate Reader (Belfast, UK) with a laser excitation wavelength of 532 nm. The
plate was placed onto a stage and the instrument’s software was used to automatically
move the stage to allow the spectra to be recorded from each well, with an accumulation
time of 1 second. Spectra were collected and baseline corrected using Grams software (Al
7.00). All experiments were carried out using 3 replicate samples, where the spectra were

averaged.

5.3.5 Determining the Aggregation Abilities of the Ligands

To determine if the ligands induced nanoparticle aggregation, UV-Vis absorption spectra
were collected using a Cary 300 Bio UV-vis spectrometer. Samples were analysed in 1 cm
quartz cuvettes and scanned from 200 to 800 nm. To the cuvettes, ligand (50 pL, 50 uM),
citrate reduced silver nanoparticles (50 pL) and distilled water (350 pL) was added. Size and
zeta measurements were carried out using a Malvern Zetasizer Nano Series. To a 2-sided
1 cm plastic cuvette, one of the ligands (100 uL, 50 uM), citrate reduced nanoparticles
(300 pL) and distilled water (400 pL) was added. A Malvern dip cell kit was used for zeta
measurements. Size measurements were taken every minute for 10 minutes and the

process was repeated with 3 replicate samples, with an average value taken.

5.3.6 SERS of Ligands Bound to G-quadruplexes

To determine if the binding of the ligands to G-quadruplexes has any effect on the SERS
signals observed, the following SERS experiments were carried out. Prior to SERS analysis,
each ligand (20 uL, 50 uM) was incubated with the peroxidase deoxyribozyme quadruplex
sequence (20 pL, 50 uM) at room temperature for 30 minutes. The mixture of ligand and
quadruplex (40 pL) was added to a well containing citrate reduced silver nanoparticles
(260 pL). An Avalon Plate Reader (Belfast, UK) with an excitation laser of 532 nm was used.

SERS analysis was performed as described in section 5.3.4.

5.3.7 SERS of Ligands Bound to Duplex DNA
SERS analysis of the ligands in the presence of duplex DNA was also carried out. Self-

complementary single stranded DNA was used as the duplex control. DNA hybridisation
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was carried out using a heating block where a solution of single stranded DNA (50 pL,
50 uM) was added to phosphate buffered saline solution (50 pL, 0.3 M, pH 6.9) and the
temperature was increased to 90 °C for 10 minutes then decreased to 10 °C for 10 minutes.
Prior to SERS analysis, each ligand (20 pL, 50 uM) was incubated with the duplex sequence
(20 pL, 50 uM) at room temperature for 30 minutes. The mixture of ligand and duplex DNA
(40 pL) was added to a well containing citrate reduced silver nanoparticles (260 pL). An
Avalon Plate Reader (Belfast, UK) with an excitation laser of 532 nm was used. SERS analysis

was performed as described in section 5.3.4.

5.3.8 The use of an Aggregating Agent to Observe SERS of DNA

The SERS spectra observed using the ligands and either G-quadruplex or duplex DNA
contained no SERS peaks attributed to the presence of DNA. This was overcome by using an
additional aggregation agent such as MgS0,. Experiments were carried out using both
duplex and G-quadruplex DNA. Prior to SERS analysis, each ligand (20 pL, 50 plL) was
incubated with either duplex or quadruplex DNA (20 uL, 50 uM) at room temperature for
30 minutes. Added to each well was the ligand-DNA mixture (40 ulL), the aggregating agent
MgSO, (20 uL, 0.1 M) and citrate reduced silver nanoparticles (240 uL). An Avalon Plate
Reader (Belfast, UK) with an excitation laser of 532 nm was used. SERS analysis was

performed as described in section 5.3.4.

Samples were also analysed using a Renishaw inVia microscope system with a laser
excitation of 785 nm. The sample mixture was added to a microcuvette and analysed using
a 20 x long working distance objective and an accumulation time of 10 seconds. WIRE 2.0
software (Renishaw PLC) was used to collect the spectra which were then baseline
corrected using a multipoint polynomial fit and level and zero mode using Grams software

(Al 7.00).

5.3.9 Concentration Studies
Concentration studies were carried out using each ligand and the peroxidase

deoxyribozyme quadruplex sequence. The concentration of the ligands remained at 50 uM
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and the G-quadruplex DNA concentration was decreased in increments from 50 uM to
5 nM. Prior to SERS analysis, each ligand (20 pL, 50 uM) was incubated with the peroxidase
deoxyribozyme quadruplex sequences (20 pL, X M) for 30 minutes at room temperature. An
Avalon Plate Reader (Belfast, UK) with an excitation laser of 532 nm was used with a
1 second accumulation time. SERS analysis was performed as described in section 5.3.4.

Triplicate samples were analysed and average spectra were taken.

5.3.10 Monovalent Cation Study

The ligands have the ability to induce the formation of G-quadruplexes without the need
for monovalent cations. Either a solution of NaCl (20 uL, 100 mM) or KCI (20 uL, 100 mM)
was added to the sample mixture. Duplex DNA and quadruplex DNA were both used. The
ligand 3AQN (20 pL, 50 uM) was incubated with either duplex or quadruplex DNA (20 uL,
50 uM) for 30 minutes at room temperature. To a well within the 96 well plate, the ligand-
DNA mixture (40 pL), either KCl or NaCl (20 pL, 100 mM) were added to citrate reduced
silver nanoparticles (240 uL). An Avalon Plate Reader (Belfast, UK) with a laser excitation
wavelength of 532 nm was used with an accumulation time of 1 second. SERS analysis was
performed as described in section 5.3.4. Triplicate samples were analysed and average

spectra were taken.

