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Abstract

Abstract

The aim of this work was to develop a novel method for detecting mRb&#Igusing
gold nanoparticles and surface enhanced Raman spectroscopy (SERS), with the
ultimate goal ofearly detection of cardiovascular disea3éree different methods

to detect mRNA in cells using Raman spectroscopy were investigated.

The first apprach used a method analogous to fluorescemeesitu hybridisation
(FISH), named Ramansituhybridisation. An oligonucleotide complementary to the
MRNA target was attached to gold nanoparticles and labelled with a Raman reporter.
When incubated with cedlit was hoped that the probe would hybridise to the target
MRNA and allow visualisation using Raman mapping. Despite utilisation of various
probe designs, no significant discrimination could be seen between the target

oligonucleotide and a random controligonucleotide

The second approach made use of a molecular beacon. Gold nanoparticles were
functionalised with a dye and a dyabelled hairpin loop oligonucleotide. In the
closed position SERS signal was obtained from both dyes due to close proxtmity wi
the nanoparticles. In the presence of the target oligonucleqgtidehangein the
spectrawas observed due to an increase in distance betweertigenucleotidedye

and the nanoparticleThis allowed ratiometric detection of the target.

For the final approachanoparticles were coated with a Raman active dye and an
oligonucleotide. Two batches of nanoparticles were prepared, each with
oligonucleotides complementary to half of the targetgsience. When combined
with the target sequence, the oligonucleotides should both hybridisenging the
nanoparticles closer togetheand enhancingthe Raman signal. These probes could
be detected in cells, however it was not possible to determine whetrenot they

were hybridised to the target mMRNA meaning further work is required.

Overall, each method had its own limitations and further development would be

required to create a feasible assay.
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Introduction

1.Introduction

1.1 Cardiovascular Disease

Cardiovascular disease (CVD) is a circulatory disease which covers multiple diseases,
including coronary artery diseasstroke, peripheral artery disease and aortic
disease. It manifests itself as a blockage of the heart or arteries known as atheroma.
Atheroma is a buildip of fatty material, the presence of which causes the blood
vessel to decrease in diameter or becomengxetely blocked, preventing blood flow.

The main risk factors for CVD are high cholesterol and hypertension. Other risk factors
include obesity, diet, lack of exercise, alcohol, smoking, diabetes, stress, increased
age, sex (men are at higher risk), ettty (African Caribbean and South Asian
ethnicities have a higher risk) and family history. Instances of CVD also tend to be
higher in areas of social deprivation. Many risk factors associated with CVD are
lifestyle related, meaning that they are avoidabléowever, despite this, CVD is a

major problem in the United Kingdom with ove87,000 deaths per yeat:?

Glucocorticoids, such as cortisol, are steroid hormones responsible for a variety of
biological process&@ ¢ KS S yhiydoxy&eraidméhydrogenase type 2 (HSD2)

is responsible for converting glucocorticoids (cortisol in humans) to the inert keto
form (cortisone), thus preventing them from activating the mineralocorticoid

receptor (MR) as shown kigurel.l.
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Figurel.1 - Mineralocorticoid receptor activation. Reproduced with permission from
Copyright © 2000 International Society of Nephrology

The mineralocorticoid aldosterone plays a key role in sodium transport via the MR.
Glucocorticoids and mineralocortcoids have similar affinity for the MR, which can
result in overstimulation of the receptor since glucocorticoids are present at much
higher levels. This problem is avoidad vivo by the presence of HSD2 which
deactivates glucocorticoids. However, mutations can cause a lack, or inactivity, of

HSD2, whilst glyceyrrhetinic acid (a constituent of liquorice) can inhibit it.

HSD2 is found in sodiutransporting epithelial cells, including the kidneylaoand
placenta. The enzyme has two isoforms, HSD type 1 is responsible for the reverse
reaction to type 2, i.e. the conversion of cortisone to corti@gurel.1). A lack of
HSD2 results in over activation of the MR by glucocorticoids and a condition known
as the syndrome of apparent mineralocorticoid excess (SAME). Patients with SAME
exhibit sodium retention, hypertension and hypokalaemia (potassium deficiency).
This condition can be partially treated by supressing cortisol but is usually fatal in

childhood.3°

The condition can be diagnosed by assessing the cortisol to cortisone ratio in urine
since absence or deficiency of HSD2 increases the ratio. However, there is currently

no clinical diagnostic assay for theeasurement of HSD2.
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Craigieet alinvestigated the effect of low/standard/higkalt diets on wild typ and
HSD+ mice. Wild type mice showed a proportional relationship between the
amount of sodium ingested and the fractional sodium excreted and no relationship
with blood pressure. In heterozygous mice the relationship between salt ingestion
and excretim was reduced leading to salt sensitivity and hypertensiéiiom this it

can be assumed that humans with HSD2 deficiency, who do not necessarily have
SAME, W have an increased sensitivity to salt and tendency to hypertension,

increasing their risk of cardiovascular disease (CVD).

1.2DNA

1.2.1 Introduction to DNA

Dexoyribonucleic acid (DNAYas first discovered in 1869 by Fredrich Miescher
Miescher wadrying to characterise proteins found white blood celldrom surgical
bandagesvhen hefound a substanceade up of carbon, hydrogen, oxygen, nitrogen

and phosphorushat was not protein’

Found in the nucleus of all celtsexcept red blood cells we now know that this
substance is responsible for life as we knowNA containghe information required
for all living things to funabin on a cellular levemaking itthe key building block of

life.

1.2.2 DNA Structure

The three-dimensionalstructure of DNAas we know it todaywas first proposed
almostacentury F i SNJ a A S a Oiid OBy Wekshndam2CaeR-bliBwing
on from xray crystdography experiments led by Franklin and W#di% Watson
and Crickealised that DNAasa double helix structure with hydrogen bonds holding

together two, separatestrands(Figurel.2). 8
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Figurel.2 - DNA structure as proposed by Watson and RriReproduced fron¥.
Copyright © 1953, Springer Nature

Eachstrand is a polymerof nucleotidesg individual units made up of a sugar, a
phosphate and a nitrogenous bafieigurel.3) ¢ joined together by phosphodiester
linkages The strands run aivparallet one strand runsn thep Q  dirgctiam, @vhilst
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Figurel.3 - Nucleotide schematic showing nitrogenous basgadenine shown) pentose
sugar and phosphate group. The phosphate group of one nucleotide joins to the 3' carbon
of the sugar on the adjacent nucleotide to form an oligonucleotide strand.

In DNA, the sudd&J Ad&oxy -Q-ribose and this, along with the phosphate group,

remains constant throughout the chain forming a suphosphate backbone. At
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physiological pH, DNA is negatively charged due to ionisation of the phosphate

groups.

There are four possibledses: adenine, guanine, thymine and cytogifigurel.4). It

is the order of these bases in the chain which makes umg#netic codeThe bases
fall into two groups purines (joined 5and émembered heterocyclic ringsadenine
and guaning and pyrimidines @nembered heterocyclic ringscytosine and

thymine).