5.3.11 Varying the G-quadruplex DNA Sequence

Previous experiments were carried out using only one G-quadruplex sequence, the
peroxidase deoxyribozyme G-quadruplex sequence. Experiments were performed using
different G-quadruplex forming sequences (Table 3.1), the human telomeric sequence and
the promoter gene C-MYC. One ligand, 3AQN, was used. The ligand 3AQN (20 uL, 50 uM)
was incubated with one of the G-quadruplex sequences or the duplex DNA (20 pL, 50 uM)
at room temperature for 30 minutes. To a well, the 3AQN-DNA mixture (40 pL) was added
to citrate reduced silver nanoparticles (260 uL). An Avalon Plate Reader (Belfast, UK) with a
laser excitation wavelength of 532 nm was used with a 1 second accumulation time. SERS
analysis was performed as described in section 5.3.4. Triplicate samples were analysed and

average spectra were taken.
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5.3.12 Development of a Positive Assay using SERS

A new assay was designed using a molecular beacon probe that contained G-quadruplex
sequences, which form the stem. The molecular beacon sequence and the sequence
complementary to the loop are found in Table 3.1. The molecular beacon sequence (20 pL,
50 uM) was incubated with the ligand 6AQN (20 pL, 50 uM) for 30 minutes at room
temperature. DNA hybridisation was carried out using a heating block, where the molecular
beacon and 6AQN mixture (40 uL) were added to a sample vial along with the
complementary sequence (20 pL, 50 uM) and phosphate buffered saline (60 uL, 0.3 M). The
temperature was increased to 90° for 10 minutes then decreased to 10 °C for 10 minutes.
This mixture (120 pL) was added to citrate reduced silver nanoparticles (180 pL) into a well
in a 96 well plate. An Avalon Plate Reader (Belfast, UK) with a laser excitation wavelength of
532 nm was used with a 10 second accumulation time. SERS analysis was performed as
described in section 5.3.4. Triplicate samples were analysed and average spectra were

taken.

5.4 Results and Discussion

Bisquinolinium ligands such as 360A are known to selectively bind and stabilise G-

931 Dhamodharan et al. reported two new derivatives of

quadruplex DNA over duplex DNA.
bisquinolinium carboxamide, each having 1,8-napthryidine as the central core (Figure 5.3).%
Biochemical and biophysical studies were used to investigate the interaction between the
ligands and different nucleic acids. Circular dichroism (CD) melting assays indicated that the
ligands have a greater stabilising effect on G-quadruplex DNA compared to duplex DNA. CD
studies were also used to investigate the potential of these ligands to induce G-quadruplex
formation. As observed with the natural product isolated from the bacteria Streptomyces
anulatus, telomestatin, in the absence of monovalent cations the ligands are capable of
inducing the formation of a G-quadruplex structure. A Fluorescent Intercalator
Displacement (FID) assay demonstrated the ligands (3AQN, 6AQN and 360A) have high
binding affinity and selectivity for quadruplex DNA over duplex DNA. In the work reported
here, SERS was used for the direct detection of the interaction of these ligands with G-

quadruplex DNA and due to the Raman reporter capabilities of the ligands, no additional

fluorescent agent was required.
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5.4.1 Determinig the Potential of G-Quadruplex Ligands as Raman Reporters

For this novel SERS-based method to be successful, it was important to determine if any of
the three ligands could be used as Raman reporters. SERS experiments were performed to
determine what metallic nanoparticle would be the optimal SERS substrate and what laser
excitation wavelength was best to observe the most intense and clearly defined SERS
spectra of each ligand. Silica coated gold nanoparticles and citrate reduced silver
nanoparticles were used, along with two laser excitations wavelengths of 532 nm and
633 nm. Results are shown in Figure 5.4, which demonstrate that when silica coated gold
nanoparticles were used, the SERS response from the ligands was very poor. However,
when using citrate reduced silver nanoparticles, SERS peaks of each ligand were readily
observed using both excitation wavelengths, with a 532 nm laser excitation wavelength
producing sharper SERS peaks. Therefore, for this study, citrate reduced silver nanoparticles
and a laser excitation wavelength of 532 nm was used in the detection of the formation of

G-quadruplexes.
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Figure 5.4 SERS spectra obtained for each stabilising ligand using silica coated gold or citrate reduced silver
nanoparticles and two different excitation wavelengths. (a) SERS spectra of the three ligands using silica
coated nanoparticles and an excitation laser of 633 nm, (b) SERS spectra of the three ligands using citrate
reduced silver nanoparticles with 633 nm excitation laser and (c) SERS spectra of the three ligands using
citrate reduced silver nanoparticles with 532 nm excitation laser. Spectra were obtained using either a 633 or

532 nm laser excitation and an accumulation time of 1 s.
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A SERS response was obtained for each ligand using silver citrate reduced nanoparticles due
to the aggregation caused by the ligand. No additional aggregating agent was added to
observe the SERS spectra shown in Figure 5.4b-c. When silica coated gold nanoparticles
were used, aggregation was inhibited due to the silica coating on the nanoparticle meaning
the ligands could not encourage the formation of nanoparticle clusters resulting in low SERS
peak intensity (Figure 5.4a). To confirm that the ligands were able to aggregate the
nanoparticles, UV-Visible spectroscopy and dynamic light scattering (DLS) measurements
were recorded for each of the three ligands mixed with silver citrate nanoparticles (Figure

5.5).
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Figure 5.5 UV-Visible and DLS analysis of nanoparticle aggregation caused by each ligand. (a) Extinction
spectra of silver nanoparticles (black), and aggregated silver nanoparticles in the presence of 6AQN (blue),
3AQN (pink) or 360A (red). (b) Comparison of particle sizes in free nanoparticles and nanoparticles in the
presence of each ligand. (c) Zeta potential measurements of free nanoparticles and the nanoparticles in the
presence of each ligand. For sizing and zeta potential analysis, 3 replicate measurements were averaged and

error bars represent t1 standard deviation.