ﬁ
N—_ "~ ~
N 78 N N
| ¢ [
‘\\ N /QO N~ N-éL N “N .-/L“:O
Adenine (A) Cytosine (C) Guanine (G) Thymine (T)

Figurel.4 - Structure of the four bases present iINA Repoduced from*. Copyright ©
2010, John Wiley and Sans

Hydrogen bonds between the bases hold the two chains together in the double helix
structure Figurel.5). Purines always bond to pyrimidines in the complementary
chain. Chargaffdiscoveredthat any given DNA molecule h#se samenumber of
adenines and thyminegnd the samewumber of cyosines and guanine3his led to

the discoven2 ¥ / K| NI that &enine iNaizé Bain always binds to thymine

in the complementary chain and the same goes for guanine and cytosine. Guanine
cytosine interactionshave three hydrogen bonds betweendim, making them

stronger than adeninghymine interactionswhich only have two*?
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Figurel.5 - Schematic of two antiparallel strands with hydrogen binding holding the
strands together(adapted from reference?).

Sugar phosphate backbone

Theplanar basesorm a ladder between the tweatrands which thencoil around an
axis giving the double helix structure. Additionally, van der Waals stacking
interactions between adjacent bases aktability to the structure This gability is
crucial forpreservation of thegenetic information which is held in the sequence of

the bases!?

A vital concept regardinghe structure of DNA is that the two strands can be
separated. Heating the DNA above its melting temperature breaks the hydrogen
bonds between the bases, causing ttheuble-strandedDNA to denaturanto two
single strandsThis process ieversibleg lowering the temperature will allow the
strands to rehybridise¢ and can be followed using UXs spectroscopyAs DNA

denatures its absorbance at 260 nm increagégurel.6). 1416
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Enzymes called DNA polymerases synthesise DNA by replication of a parent DNA
molecule.ln order to replicatethe two strandsunzip(as shown irFigurel.5). Each

strand is then used as a template; by filling in the complementary baseew
complementary strand is formed, criéag two new molecules, each identical to the

parent molecule.

1.0~
Single-stranded DNA
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Temperature (“C)

Figurel.6 - Absorption spectroscopy can be used to follow the transition from double

stranded DNA to single stranded DNA as temperature increases. The temperature at
which half of the DNA is in its doublstranded state and half is singlstranded is known

as the nelting temperature (). ¢ Copyright © 2000, W. H. Freeman and Company

In the nucleus DNAIs stored in the form of chromosomes which consist of DNA
tightly packedaround proteins called histoneghe human genome consists of 3.1
billion base pairs held 23 pairs of chromosomes. It contains the genetic
information, stored in the order of the kmes. Coding regions (or genes), which
contain the information to make protegymake up approximately 1% of the entire

genome.’
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1.2.3 Gene expression

Different sequences of DN&genesg encode different proteins, which carry out the
various processes required within a cell. This procesgeot expressiomas two

main steps; transcription and translatigRigurel.7).

. . i lﬂﬂﬂﬂﬂﬂﬂﬂ]f_fjf\r\ ._
ALY ALY === Vi |

RNA Transcription
polymerase

pre-mRNA

mRNA

L O L L i e

Translation

polypeptide

Figurel.7 - Schematic representing the processes of transcription and translation
Reproduced from® © 2014 Nature Education

During transcription, a region of DNA is used as a template to create a second
molecule¢ messenger RNA (mMRNA). mRNA is the intermediary between DNA and
protein. It is created by the enzyme DNA polymerase and is a single stranded

molecule complementary to the gene it is responsible for encoding. Due to the nature
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of transcription, an mRNA strand the reverse complement of the corresponding

DNA sequences.

During translation, mRNA is used to synthedise corresponding protein. Every
sequence of three nucleotidesa codong in the mRNA corresponds to a different
FYAYy2 | OAR® . & WNBIFIRAYIQ (GKS &SljdsSyoSs

corresponding amino acids to build up the protein.

1.2.4 DNA vs RNA

Despite both being composed of nucleotiddgtte are key differences between DNA
and RNA, summarised ihable 1.1. These differencesnake RNA a less stable

molecule than DNA.

Tablel.1- Summary of key differences between DNA and RNA

DNA RNA
Sugar Deoxyribose Ribose
Bases Adenine Adenine
Thymine Uracil
Guanine Guanine
Cytosine Cytosine
Structure Doublehelix Complex structures
Stability | Long term stability Less stable
Location Nucleus Throughout the cell

Both molecules contain a pentose sugar, however in RNA the sugar is (fggsee
1.8). Ribose hasraadditionalk @ RNR E& f 3 NP dzLJ THisificreaskésSthen Q
reactivity of RNAand causes the structure of the sugar to twist slightly to decrease

repulsions.

27

LJ2
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In RNA, the &se thymine is replaced by uracHigure 1.8). Uracil has aimilar
structure to thymine but is lacking the methyl group on carbon 5. Spontaneous
deamination of cytosie converts it to uracil, however, since uracil is not normally
present in DNAthe mutation is recognisednd reconverted ensuringlongterm

stability. Since long term stability is less of an issue with RNA, uracil can remain.

CH,OH 0
. OH
| NH
N/J\O
OH OH R

Figurel.8 ¢ Ribose (left) and uracil (right) structures

The structure of the two molecules is also different. In cells, DNA is preserit-as a
type double helixwhereasRNA can takenore complex structuresWithin these
complexstructures aresinglestranded regions and shoft-type double heles,
which can occur bothvithin and between moleculesThe" -type helcesare more

compact than the -type, with bases no longgrerpendiculatto the backbone?®

In cells, DNA is found in the nucleus. Whilst RNA is also formed in the nucleus, it can
be found throwghout the cytoplasmComplementary DNA and RNA strands can
hybridise to one anotheg since thymine is not present in RNA, adenine bonds to

uracil.

1.2.5 Detection of DNA

Since DNA is usually present at very low levels, amplificatgenisrallyrequired for
detection. The polymerase chain reaction (PCR) was developed in 1983 by Kary
Mullis. 2° Mullis et al. developeda reaction whicrcould be used to specificalbppy
DNA. Following the extraction of DNA from its sample, PCR can be used to yield

billions of copies of the desired seeuce. digonucleotide primers, aDNA

10
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polymerase enzymand deoxynucleoside triphosphatase added to the DNA which

is to be amplified

Temperature is used to control the reactiddNA is firstly denatured by heating the
sample to a high temperature The temperature is then reducedallowing
oligonucleotide primerso hybridise to the edges of the region to be amplified. DNA
polymeraseenzymesuse the deoxynucleoside triphosphate molecules to form a
complementary strandat a slightly higher temperaturggsulting in a copy of the
original DNAsequence. Tis reaction is then cycled, with the number of DNA
sequences increasing exponentially with each cfflgurel.9). The cycle is repeated

28-34 times.20

rrTri- « L LI e
| | | | | ~ _l;, ___—" exponentially
I Ll ]
.

DNA Template Ta
Separated DNA strands

hybridised to primer

qr

5

Two new copies of template

Figurel.9 - Schematic of a PCR reaction

Quantitative PCR (gqPCR) is the main method used for DNA quantificatien.
amount of DNA present in a sampéemeasuredy incorporating dluorophoreinto

the new strand in the PCR reaatioAt the end of every cycle the fluorescence is
measured, resulting in an amplification plot of fluorescence versus cycle number.
Since the amount of fluorescendg proportionalthe amount of DNA present, this
can be used to determine the concentratioh[DNA in the sample by comparing to

an internal standard?!

Southern blotting; and its adaptation for RNA; northern blottiqgs another method
which relies ofiucleic acid hyhdisation for the detection of specific DNA sequences.
It was developed by E. M. Southern in 19Th.this case, an oligonucleotide
complementary to the target sequence is chosen eamtiolabelled. As with PCR, the

DNA must first be extracted from the sample. The separ@&bh isdigested and

11
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fragments are separated according to size by gel electrophoresis. The DNA is the
transferred to a nitrocellulose filter which is incubated with tlabelled probe. The

probe hybridises to the target DNA, allowing them to be visuali¥ed.

In a similar mannein situhybridisation(ISHan be used to detect specific DNA/RNA
sequences within ck. A labelled oligonucleotide probeomplementary to the
sequence to be detecteds incubated with the cells and, upon hybridisation, the
target sequences can be visualised using a microschpmst commonly, the

oligonucleotide is labelled with a fluorophe. 14

Unlike other methods, which usually involve pooling of cells and DNA/RNA extraction,
ISH is useful since individual cells can be analysed and localisation determined. ISH

can also be used tasualise the location of specific genes on chromosortes.

ISH was first described in 1969 by Joseph Gall and Marardue.?®2*They used
radio-labelled RNA to detedDNA in toad oocytes. Toad ovaries were squashed,
denatured and incubated with tritiuAabelled rRNA. Autoradiography was then used
to visualise the probesndicating the location of extrachromosomal rDN#&?24
Around the same time Johet al. and BuongiorneNardelli and Amaldi were also

developing similar technique#>2¢

Approximately 10 years later with the emergence offluorescently labelled
oligonucleotides and more advanced fluorescence microscibygrescencen situ
hybridisation (FISH) was develop&dSH had the advantage of improved resolution

and shorter exposure times*

In 1977, Rudkin and Stollar reportéte first incorporation of fluorescence into the
ISH assay! however their methodvas indirect andncluded the use of an antibody.
Amodifiedantiserum againgpoly(rA).poly(dTyvasincubated with the cells, followed
by fluorescentlylabelled IgG which binds to the antibody. Fluorescence microscopy

was then used for visualisation of the fluorophofé?®

12
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Not long after this, a more direct FISH procedure was repoutgdg fluorescently
labelled DNA, making FISEbmmonplace in cytogeneticwith singlemolecule

detection reported 2°

Feminoet al. were able to detect single mMRNA molecules using a modifiesioreof

FISH by creating probes witlie fluorophores per oligonucleotidé® Multiple i -actin
LINPO6Sa aLISOATAO (2 R2FOSyld NBIAQIR 27
were used. When the probes hybridized the collective fluorescence appeared as a
point source, aiding identification. Five probes were used in order to achieve
fluorescence that could be reliably measured above the background. It was noted
that there was variability in the levels of fluorescence measured with between one
to five probes hybridized but detection was possible with as little as one prSbe.

Using a similar method, Rej al. were able to simultaneously detect three different

mRNA moleculesisingle cells*¢ KS& dza SR 2t A32y dzOft S2GARS

end with a single fluorophore. In order to validate their method, two different sets of

probes were used. 48 probes targeting adjacent regions in the coding region of the

0

L

genewere labelled A G K 2y S Ffdz2NRBLK2NBE® | NBEIA2y 2°

tandem repeats 80 nucleotides long was targeted by a second set of probes labelled
with a second fluorophore. A computational program was used in order to identify
the mRNA based on docalzation of both fluorophores. In order to detect three
MRNASs simultaneously, three fluorophores were used with multiple probes for each
MRNA, similar to the first set of probes in the validation study. This method provided

both guantitative and spatial infonation on the mRNAS!

In situhybridisation is discussed further in chapter 3.

13
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1.3 Raman Spectroscopy

1.3.1 Introduction to Raman Spectroscopy

When light interacts with a sample it can be either absorbed, transmitted or
scattered. Ramarcatteringis concerned with the scattering of light by the molecules

in a sample.

Raman scattering was first observed in 1928 by C.V. Raman, who went on to win the
1930 Nobel Prize in Physics for his work on light scattering. Ratnah used a
telescopeto focus sunlight onto a sample and optical filters to show that some of the
light scattered by the sample was at a different frequency to the incident fghis

inelastically scattered light is what is measured in Raman spectroscopy.

In Raman spectroscopy a single wavelength of light is shone onto a sahiplegfit

causes polarization of the cloud of electrons around the nuclei in the molecule,
formingashotf A SR> dzya il 6fS WOANIdz-f &aGFGSQd
photon is quickly rgadiated. Scattered light is then collected at an lentp the

incident light, allowing a Raman spectrum to be obtairgd.

1.3.2 Theory of Raman Spectroscopy

Figurel.10 shows a Jablonski diagram detailing the energy changes associated with
Raman spectroscopYyhe energy of the virtual states is dependent on the frequency

of the incident laser light.

Due to thesmall size of electrons, electron cloud distortion causes very small changes
in the frequency of the scattered light. This is known as elastic, or Raydeatering

and is not used in Raman spectroscddpst photons are Rayleigh scattered, making

it the dominant process, however since no energy change occurs, no information

about the molecule can be obtained.

14
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If nuclear motion occurs, energy can be transferred from the incident light to the
molecule or from the molecule to the scattered light. ThilREman, or inelastic,

scattering. In Raman scattering the energy of the scattered light is one vibrational
unit greater/lower than that of the incident light. Raman scattering is a very weak

process; only one in every 1910° incident photons are Raman stered. 33

}Vibrational states

Electronic excited state, E;

Virtual States

}Vibrational states

Electronic ground state, E,

Stokes Rayleigh Anti-Stokes Resonance
Raman
(Stokes)

Figurel.10- Jablonski diagranshowing Raman scattering; Stokes scattering occurs at

lower energy, thus higher wavelength, than Rayleigh (inelastic) scatterimgilst anti-

Stokes scattering occurs at higher energgesonance Raman occurs when the energy of
the incident light is closéo that of an electronic transition in the molecule

If the molecule is in the ground state amatbsorbs energy from the incident light,
causing it to be promoted to a higher energy state, this is Stokes scattering. If the
molecule is already in an excitadbrational state it can transfer energy to the

scattered photon this is antiStokes scattering.

The ratio of Stokes to anrBtokes scattering can be determined from the Boltzmann
equation (equationl), wheren represents the excited vibrational enerd¢gvel, m
represents the ground vibrational energy levdlis the number of molecules in each
state, g is the degeneracy o the levelSjs the energy of the energy levels akds

Boltzmanns constant (1.380 x 3QWK?).