The strong SERS intensity observed when analysing each of the three ligands was assumed
to be a result of induced nanoparticle aggregation. It was important to confirm that the
reason for the successful SERS analysis was a result of the aggregating ability of the ligands

without the addition of an aggregating agent. Therefore, further investigative analysis was
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performed to show nanoparticle aggregation caused by the presence of the ligands.
Extinction spectra in Figure 5.5a shows that in the presence of each ligand, there is a
dampening in the SPR band at 406 nm, broadening of the peak and also the appearance of
an additional peak at 750 nm. This indicates that nanoparticle aggregation is occurring
resulting in the formation of nanoparticle clusters. This was further confirmed by measuring
the size of the nanoparticles, which demonstrates a significant increase when the ligands
are present (Figure 5.5b), and zeta potential analysis demonstrating that the surface charge
on the nanoparticles is reduced, reducing the repulsion between nanoparticles allowing for
aggregates to form in the presence of the ligands (Figure 5.5c). Particle sizing values when
the ligands were present were significantly higher compared to nanoparticles present on
their own, and the largest increase in size was produced form the ligand 360A. This
suggests that when using 360A, the nanoparticles over-aggregate which is in agreement
with the zeta potential of -7.2, indicating that the nanoparticles have very little surface
repulsion allowing for large aggregates to form. For 3AQN and 6AQN, similar particle size
and zeta potential values were obtained, which was expected as they are isomers (Figure
5.3). These results confirmed that the ligands induce nanoparticle aggregation resulting in

intense SERS spectra, unique to each ligand.

5.4.2 SERS of Ligands Bound to G-quadruplex DNA

From the previous results, it has been shown that the ligands do give a unique SERS
response. The three ligands have shown to selectively bind to and stabilise G-
quadruplexes.®® As demonstrated, when the ligands are free in solution, unique SERS
spectra are obtained. However, upon ligand binding to the G-quadruplex, it was unknown
what would happen to the SERS intensity of each ligand. There could be several outcomes,
for example a change or reduction in SERS signal due to changes in the orientation of the
ligands when they are bound to G-quadruplexes. To determine the effect on SERS intensity
of the ligands when they were bound to a G-quadruplex sequence, each ligand was
incubated for 30 minutes with the peroxidase deoxyribozyme quadruplex sequence (Table

5.1) followed by SERS analysis.
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Figure 5.6 SERS spectra of free ligand (red) and peroxidase deoxyribozyme complex (black): (a) spectra of
3AQN free and complexed to G-quadruplex DNA, (b) spectra of 6AQN free and complexed to G-quadruplex
sequence and (c) spectra of 360A free and complexed to G-quadruplex sequence. Spectra were obtained

using a 532 nm laser excitation wavelength and an accumulation time of 1 s.

Figure 5.6 illustrates that there was a significant reduction in SERS signal when each of the
three ligands were bound to the G-quadruplex sequence. Each ligand has bound strongly to
the G-quadruplex structure, therefore preventing the ligands from interacting with the
nanoparticles resulting in no aggregation and a significant reduction in the SERS intensity
for each ligand. However, when the ligands are free in solution in the absence of the G-
quadruplex sequence, nanoparticle aggregation occurs and strong SERS signals are

observed for each ligand.

5.4.3 Specificity of the G-Quadruplex Stabilising Ligands
To demonstrate the specificity that the three stabilising ligands have towards G-quadruplex
sequences, i.e. to ensure that the ligands only bind to G-quadruplex structures and do not

have the same affinity for other DNA topologies, SERS analysis of the interaction between
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the ligands and duplex DNA compared to G-quadruplex DNA was performed. Each ligand
was incubated with either double stranded DNA or the G-quadruplex DNA for 30 minutes
prior to SERS analysis. The duplex sequence is designed so that it does not fold into a G-
guadruplex sequence, by ensuring guanine rich sequences were not used. The results are
shown in Figure 5.6. For each ligand, SERS signals were obtained when the duplex DNA
sequence was added in place of a G-quadruplex sequence. This confirms that the ligands
specifically bind to G-quadruplex DNA and in the presence of duplex DNA, they remain free
in solution to interact with the nanoparticle surface, causing aggregation, and resulting in a

significant SERS response (Figure 5.2).