15
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| 1=

Eq.1

1=
[}

Since, at room temperature, most molecules will be in the ground state, Stokes

scattering will be stronger than arBtokes3?

Due to Raman scattering being a wedfeet, sensitivity can be poor. High power
lasers and microscopes can be used to overcome this but these come with their own

problems, such as sample degradation and competitive fluorescéhce.

The intensity of Raman scatterif is given by equatio, whereKis constant] is
the laser power, is the frequency of the incident light aridis the polarizability of

the electrons in the molecule being analysed.
L Lm o Eq. 2

Since the polarizability of the electrons in the molecule cannot be altered, the
modifiable parameters to increase the scattering intensity are the laser power and
frequency. However, this is not alwaystraight forward. Since intensity is
proportional to the fourth power of the frequency of the incident light it makes sense
that higher frequency, lower wavelength, light (e.g. UV light) would give the best
signal. However, high energy UV radiation is absd by many compounds and can
cause sample degradation. For this reason, the most commonly used lasers are in the

visible region.

Intense Raman scattering occurs whethe vibration causes a change in the
polarizability of the electron cloud surroundingetimolecule. This occurs to a greater
extent with symmetric vibrations. Infrared spectroscopy, on the other hand, requires
a change in the dipole moment of the molecule, making asymmetric vibrations most
intense.For this reason, the two techniques can lsed to complement each other.
The mutual exclusion rules dictates thata centrosymmetric moleculeone where
reflection of any point through the centre will reach an identical point on the other

sidec¢ no band can be both Raman and infrared actie.
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1.3.3 EnhancedRaman 8attering

Whilst Raman cattering itself is an inherently weak effect, there are methods
available to overcome thi©One way of enhancing Ramaragieringis by matching
the energy of the laser to the energy of an electronic transition within the sample
known asresonanceRamanrscatterirg (RR)Figurel.10. Enhancement of the Raman

signal by up to 10can be achievedyowever1(0®-10*is more common33:34

Another method of ehancing the signals in Raman spectroscopy is to adsorb the
molecule onto a roughened metal surface to give surface enhanced Rarataring
(SERSESERSan giveenhancement ofip to 10° compared with Raman spectroscopy.

33 Albrechtet al. reported in 1977 that the Raman spectra of pyridine adsorbed at a

silver electrode gave anomalously intense signals, approximately five times greater
GKFy SELSOGSRd ¢KA& SyKIyOSYSyid o6+ & | aGidN

Raman crossection.®®

Gold nanoparticles can be used as the metal surface in SERS. These particles have
multiple properties which make thme useful SERS substrates: i) due to coupling of
plasmons, a colour change from red to blue is seen when the particles aggregate, ii)

they are generallynoi 2 EAO YI 1 Ay3 (GKSY om2zBAWIQ RAOK:
between adjacent particles which result in enhanced electromagnetic field and,
hence, emanced Raman signdf. Furthermore, nanopatrticles are known tjuench

fluorescence, reducing arfluorescent background in the spectrufi.3®

Combining both of the above techniques, i.e. adsorbing the molecule onto a
roughened metal surface and using a laser frequency close to that of a transition in

the sample, will give surface enhanced resonance Ravattering(SERRSY3°

Compared with fluorescence, RS has several advantages which may make its use
favourable; i) spectra produced give a molecular fingerprint of the molecule being
probed, ii) the bands in the spectrum anarrow, aiding multiplexing potential, iii)
SERS spectra are produced on a shorter timescale which can allow shorter integration

times to be used, and iv) photobleaching is less of a probieth Another benefit of
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SERS is its high sensiti\gtginglemolecule detection using SERS was first reported
in 1997.4%42 |In 2004, a comparison of SERRS and fluorescence detection limits for
detection of labelled oligonucleotides showed that SERRS outperformed

fluorescence by around three orders of magnitutfe.

1.34 Uses of Raman Spectroscopyth Nanopatrticles

Gracieet al. developed a quantitative multiplex assay for detection of bacterial
meningitis causing pathogens using SERS. In this assay, two oligonucleotide probes
hybridised to adjacent points on the targpathogensequence. One contained a
OA20AY Y2A$RE BEKAUGKS ORSS2G$KSNJ KFIR | Ffd
LIK2ALIKIFGS G GKS pQ SYyRe® {(iNBLII GARAY O2
were then added to the solution and+®ispended in exonuclease buffer. Lambda
exonuclease, which digests a singteand of phosphate modified DNA, was added

next before the solution was added to aggregated silver nanoparticles for SERS
analysis. All three pathogens could be detected and quantified simultaneously. In a

similar assay, two pathogens were detected stanously from clinical samples.

44,45

Fauldset al. developed a molecular beacon for use with SERRS; SERRS Beacons
(Figurel.11). Benzotriazole azo dye maleimidea SERRS label which complexes to

silver nanoparticleg 6 & I RRSR (2 GKS pQ SyR 2F | 50
R&S Cla ¢+a FRRSR G2 (GKS 0o0Q SyR® Ly (KS
was observed due to nanapticle quenching and the main SERRS signals were from

the FAM label. When the complementary sequence was added fluorescence was
emitted and the SERRS signal changed, indicating that the loop had opened

separating the fluorophore from the silver surfaée.
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Probe Sequence

Target DHA

Hanoparticle Surface

Figurel.11- Schematic of SERRS molecular b@a*®. Reproduced with permission from
The Royal Society of Chemistry.

Kneippet al. were able to measure SERS spectranwinsic cellular components by
adding gold nanoparticles to cellehich caused enhancement of theimtrinsic
signals. It was clear that the signals improved over time as aggregates of the particles
formed. It was shown in TEM images that the longer the nanoparticles were in the
cells, larger aggregates grefigure1.12). No signals were observed from areas

without the presence of nanoparticles due to sensitivity limitations of Rartfan.

t =30 min t =60 min t=120 min t =180 min t=30h

Figurel.12- TEM images of cells containing gold nanopatrticles over tilReprodwced
with permission from*#’. Copyright © 2006, American Chemical Society

Similarly,Stokeset al. used SERRS to map macrophages treated with gold and silver

nanoparticles using various excitation wavelengths. The nanoparticles were

incubated with the cells for various lengths of time prior to fixation using
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paraformaldehyde. Té» macrophages were then stained. Polarized light microscopy
and transmission electron microscopy showed that both types of nanoparticles were
taken up by the cells via endocytosis within two hours, however they did not appear

to enter the nucleus.

When they compared stained cells which had been incubated with and without
nanoparticles, they found that the Raman signals were enhanced in the presence of
nanoparticles due to SERRS enhancement. It was found that gold nanoparticles did
not give effective enhamment at 514.5nm, however they were effective at
632.8nm, 785nm and 830nm. They were able to use fast line mapping to give

efficient, sensitive map$8

Yeet al. combined fluorescence and SERS for the quantification of miRNAs ioycells
designing a duadignal switchable nanoprobe?® Gold nanoparticles were
functionalised with i) fluorescently labelled DNA(H1) hybridised to its
complementary strandH-C) and ii) a hairpin probgH2) Figure 1.13 shows a
schematic. In order to detect miRNAs with both low and high expression, an
amplification step was includedn the absence of target, fluorescence can be
measured due to the distance between the label and the nanoparticiethe
presence of thedrget, due to the close proximity between the nanoparticle and the
labels, fluorescence is switched off and SERS is switchdelumrescence allowed
direct intracellular monitoring, whilst SERS allowed high sensitivity and narrow peaks
for multiplex detetion. They were able to simultaneously quantify miRN#ish vast

differences in expressian live cells>

miR-203

NNANANAN

3?0 DSS-2

""C‘o\/ ‘w'“oé- ,t'vo;w\\;_;ﬁi\ O l{(?\
< 5

Figurel.13- Schematic of dual fluorescence/SERS miRNA proBeproduced with
permission from>°. Copyright © 2017, American Chemical Society
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1.35 Stimulated Raman Spectroscopy

Unlike spontaneous Raman, stimulated Raman spectros¢8pBlses two, ce
aligned incident lasersthe pump beam and the Stokes beayto stimulate a specific
transition within a sampleThe frequency of these lasers is chosen such that the
difference in energy between them is equal to the energyhef chosenmolecular
vibration within the sampl€Figurel.14), resulting in the corresponding signal being
enhanced Compared with spontaneous Raman spectros¢tiig can result in both

improved sensitivity and shorter acquisition timés.

I Electronic excited state, E,;

—————————————————————————— Virtual State

m T TTTTTTTTRT T
>
I} |
ol
o I
~
w,| | w, Wy
I
I - .
v v } Vibrational states
I Wy - W .
- Electronic ground state, E,
Spontaneous Stimulated
Raman Raman
Spectroscopy Spectroscopy

Figurel.14 - Schematic comparing spontaneous and stimulated Raman smsciopy. In
spontaneous Raman an incident pump bedm) interacts with the sample resulting in
scattered light with one vibrational unit difference. In stimulated Ramatwo incident
beams (pump beam, ,, and Stokes beam, s) interact with the sample, resonantly
enhancing the transition with energy p-- s.

1.3.6 Raman Spectrometer Setp

Raman instruments may include microscopes in the setup which can be used for
analysis of cells, making it possible to produce botm&ips of the surface and 3D
maps on the entire cell. In order to create a mapRaman spectrum is collected at

an individual point and the sample is then moved to allow the next point to be
interrogated. An individual Raman shift can then be chosen andtéssity at each
individual point can be plotted. One of the main disadvantages of mapping, as

opposed to imaging where the spectrum is only collected at an individual Raman shift,
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is that it is relatively time consuming. As well as for analysis of teuse of Raman
is suitable for mapping the surface of drugs to determine whether they are

homogeneous??

The setup of a Raman spectrometer can vary, howeves thain components are

generally the samekigurel.15 shows a schematic of a typical Raman microscope

setup.
Rayleigh filters Focusing mirror
Excitation =
source
Beam expander
Grating
' Sample 1
Detector ——— / Focusing
mirror

Microscope

Figurel.15- Overview of Raman microscopy setuReproduced with permission frorfr.
Copyright © 2016 Springer Nature

First is the excitation source. The laser chosen will depend on the sample to be
analysed. From agtion 2, it can be seen that the scattering intensity is proportional

to the laser power and the laser frequency. This means that loweeleagth lasers

will give better intensity. However, the power must be controlled to prevent
photodegradation of the sample. The line width of the laser is also important as this

will determine the resolutioravailable

The laser light is shone through aiss of filters, mirrors and gratings to reach the
sample and carry information back to the detector. Most commonly, the detector is

a chargecoupled device (CCD). CCDs detect phot@thousands of pixels arranged
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in multichannel arrays. Each pixel ceollect charge, which is proportional to the
Raman scattering intensity, from the scattered photons. The charge is passed from
pixel to pixel until it reaches the end of the detector chip where it is converted to

voltage and a readut is provided?>?

1.4 Metallic Nanopatrticles

1.4.1 Introduction to Metallic Nanoparticles

Nanoparticles are particles with at lstaone dimension less than 100 nm. Metallic
nanoparticles can be formed from pure metals (e.g. gblsilvef?, platinunt®) or
compounds containing metals (e.g.386%). This work will focus on pure gold and

silver nanopatrticles; AUNP and AgNP, respectively.

Metallic nanoparticles have been used for many years due ta ttiearacteristic
optical properties. The Lycurgus cupigurel.16) is a Roman cup which dates back
to the 4" century. In reflected light the cup appears green, whilst in transmitted light
it is red. This dichroism is a result of colloidal gold and silveticfes 56100 nm
present in the glass’ More recently, metallic nanoparticles habeen shown to

have uses in applications from pregnancy tests to drug delivery to cancer detection,
owing to their unique optical properties and propensity for conjugation to other

molecules 5860

Figurel.16- The Lycurgus Cup shovgneenin reflected light (left) andred intransmitted
light (right) °’. © The Trustees of the British Museum
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Nanoparticles behave differently to their bulk material, exemplified by the red colour
of gold nanoparticles compared to gold metal. Their optical properties depend on
both the size and shape of the particles, both of which influence the electric field
density on the particle surface. The dielectric constant of their adjacent medium will

also influence their propertie$?!

Small gold nanospheres (~ 20 nm) are ruby red in colour with a maximum absorbance
of approximately 520 nm. As the size of the spheres is increased the maximum
absorbance is reghifted, resulting in a transition to a more rgairple colour. Silver
nanoparticles are yellow in colour (with a maximum absorbance ~ 400 nm) and

become orange as their size increases.

1.4.2 Nanoparticle Synthesis

Nanoparticles can be synthesise@d bottom up or top down approaches. The former
uses reducing agents to generate metal atoms which can form nanoparticles whilst
the latter involves etching a bulk material. Bottom up methods are preferred as they

allow synthesis of smaller, more monodispegsarticles.

The first recorded synthesis of gold nanoparticles was in 1857 by Faraday. He
described how gold solution could be reduced with phosphorus, resulting in a ruby
red solution.® There are now many methods of metal nanoparticle synthesis,

generally involving reduction of a metal s&ft5364

One of the most common methods of synthesizing gold nanoparticles is the modified
Turkevich method which uses a citrate reduction. Sodium citrate solution is added to
hot chlorauric acid with stirring. Theale yellow solution turns blue during nucleation
before becoming a ruby red colour, as described by Faraday. The size of the patrticles
depends on the amount of reducing agent adagdcreasing the amount of reducing
agent will decrease the final sizetbke particles. In this method citrate acts as both

a reducing agent and a capping agent, forming a coating layer on the nanoparticles

and, hence, enhancing their stability.
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Figure 1.17 shows a schematic illustration of the proposed mechanism for gold
nanoparticle growthvia the Turkevichmethod. Initially small nuclei are formed as
AUt is reduced to gold atoms (step 1) whicoalesce (step 2) and grow into small
particles (step 3). These continue to grow as the gold salt continues to be reduced

until it is used up (step 4%°

AU"'
1. step a 2. step b 3. step C 4. step d. .
nucleation , ¢ , growth py « slow furthe 9 fast final
e ,* , aggregationg @ o  growth ° @ growth ‘ .
> ece > > 4% e 2 o
.8y e e 9 ‘ ‘
~2nm ~ 3nm 5.5 nm 7.7 nm

Figurel.17 - Schematic of AUNP growth. Reprintedth permission from®. Copyright
(2010) American Chemical Society.