Three individual peaks were chosen for each ligand: 1380 cm™, 719 cm™ and 1379 cm™ for
3AQN, 6AQN and 360A, respectively. These peaks arise from the presence of aromatic
nitrogens present in the structures.” Further peak intensity analysis was performed at
these peak positions to highlight the high specificity these ligands have for G-quadruplex
DNA. In each case, when the ligand is bound to the G-quadruplex sequence there is a
significant decrease in the peak intensities compared to the duplex control, summarised in
Figure 5.7d. When comparing the absolute peak intensities of the ligands when they are
free in solution (Figure 5.6) and when they are in the presence of duplex DNA (Figure 5.7d),
there is a slight decrease in intensity when the ligand is mixed with duplex DNA. The ligands
are known to preferentially bind to G-quadruplex DNA more strongly compared to duplex
DNA. However, the decrease in SERS intensity suggests that some of the ligand molecules
are interacting with the duplex DNA, resulting in less nanoparticle-ligand interactions, to
such an extent that a decrease is observed. Nevertheless, the discrimination between SERS

intensity when the ligands are bound to duplex DNA or G-quadruplex DNA is still significant.
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Figure 5.7 SERS spectra of each ligand binding to the peroxidase deoxyribozyme quadruplex (black) and the
spectra obtained when the ligand is in the presence of duplex DNA control sequence (red): (a) spectra of
3AQN binding events; (b) spectra of 6AQN binding events and (c) spectra of 360A binding events. All three
ligands and G-quadruplex DNA were used at 50 uM.(d), A comparison of the peak intensities of unique peaks
of each ligand, highlighted by the green circle. In the spectrum of 3AQN, the peak at 1380 em™ was used for
comparison studies, the peak at 719 em™? in the 6AQN spectrum was chosen and for 360A peak intensity
studies the unique peak at 1379 em™ was used. Spectra were obtained using a 532 nm laser excitation
wavelength and an accumulation time of 1s. All peak intensities were obtained by scanning 3 replicate
samples 5 times with an accumulation time of 1s. Averages are shown and error bars represent + one

standard deviation.

5.4.4 Addition of an Aggregating Agent

When the ligands are adsorbed directly onto the surface of silver nanoparticles, in the
absence of a G-quadruplex sequence, they cause nanoparticle aggregation resulting in the
unique SERS spectra of the ligands. However, there was no observation of any peaks for the
DNA itself. DNA peaks might be expected to appear from the presence of the G-quadruplex-
ligand spectra as all the ligand was sequestered allowing the G-quadruplex to adsorb onto

the silver nanoparticle surface to produce intense DNA signals. However, this was not the
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case even though SERS analysis of DNA has been widely reported.”® This is due to the
absence of an aggregating agent like spermine or MgS0O, that would reduce the repelling
negative charges of the DNA and nanoparticle, facilitating SERS enhancement of the G-

quadruplex DNA.

Experiments were undertaken, where the aggregating agent magnesium sulphate (MgSQ,),
previously used by Bell et al,*® was added to the solution containing the ligand, DNA and
nanoparticles. Two laser excitation wavelengths were used, 532 nm which has been used
throughout the entire study and also 785 nm as it has been reported the use of MgS0O, and
a laser excitation of 785 nm will result in the appearance of DNA peaks in the SERS

spectrum.38
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Figure 5.8 SERS spectra obtained when MgSO, was added to mixture containing duplex or G-quadruplex DNA
(50 uM), 3AQN (50 pM) and silver nanoparticles. (a) SERS spectrum of 3AQN bound to peroxidase
deoxyribozyme sequence, (b) SERS spectrum of the peroxidase deoxyribozyme sequence only, (c) SERS
spectrum of silver nanoparticles and aggregating agent MgS0,. (d) SERS spectrum of 3AQN and duplex DNA,
(e) SERS spectrum of duplex DNA and (f) SERS spectrum of silver nanoparticle and MgSO,. Coloured markers
are used to assign peaks in the spectra. DNA peaks are marked with *, peaks from MgSO, aggregated silver
nanoparticles marked with * and 3AQN peaks are marked with “. SERS spectra were recorded using a 532 nm

laser excitation wavelength with a 4 s accumulation time.

When adding MgS0O, to a solution containing G-quadruplex DNA and silver nanoparticles
and using a 532 nm laser excitation, an identifiable DNA peak can be observed at 728 cm™,
noted with * in Figure 5.8b. When the ligand 3AQN is added, DNA peaks are still observed

however at a lower intensity, Figure 5.8a.%® The other more intense peaks observed are due
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to the aggregated silver nanoparticles (Figure 5.8c). When the ligand is added to a solution
containing duplex DNA and silver nanoparticles, SERS signals from 3AQN are obtained,
however no DNA peaks are observed. In Figure 5.8e, when adding MgSO, to duplex DNA,
there is a visible DNA peak at 723 cm™, however when adding MgSO, to a solution
containing 3AQN and duplex DNA, any observable DNA peaks are masked by the intense
ligand SERS peaks (), which have been further enhanced due to the increase in aggregation

caused by MgS0O, where enhanced silver citrate peaks are also observed (*) shown in Figure
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Figure 5.9 SERS spectra obtained when MgSO, was added to mixture containing duplex and G-quadruplex
DNA (50 uM), 3AQN (50 uM) and silver nanoparticles. (a) SERS spectrum of 3AQN bound to peroxidase
deoxyribozyme sequence, (b) SERS spectrum of the peroxidase deoxyribozyme sequence only, (c) SERS
spectrum of silver nanoparticles and aggregating agent MgS0,. (d) SERS spectrum of 3AQN and duplex DNA,
(e) SERS spectrum of duplex DNA and (e) SERS spectrum of silver nanoparticle and MgSO,. Coloured markers
are used to assign peaks in the spectra. DNA peaks are marked with *, peaks from MgSO, aggregated silver
nanoparticles marked with * and 3AQN peaks are marked with “. SERS spectra were recorded using a 785 nm

laser excitation with a 10 s accumulation time.