1.4.3 Localised Surface Plasmon Resonance

The characteristic colour of AUNP (and AgNP) is a result of the absorption and

scattering of light.
LY wmpnyZ air$ &2t @SR naropalideS finfei@ciing Sithdah G A 2 v
electromagnetic field, concluding that the plasmon band in the extinction spectrum

was a result of dipole oscillations of free electrons in the conductance 5&afd.

The wavelength of visible light is larger than the diameter of a nanoparticle and, as a
result, it causes free outer electrons in the metal to oscillate. This causesspdilami

of the metal electron cloud in resonance with the lighigure1.18).
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Electron cloud

Electric field

Metal sphere Electromagnetic wave

Figurel.18- Schematic representation of LSPR showing the oscillation of the outer
electrons in gold nanoparticles induced by an electromagnetic field

For gold nanoparticles, this collective oscillation of the outer electmpriecalised
surface plasmon resonand&SPRY is in the visible region as can be seen in the
extinction spectrum®! Each nanoparticle has a characteristic freqoy where LSPR

is maximised, for gold nanoparticles (20 nm) this is 520 nm. This changes depending
on the size, shape or medium of the particlegold nanorods, for example, have
their LSPR in the ne#iR region (~ 800 nnf?68

It is this plasmon resonance absorption which gives gold nanoparticles extinction
coefficients an order of magnitude larger than strongly absorbing dyes allowing lower

for more sensitive dedction. 5!

1.4.4 Uses of Metallic Nanoparticles and Oligonucleotides

In 1996, Mirkinet al. published a method for the assdaly of DNAfunctionalised
nanoparticles which paved the way for the use of EiNActionalised nanopatrticles

for the detection of specific DNA sequencts.

Thiokmodified oligonucleotides were incubated with gold nanoparticles for 24 hours.
These DNAunctionalised nanoparticles showed increased stability to both high

temperature and salta@nditions compared to bare nanoparticles, indicating that the
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DNA had coated the nanopatrticle surface. To achieve assembly of the nanopatrticles,

two batches were separately functionalised with Rocomplementary

2f A32ydz0f S20ARSAD | SYWRE QA ¥ deSoyfh& Shgsol (RR SRa
the DNA sequence were complementary to the oligonucleotides attached to the
particles. When the conditions were altered in favour of DNA hybridisation, the
particles seHassembled causing aggregatiofigure 1.19). This aggregation was

reversible on heating?®

Au nanoparticles
O
Modification with . Moedification with
F-thiol-TACCGTTG-5 / a S-AGTCGTTT-3-thiol
{ e
- L}
% 5o
| . ‘,_} . iy
RO BN L8 T AF )
| ¥ ™ P
FolRall ™ ey S
[ - g 7
Lox Q_i‘mf ot oy

. | Addition of linking DNA duplex
o' [8-ATGGCAAC 11777 1o accanns:

ﬂI J' and settling

Figurel.19- Schematic of DNAnducednanoparticleassembly Reprinted with
permission from®®. Copyright © 1996, Springer Nature
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In the same year, Alivisated al. also reported sethssembly of nanocrystals using
DNABYy attachingt® 5b! G2 GKS ylFy20NRadlrta G SACL

able to create different orientations; head-tail, headto-head, and trimers’®

Following on from this, Grahaet al. reported that this specific seissembly of DNA
Fdzy QUA2y I fAaSR yI y2diNNI 2PgQS & 9@vdzidR ¢ &S & dz ¢

the enhancement of Raman signals that occurs when nanoparticles aggrégate.

By functionalising two batches nanoparticles with oligonucleotides that are each
complementary to half of the target sequence, upon addition of the target sequence
DNA hybridisation will cause the nanopatrticles to-ssfemble into aggregates. This
results in a shift in the extinitn spectrum<max from approximately 520 nm to
approximately 600 nm, as well as an increase in the intensity of specific Raman signals

due to surface enhancement effectigurel.20).

SERRS ‘off’ SERRS ‘on’
Anax ~ 520nm Amax ~ 600nmM

Figurel.20- Schematic of DNA induced nanoparticle aggregation showing unaggregated
nanoparticles before the addition of the complementary target DNA which causes
aggregation of the parti@s resulting in a reehift in the <nax of the particles and a

WidNYyAYy3 2yQ 2F {9w{ D

Grahamet al. used SERRS to detect DNA at low concentrations by mixifglosiéed
DNA with the polyamine spermine for attachment to silver nanoparticles. Spermine
worked both to prevent the negativeegative charge repulsion of the DNA and

nanoparticle surface, allowg the DNA to come into proximity with the particles, and
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to cause aggregation of the particles, providing areas of high electric field for SERRS.
They were able to detect DNA down to 0.8 pfi.

Molecular beacons, uskefor DNA detection, consist of a DNA sequence arranged in
a hairpin loop structure with a fluorophore on one end and a quencher on the other.
When the loop is closed, fluorescence is quenched due to the proximity between the
fluorophore and the quencheHowever, when a strand of DNA complementary to
the loop sequence is added the beacon opens up, increasing the distance between

the fluorophore and quencher, resulting in emission of fluorescence.

One problem with molecular beacons is inefficient quencluhfiuorescence in the

closed position. In order to overcome this, and improve sensitivity, Dubestrat

hybridised molecular beacons to gold nanoparticles to replace the quencher. The
beacon consisted of an oligonucleotide, which was-sethplementay at the ends,
TdzyOQGA2yl ft AaSR gAGK | Ffdz2NBaOSyid ReS 2y
0KS pQ SYR® I NA2dza ReSa 6SNB |daSaasSR o
cy5) and all showed better quenching efficiency when used with gold naticipa

compared to a traditional quencher molecufé.

Panet al. used a similar method for mRNA detection in cells for cancer detection. A
multiplex probe consisting of a gold nanoparticle functionalised with molecular
beacons was used. Four different molecular beacons were used, each labelled with a
separate dye, in ater to detect four different mMRNA sequences. The levels of
fluorescence were shown to correlate with mRNA expression levels determined by

RTFPCR and the probe was demonstrated to be-tmxic to the cells’3

An alternative to the nandbeacon approach is a nartaffe. Prigodiclet al. developed

a method of mMRNA detection in live cells using nanoflarésgure1.21. # Gold
nanoparticles were functionalised with oligonucleotides complementary to the
target mMRNA. These oligonaotide sequences were hybridised to second,
fluorescently labelled oligonucleotides. When the second oligonucleotide was

hybridised, fluorescence was quenched due to the proximity of the nanoparticle and
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the fluorophore. Cells were treated with the nanafa for 24 hours. In the presence
of the mRNA, the labelled oligonucleotide was displaced, resulting in emission of
fluorescence. Having multiple oligonucleotide sequences on the nanoparticle

allowed simultaneous detection of multiple targetg.

Figurel.21- Nanoflare schematic. Reprinted with permission frofh Copyright © 2009,
American Chemical Society

Prigodichet al. also showed how nanoflares could be used for detection and
regulation of mMRNA. They wanted a probe which was i) cell permeable and stable in
the cell environment, ii) able to hybridise with nucleic acids and iii) had a switchable
signal for detection. Theused the nanoflare approach described above. In this assay
they used a combination of DNA and LNA to increase the hybridisation efficiency. The
nanoflares were first tested with a synthetic target, it was demonstrated that it took
approximately 10 minute for the nanoflares to be removed in the presence of the
target. The probes were shown to be sensitive to base mismatches; a one base
mismatch showed 50 % of the signal compared to an exact match, whilst two, three

or four base mismatches showed littleidrescence signal.

In cells, target specific probes showed almost double the fluorescence as controls.
When the probes were incubated with cells for four days at a high concentration,
target levels were found to decrease by 92 %. This indicates that tingieistrations

of the probes can control mRNA levelsomething which must be considered when
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using such probes in live cells as the effect of mMRNA inhibition may have detrimental

effects on the cells’®

It is worth noting, however, that there has been some controversy regarding the
reliability of nanoflare approaches. Czarnek and Bereta found that the fluorescence

of such probes did not correlate with RINels assessed using qPCR.

1.4.5 Interaction of Nanoparticles with Cells

Bulk gold is known for its inherent inertness and gold nanoparticles are generally
considered to be nottioxic and more cell compatible than silver. However, there is

someconflicting evidence regarding the toxicity of nanoparticles.

Multiple studies have assessed gold nanopatrticles of different size, with different
capping agents, and in different cell lines and found them to betogit. However,
there are also reportsfayold nanoparticles causing toxicity in cells. Positively charged
gold nanoparticles seem to be of particular concern, as do nanoparticles less than
2 nm in diameter.”® Cellular uptake also appears to depemulthe size and shape of

the particles.”®

The conflicting toxicity data may be a result of the complexuretof the
experiments. There are many factors which may influence toxicity effects such as cell
type, nanoparticle physicochemical properties and media used. For example, 13 nm
citrate-capped gold nanoparticles were found to be rmxic in human liver
carcinoma cells but were toxic in human lung carcinoma cells. For this reason, it is

important to carry out individual toxicity assays using the relevant conditféns.

Arnidaet al. studied the uptake and toxity of bare and PEGlyated AUNP in¢ells.
Neither bare nor PEGylated AUNP (30 nm, 50 nm and 90 nm) particles were found to
interfere with cell proliferation when assessed using an MTT toxicity assay at 1.5 nM

particle concentration.
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It was determinedhat uptake into cells was size dependent, with 90 nm particles
taken up to a lesser extent than the smaller particleigurel.22 shows TEM images

of bare 30 nm AuNeéntering PE3 cells by endocytosis. They found that bare particles
had higher levels of uptake compared to PEGylated patrticles. This was attributed to
formation of a hydrophilic stealth coating causing less interaction with the cells. The
particles appeare to enter the cells in clusters via vesicles, before being released
from the vesicles into the cytoplasm. Some patrticles were also found to enter the

nucleus8°

Figurel.22- TEM images showing AuNP incubated with-BCells (A) AuUNP on cell
surface, (B) AuNP being internalised, (C) intracellularr distribution, (D) release into cytosol
from vesicle, (E) AuNP in cytoplasm, (F) AuNP in nucleus). Redrimith permission from

80 Copyright © 2009 John Wiley & Sons, Ltd.

Rosiet al. showed that despite being negatively charged, oligonucleetioied gold
nanoparticles readily entered a range of cell types with no effect on cellular
morphology or viability. They also showed that the duplexoligonucleotides bound to
the AuNP degradedi@ver than those without AuNP and that higher packing

densities resulted in higher binding constaris.
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1.5 Project Aims

The overall goal of this projestasto investigate the use of Raman spectroscopy and
functionalised gold nanoparticles for the detection of specific mMRNA molecules, with
the aim of developing an assay that can be used as a biological tool and, ultimately,

for the detection of disease.

More specifically, the goal of this projestas to developan assay for the
measurement of HSD2. In order to do this, mMRNA which codes for the enzgme
targeted with an oligonucleotide probe. By choosing a probe whicbiigplementary
to a region d the mRNA it should hybridise according to Wat&inck base pairing

rules.

The projectwas split into two main parts; firstly, a proof of concept study using
Raman spectroscopy fan situ hybridisation using a housekeeping nge and,
secondly, developing this method for the detection of HSD2. By using SERRS with
nanoparticles itvashopedhigh sensitivity would be achievedhilst the sharp peaks
would facilitate a multiplex measurement if required. Ideally, the measurement
would be dynamic allowing for changes in expression in response to stimulus in cells

to be measured.

For proofof-concept studiesthe housekeeping gene glyceraldehydglBsphate
dehydrogenase (GAPDH) was chosen as a target mol&usgeto mRNA molecules
being large and able to form complex structures, finding an appropriate area to target
with molecular probes can be difficult. GAPDH is involved in glycolysis and is
commonly used in gene expression assays due to it being consecutively expressed in
all celk.®283By using a commonly used gene, this meant that reliable oligonucleotide
sequences to target were readily available in published literature, meaning that less

time was wasted with optimisation of the probé4.

Three main avenues were explored: i) an situ hybridisation approach, ii) a

molecular beacon approach and iii) a nanoparticle dimerization appraddtthree
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methods nvolved thehybridisationof Raman labelled oligonucleotides to GAPDH
MRNA.

The first method had no switchable signal and so was the most strighard.
Nanoparticles were functionalised with oligonucleotides, either electrostatically or
via a thiol lirker. These probes were then incubated with cells and mapped using
Raman microscopy to localise the probes inside the cells. Both 2D and 3D mapping

were performed to determine whether the probes were entering the cells.

The second method involved a moleauteeacon modified with a Raman active dye
on one end and a thiol linker on the other. The beacon was attached to nanopatrticles
that were functionalised with a second Raman active dye. In the closed position, i.e.
with no target present, SERS signal shdaddbtained from both dyes. However, in
the presence of the target molecule the beacon should open up, resulting in a change
in the SERS signal. It was hoped that by taking a ratio of the two dyes it would be

possible to detect the target sequence.

Lastly a nanoparticle dimer approach was assessed. For this method, two batches of
nanoparticles were asymmetrically functionalised with oligonucleotides. Each batch
was complementary to half of the target sequence. In the presence of the target,

both sets of mnoparticles should come together to hybridise, resulting in formation

of nanoparticles dimers and, hence, increased SERS signal due to hot spots.