Performing the same experiments using a 785 nm laser excitation wavelength produced
different results. When using G-quadruplex DNA added to aggregated silver nanoparticles
and when it was bound to 3AQN (Figure 5.9a-b), prominent DNA peaks at 730 cm™ and
1334 cm™ can be observed in the absence and presence of 3AQN. This is due to the
addition of the aggregating agent MgSQ,, which has reduced the negative charge on the
phosphate backbone of the DNA allowing it to come into close proximity with the
nanoparticle surface producing DNA SERS peaks. When using duplex DNA, again DNA peaks

are observed in the absence of the ligand (Figure 5.8e) and when 3AQN is present. Ligand
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peaks as well as the DNA peak at 1334 cm™ can be observed (Figure 5.8d). Additional peaks

“uxn

are due to the aggregated silver nanoparticles labelled with and spectra are shown in
Figure 5.9c and e. This is different to the spectra obtained using the 532 nm laser excitation
wavelength. There are also spectral differences between G-quadruplex DNA and duplex
DNA; this could be for two reasons. First the orientation of the DNA in relation to the
surface of the nanoparticle strongly affects the SERS spectra observed and secondly, the
composition of the DNA sequence, i.e. the amount of each base, will affect the relative

intensity of certain peaks.***?

This result shows that if it was required, using MgS0, and a 785 nm laser excitation, DNA
peaks can be observed as well as ligand peaks. However in this study, the ability of the
ligand itself to aggregate the nanoparticles was exploited therefore there was no need for
an additional aggregating agent. Also SERS analysis was performed using a 532 nm laser
excitation wavelength, which would make observing DNA peaks difficult when the ligand
was present, when no additional aggregating agent such as MgS0, was present to facilitate

the adsorption of DNA onto the nanoparticle surface.

5.4.5 Concentration Ratio of Ligand and G-quadruplex DNA

The previous results presented (Figure 5.6) were obtained when the ligands and G-
quadruplex DNA were in equimolar concentrations (50 uM). Experiments were carried out
to determine how the SERS response would be affected when reducing the concentration
of G-quadruplex DNA and keeping the concentration of the ligand constant. As this is a
negative SERS method, where signal decreases in the presence of the targeted G-
quadruplex sequence, it was essential to determine at what concentration ratio between

the G-quadruplex and ligands does this “on to off” method occurs.

Figure 5.10 summarises the results obtained when the concentration of G-quadruplex DNA
was reduced in increments from 50 uM to 5nM. The G-quadruplex DNA at varying
concentrations was incubated with each ligand (50 uM) for 30 minutes prior to SERS

analysis. It can be seen that when the G-quadruplex concentration is reduced to below
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5 uM a SERS response was obtained due to insufficient G-quadruplex DNA available to
sequester all of the ligand resulting in a signal being obtained. This demonstrated that, as
was expected, the ratio of ligand to G-quadruplex DNA is critical (Table 5.2). As the
concentration of the G-quadruplex decreases, the ligand molecules will be in excess. The
less G-quadruplex molecules available to sequester the ligand molecules, the more ligand
molecules will be available for nanoparticle interaction resulting in SERS signals. When
ligand concentration is constant at 50 uM and when the ligand is in 100 times excess than

the G-quadruplex DNA, SERS signals are observed.

Table 5.2 Ratio of ligands to G-quadruplex at each concentration used.

Concentration of G-quadruplex DNA (M) Ligands : G-quadruplex
5x10” 1:1
1x10° 1:0.2
5x10°® 1:0.1
5x10” 1:0.01
5x10°® 1:0.001
5x10” 1:0.0001
(i} 1:0

For example, if the formation of a G-quadruplex was to be monitored using a particular
concentration of DNA then a corresponding ligand concentration should be used. It is likely
that if lower concentrations of ligand were used, an aggregating agent would be required as
the amount of ligand present would not be enough to induce aggregation of the
nanoparticles that was previously obtained. It can be clearly seen in Figure 5.10 that by
using the correct ratio of G-quadruplex DNA to ligand results in a clear, sharp “on to off”

signal being obtained upon formation of the G-quadruplex structure.
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Figure 5.10 SERS spectra obtained from G-quadruplex concentration studies using each of the three ligands.
The G-quadruplex concentration was reduced from 50 uM (dark blue) to 10 uM (light blue), 5 uM (turquoise),
0.5 uM (green), 50 nM (yellow), 5 nM (orange) and no G-quadruplex present (red). The concentration of the
ligands remained constant at 50 uM. (a) SERS spectra of 3AQN obtained when reducing the G-quadruplex
concentration. (b) SERS spectra of 6AQN obtained when decreasing the G-quadruplex concentration. (c) SERS
spectra of 360A obtained when decreasing the G-quadruplex concentration. (d) Peak intensity comparisons
for each of the three ligands using; 1380 cm™ for 3AQN comparisons, 719 cm™ for 6AQN comparisons and
1379 cm™ peak intensity comparisons. Spectra were obtained using a 532 nm laser excitation wavelength and
an accumulation time of 1 s. All peak intensities were obtained by scanning 3 replicate samples 5 times with

an accumulation time of 1 s. Averages are shown and error bars represent + one standard deviation.

5.4.6 Presence and Absence of Monovalent Cations

For further investigation into the effects of changing the experimental conditions, the
ligand 3AQN was used. The importance of a monovalent cation such as Na* or K" has been
highlighted as their presence induces the formation of a G-quadruplex structure from the

% 28 5% 35 The ligands used in this study not only

guanine rich single stranded substrate.
stabilise and bind to G-quadruplexes; they also induce the formation of the G-quadruplex
structures without the need for monovalent cations,* the presence of a cation influences

the orientation of the G-quadruplex.'’>®
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SERS analysis was performed using 3AQN in the presence of duplex and G-quadruplex DNA,
and adding either 100 MM NaCl or 100 mM KCI to provide the monovalent cations and
investigating the effect this had on the SERS signals observed. Figure 5.11(a-c) shows the
SERS spectra obtained when 3AQN is in the presence of duplex DNA and in a solution of
NaCl, KCl or water for SERS analysis. Figure 5.11d is the SERS spectra observed when G-
quadruplex DNA was present. The intensity of the peak at 1380 cm™ was measured and
plotted in Figure 5.11e illustrating that there was a slight decrease in the absolute SERS
intensity when the monovalent ions were absent due to the reduced aggregation of the
nanoparticles that would have been caused by the salt. However, the discrimination
between the duplex DNA and the G-quadruplex DNA was still very significant. SERS signals
were only observed when G-quadruplex DNA was absent; no SERS signals were observed

when the ligand was bound to a G-quadruplex sequence, regardless of the salt conditions.
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Figure 5.11 SERS spectra of 3AQN complexed to the duplex DNA control sequence in the presence of (a) Na*
ions, (b) K" ions, (c) no monovalent ions and (d) 3AQN bound to G-quadruplex. Spectra were also recorded in
the different salt conditions when 3AQN was complexed to the peroxidase deoxyribozyme quadruplex
sequence. (e) Comparison of peak intensities using the unique peak at 1380 em™. Spectra were obtained
using a 532 nm laser excitation wavelength and an accumulation time of 1s. All peak intensities were
obtained by scanning 3 replicate samples 5 times with an accumulation time of 1 s. Averages are shown and

error bars represent + one standard deviation.

169



This further highlights the potential of using 3AQN as a stabilising agent for the formation
of G-quadruplex DNA as SERS has shown it stabilises the G-quadruplex in the absence of

monovalent cations.

5.4.7 Applicability of the Ligands for the Analysis of Other G-quadruplex
Sequences

The ligands have been shown to selectively bind to G-quadruplex DNA compared to duplex
DNA, however this has so far only been demonstrated using one G-quadruplex sequence,
peroxidase deoxyribozyme. To show that these ligands can have a wider application for G-
quadruplex analysis, two other sequences were used in the investigation. G-quadruplex
forming sequences are also found in the promoter regions of oncogenes such as C-MYC.
The C-MYC oncogene is the most common malfunctioning gene in human cancers;
therefore it is an appealing target for anti-cancer therapies.”” The human C-MYC gene is
highly regulated and any changes in its expression are a crucial point in cancer progression.
Detection of these guanine-rich sequences is extremely beneficial to the field of cancer
diagnostics. Experiments were performed using the ligand 3AQN and two alternative G-
guadruplex sequences, the human telomeric DNA sequence and the proto-oncogene C-

MYC (Table 5.1).

500 - 400
400 4

300

N
%
=}

200 -

Peak Intensity @ 1380 cm™®
N
8

(a

100

Offset SERS Intensity (a.u.)

e e sl o [P
\ i (C) 50

T T T T =T T ] .
400 600 800 1000 1200 1400 1600 1800 Duplex Control  Human Telomeric DNA c-MYC
Raman Shift cm™)

Figure 5.12 SERS spectra of 3AQN (50 uM) in the presence of (a) control duplex DNA (50 pM), (b) human
telomeric DNA (50 uM), (c) C-MYC DNA (50 uM) and (d) a comparison of peak intensity at 1380 em™. Spectra
were obtained using a 532 nm laser excitation wavelength and an accumulation time of 1 second. All peak
intensities were obtained using the 1380 em™ peak by scanning 3 replicate samples 5 times with an

accumulation time of 1 s. Averages are shown and error bars represent * one standard deviation.
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Figure 5.12(a-c) illustrates that the 3AQN ligand peaks are only observed in the absence of
guanine-rich DNA sequences, regardless of the nature of the G-quadruplex sequence
whether it be human telomeric DNA or the C-MYC sequence. This demonstrates the strong
affinity 3AQN has for the topology of a G-quadruplex, regardless of where it is found in the
biological system and in the absence of any monovalent cations. Figure 5.12d shows the
results from plotting the SERS intensity of 3AQN peak at 1380 cm™. It can clearly be seen
that there is a large discrimination between the ligand in the presence of duplex DNA and
when the ligand is bound to a G-quadruplex sequence. These results reaffirm the concept
of using SERS and stabilising ligands such as 3AQN as a reliable qualitative method for

analysing the formation of G-quadruplexes.

5.4.8 Design of a Molecular Beacon Probe for a G-Quadruplex Detection Assay

The method of analysis of G-quadruplex formation relied upon the loss of SERS signal to
confirm the presence of a G-quadruplex sequence. Successful results were obtained when
analysing the formation of a G-quadruplex using three ligands that not only specifically
bound to G-quadruplexes but also acted as Raman reporters. In an effort to make use of
these ligands combined with SERS analysis for a positive SERS detection method, an assay
was designed that would only give an increase in SERS signal when the desired target was

present (Figure 5.13).

S e
T _
(a) (b) *
No SERS SERS

Figure 5.13 A schematic of the positive SERS assay using the ligands and G-quadruplex forming sequences. (a)
In the presence of one of the stabilising ligands, the G-quadruplex structure forms resulting in a hairpin
formation with the G-quadruplex in the stem region. (b) When a sequence complementary to the loop is

present, the G-quadruplex opens releasing the ligand resulting in a SERS signal being observed.
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Bourdoncle et al. designed a molecular beacon probe using the formation of a G-
quadruplex as the stem sequence.” The stem sequence of a molecular beacon usually
relies on Watson and Crick base pairing; however molecular beacons can now be formed
using G-quadruplex structures. Using this design, an assay has been developed where upon
the addition of one of the stabilising ligands (3AQN, 6AQN or 360A), the molecular beacon
assembles and the stem sequences are in the form of a G-quadruplex, while a loop
sequence is also formed. Since the ligand is bound to the G-quadruplex sequence, there will
be no SERS signals. However, upon addition of a complementary target sequence that will
hybridise to the loop sequence, the G-quadruplex stem will open, releasing the ligands and

producing a SERS signal.

Preliminary experiments have been performed using a molecular beacon designed probe
where the loop sequence was 39 bases long and the stem sequence was the peroxidase
deoxyribozyme quadruplex sequence discussed previously. The ligand chosen for this study

was 6AQN.
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Figure 5.14 SERS spectra obtained when using the molecular beacon formed using G-quadruplex stems. (a)
SERS spectra when the complementary sequence was added that opened the molecular beacon releasing the
ligand resulting in SERS signal (green circles). Two control spectra were obtained using a non-complementary
sequence (b) or no DNA sequences (c). SERS spectra were obtained using a 532 nm laser excitation

wavelength and an accumulation time of 1 s.
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Using the new assay format, when the complementary sequence was present, hybridisation
took place opening the loop and separating the G-quadruplex stems, releasing 6AQN. SERS
signals were observed that were attributed to the release of the ligand from the G-
quadruplex, highlighted by the green circles in Figure 5.14a. These peaks were not present
in the control spectra (Figure 5.14b, c). The intensity of the ligand peaks is low compared to
previous ligand studies (section 5.4.2). Optimisation of the assay conditions, specifically the
hybridisation between the complementary sequence and the loop sequence will need to be
performed to increase the SERS intensity observed. However, preliminary results
demonstrate the potential of this new assay, involving G-quadruplexes and stabilising

ligands that act as Raman reporters, to be used successfully as a biological detection assay.

5.5 Chapter Conclusions

Analysis of the formation of G-quadruplex DNA sequences found in the peroxidase
deoxyribozyme, telomeric region and in the proto-oncogene C-MYC has been demonstrated
using a SERS-based approach. Studies were performed using three G-quadruplex stabilising
ligands; 3AQN, 6AQN and 360A. Each ligand successfully detected the formation of a G-
quadruplex sequence with high specificity demonstrated by comparing the interaction of
the ligands with duplex DNA. Further studies were performed using 3AQN that
demonstrated the added stabilising effect that the ligands possess, due to the fact that
monovalent cations, usually required for G-quadruplex formation, are not needed when
using these ligands as they can induce the G-quadruplex formation. SERS measurements
can be taken without the addition of any fluorescent agents and without the presence of
any salt. Since the ligands were known to bind to and stabilise various G-quadruplexes, the
SERS-based method was extended to the analysis of any G-quadruplex forming sequences
present in a biological system with successful results. The absence of an aggregating agent
resulted in the lack of DNA peaks in the SERS spectra; however results show that by
changing the experimental conditions, both ligand and DNA peaks could be readily
observed. The method developed was novel in nature and provided a new and information
rich approach to the analysis of higher order DNA structures and demonstrates the future

possibilities of studies involving G-quadruplexes as key biological targets.
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Following the success of using these ligands as Raman reporters, a new assay was designed

where a molecular beacon probe with a G-quadruplex sequence of DNA as the stem was

used. The presence of one of the stabilising ligands allowed the molecular beacon to

remain closed, however in the presence of a target sequence of DNA complementary to the

loop region of the beacon, the molecular beacon opened and released the ligand resulting

in a SERS signal being observed. The results obtained are preliminary; however they do

suggest that this assay method will be successful. The optimisation of the experimental

conditions forms the basis of future work on this project.
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6. Conclusions

There is a growing need for much more informative methods of detection and analysis of
biomolecules such as DNA. Surface enhanced Raman scattering (SERS) has been used for
the development of a biological detection assay and for the analysis of the formation of
specific DNA structures. There is a need for understanding the interactions between
biomolecules, fluorescent dyes and the metal surfaces by obtaining information on such
interactions, much more informed decisions can be made when designing biological

detection assays using SERS.

A SERS-based assay was developed for the multiplex detection of three bacterial meningitis
pathogens. Through careful design of the reporter probe, enhanced SERS signals of the
fluorescent dye that was complementary to one of the pathogens were observed. The
assay involved several steps; sandwich hybridisation, bead washing and enzyme digestion
using A-exonuclease. For the assay to successfully detect the pathogens, each step had to
be efficiently carried out. Each pathogen was detected successfully indicating that the assay
was working to maximum efficiency. To further confirm this; two control experiments were
carried out, one where the target pathogen was omitted from the assay and another where
a non-complementary was added in place of the target pathogen. Upon SERS analysis, no
signal was observed showing the high specificity of the assay. To demonstrate the
sensitivity of the detection method, limits of detection studies were performed using each
pathogen, which were all calculated to be in the pico-molar range ideal for detection in
clinical samples that would contain low quantities of target pathogen. PCR product of each
pathogen was then used to determine if the assay could still be used for the detection of
longer DNA sequences that would mimic a clinical environment. SERS signals of the
fluorescent dyes associated with each pathogen were readily observed using PCR product.
Following these studies, the three pathogens were detected simultaneously using synthetic
DNA and PCR product, therefore the SERS-based assay was successfully implemented for
the multiplex detection of the three pathogens. Furthermore, for the first time each
pathogen was quantified in the post-assay mixture using chemometric methods such as

principle component analysis (PCA) and partial least squared regression (PLS).
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There is an increase in the development of multiplex assays involving DNA, fluorescent dyes
and, when using SERS as the analysis method, spermine. Investigation into the interactions
that occur between fluorescent dyes, in particular FAM and TAMRA, DNA and spermine
were carried out using fluorescence and SERS. By using fluorescence to investigate these
interactions, an understanding of what interactions were happening away from the
nanoparticle was obtained. When spermine was added to a solution of F-ITC or FAM
labelled DNA, fluorescence enhancement was observed; however, this was not observed
using TR-ITC or TAMRA-labelled DNA. It was also noted that when the fluorescent dyes
were covalently attached to DNA, the fluorescence decreased through base quenching
caused by the DNA. All these competing interactions will ultimately have an effect on their

relative intensities in a multiplex detection assay.

SERS studies involving FAM and TAMRA were then performed based on the information
generated from the fluorescence studies. As with observed in fluorescence, covalent
attachment to a DNA sequence affects the SERS intensity observed of the two fluorescent
dyes. Conversely, in the presence of spermine TAMRA produced the more intense SERS
signals compared to FAM. This could be a combined effect from the orientation of the dyes
with respect to the nanoparticle surface and the charges these dyes possess. Each
component under analysis is charged; therefore electrostatic interactions will have a major
impact on the SERS intensity observed. Different experimental conditions were also applied
to the analysis, demonstrating that careful selection of reagents and conditions needed

when designing multiplex assays.

SERS was then applied for the detection of the formation of G-quadruplex DNA. Three
guadruplex sequences were analysed; peroxidase deoxyribozyme, human telomeric DNA
and the promoter gene C-MYC. G-quadruplex DNA structures are ideal target for cancer
diagnostics as they sequester the substrate, single stranded DNA, needed for the
progression of cancer cells. SERS analysis of DNA and in particular G-quadruplex DNA has
been reported previously, however additional labelling or aggregating agents were

required. By using three ligands; 360A, 3AQN and 6AQN, SERS analysis of G-quadruplex
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formation was successful without the need for fluorescent labelling or nanoparticle
aggregation agents such as MgS0O,. These ligands selectively bind to and stabilise G-
guadruplex DNA, and in addition have the ability to aggregate nanoparticles and can also
act as Raman reporters. Therefore, by using these ligands alone, the formation of a G-

quadruplex can be detected using SERS based upon the unique SERS spectra of each ligand.

This thesis involved the application of SERS for the multiplex detection of three bacterial
meningitis pathogens and for the detection of the formation of G-quadruplex DNA using
stabilising ligands. Further to this, investigative studies using fluorescence and SERS analysis
demonstrated the consideration needed when designing SERS-based assays involving the

detection of fluorescent dye labelled DNA.
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7. Further Work

The work presented in this thesis has shown the potential of SERS as an alternative
detection method compared to the much used fluorescence-based methods for the

detection of DNA.

The SERS-based assay used for the simultaneous detection and quantification of three
bacterial meningitis proved successful. However, for this assay to be fully implemented into
clinical diagnostics, bacteria extracted from human CSF samples must be used in the assay
using the same reporter probes and if SERS signals are observed then the assay can be
deemed as a clinical diagnostic assay. Chemometric analysis is a powerful tool and was used
to readily quantify pathogens in the assay mixture. Due to the power if this technique, the

multiplex can be increased to detect and quantify more than three pathogens.

Fluorescence and SERS studies into the interactions between fluorescent dyes (FAM and
TAMRA), DNA and spermine produced results that allowed for a more informed approach
to assay design. However, there is potential to increase the scope of these investigations by
introducing more fluorescent dyes and by using different DNA sequences to gain a better
understanding of the sequence specificity when measuring the fluorescence emission of

SERS spectra of fluorescent dyes.

The formation of G-quadruplex DNA was successfully detected using SERS. Our
collaborators in IIT Bombay are designing new ligands that will specifically bind to different
G-quadruplex structures and using the “on to off” SERS method, these new ligands not only
provide information on the presence of the G-quadruplex, but discrimination between
different G-quadruplex sequences will also be achieved. Further to this, there is a potential

application for these ligands to detect G-quadruplexes in vivo.
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An assay has been designed using a molecular beacon with G-quadruplex sequences for
stem sequences to produce a SERS signal only when target is present, i.e. a positive SERS
assay. Proof of concept work has been performed however more focus on the optimisation
of experimental conditions is required to improve the SERS signal observed. This would
then combine the formation of G-quadruplexes and the Raman reporter ligands to be used

in a SERS assay used for the detection of specific target DNA.
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