There are various considerations when creating such probes. Firstly, probes must be
cell permeable and biocopatible. They must be able to enter the cells and,
importantly, should be free in the cytosol. If probes become trapped in endosomes
or other vesicles within theells,they will not be able to interact with the target
MRNA. Furthermore, the probes shodldve minimal cytotoxic effects on the cells,

particularly if a live cell assay is the goal.

On reaching the cytosol, the oligonucleotides on the surface of the nanoparticles
must be free to interact with the cell components. This means that they must not

become surrounded by other components of the cell or cell media, such as proteins,
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which have the potential to block access to the target. The formation of a protein
corona is thought to be minimised by surface functionalisation of the nanoparticles,

howewer may still occur to an exterft®

Another issue is aggregation. In the high salt environment of the cell cytosol,
aggregation is likely. This can have two effects; firstlyrexgdion will result in
enhanced Raman signals improving sensitivity. However, it may also prevent
nanoparticle from being free to move within the cellthus preventing target
hybridisation. Further, aggregated probes are unlikely to be removed fromele c

which may cause problems in probes with no switchable signal.

Another issue with these nanoprobes is the relatively large size difference between
the nanoparticles and the oligonucleotides used for target detection. A nanoparticle
which is 40 nm irdiameter has a surface area of approximately 5000°.nn
comparison an oligonucleotide is approximately 2 nm wide and several nm long,
depending on the number of bases. Assuming the oligonucleotides are bound on the
nanoparticle surface, the binding togharget molecule must be extremely strong to
hold the relatively huge nanoparticle in place. This becomes an even larger issue
when nanopatrticle dimers are the goal, requiring the target duplex to bring two

nanoparticles into close proximity, and overcosteric hinderance.
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2.Experimental

2.1 Materials

Malachite green isothiocyanate (MGITC) was purchased from Thd¥fisloer
Scientific (MA, USAAII other thiemicals were purchased from Sigma Aldrich (Dorset,
UK).

Oligorucleotides were purchased from ATDBio (Southhampton,, UK)ess
otherwise stated1 mL millipore water was added to each oligonucleotide which was

then aliquoted and froze20 °C)until further use.

Oligonucleotides for the-¥haped dimers chaptgchapter 5)were purchased from

Exigon (Vedbaek, Denma)dpreparedin the same waps above.

Roslyn Park Memorial Institutes640(RPMl)cell media was purchased froffhermo
Fisher Scientific (MA, USA)d supplemented witl0 % fetal bovine serunfFBS)

1 % penicillinstreptomycinand 1 % fungizongrior to use.

2.1.1 BufferPreparation

0.172g phosphate buffer (PB) powder was dissolvedidmL of dHO to give a 10
mM solution.This was then diluted 1 in 10 to give a working solution of 10 (il
7.2).

1.75 g sodium chloride was dissolved in 10 m¢Qdté give a 3 M workingplution.
6.45 g sodium citrate was dissolved in 10 mkQ@lkb give a 250 mM solution.

A PBS tablet was dissolved in 200 mL dH20 to give a 10 mM solution (0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH
7.4).
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2.2 Ingrumentation

Nanoparticles were characterised usimgtinction spectroscopy dynamic light

scattering (DLS) and Zeta potential.

Extinction spectroscopy was carried aidinga Cary 60 UWis spectrophotometer
(Agilent Technologies, US&), for measurements requiring temperature control, a
Cary 300 UWis spectrophotometer fitted with a 6 x 6 cell changer and a Peltier
temperature controller (Agilent Technologies, US9th spectrophotometers have

a 1 cm patHength.

Dynamic light scattering (DLS) was used to measure thesiz&eta potentialising

a Zetasizer Nano ZS (Malvern Instruments, UK).

SolutionRamanspectra were taken using a SnRI Sierra 638 Benchtop spectrometer
(Snowy Range Instruments, US#jh a 40 mW, 638 nm laserand a 1 second
acquisition time, unless otherwise statetlatlab 2016 software was used to

background correct the spectra.

Mapping spectra were taken using a Renishaw InVIA Raman microsgsfem
(Renishaw, UKyith a 500 mW,633 nm laserat 10 % power with a 0.2 second

acquisition time (unless otherwise stated)

A POLARstar Omega plate reader (BMG Labtech, Germany) was used for absorbance

measurementsgollowing MTT assays.

Scanning electron microscopy (SEM) images @&egairedusing a Sirion 200 Shottky

field emission microscop@illsboro, USA)

37



Experimental

2.3 Methods
2.3.1 Nanoparticle Synthesis

All glassware was soaked in aqua regia (3:1 HCEHNCA minimum of 2 hours and
rinsed with distilled water prior to synthesis. Nanopart&levere synthesised
according to the Frens metho®f.Briefly, 500mL of aqueous sodium tetrachloraurate
(seeTable2.1for concentratior) was heated until boiling. 10mL of aquedtsodium
citrate was added to the solution which was then left to boil for 15 minwtéh
continuous stirring The reaction mixtte beganas a pale yellow colour, before

changing to dark blue and finally ruby red.

Altering the concentrations of sodium tetrachloraurate and sodium citrate allows for
manipulation of the size of the nanoparticlésarger particles were synthesised using
a lower concentration of citrate, which acts as a capping agatdwing the size of
the particles to be tuned

Table2.1 - Concentrations required for differing sizes of AUNP
DesiredNanoparticle Size Sodium Tetrachlorauratg Sodium Citrate

20 nm 0.25 mM 25 mM
40 nm 0.3 mM 17.25 mM

2.3.2Nanoparticle Characterisation

Extinction spectroscopy was used for nanoparticle characterisatiodinction
spectra can give information on thezsj dispersity and concentration of the
nanoparticle solution.The BeeiLambert law can be used to estimate the
concentration of the colloid solutiorhecause theconcentrationis proportional to

the absorbance.

For spherical gold nanoparticles, theaxshould be~520 nm for 20 nm particles and

it red shifts as the nanoparticle size increases. The width of the peak indicates the
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dispersity in the size of the particles, with a wider peak indicating a more pp&rais

suspension.

Samples were diluted 1:1 with d@ prior to analysis and a baseline measurement of
the solvent only was carried out prior to all measurements. Extinction was measured

between 200c 800 nm.

Dynamic light scattering was also used for naantiple characterisatiorg both size

and zeta potential were determinefdr neat nanoparticle suspensions

SEM was used to image nanoparticl&8.uL of nanoparticle solution was spotted

onto the silicon wafer and left to dry before imaging.

2.3.3 Nanoparticle Functionalisation

2.3.3.1 Raman Dye Measurements

Malachite green isothiocyanate (MGITC) was added to ig@aiebparticles avarious
MGITC:AuNP ratios (500:1, 1000:1 and 2008nt) sonicated for three minutes.
Samples were then centrifuged a4000 rpm for 20 minutes to pellet the
nanoparticles and the supernatant was removed. Functionalised particles were then

resuspended in wateand analysed using a 63& laser.

2.3.3.2 Electrostatic Attraction via Spermine
MGITGColigonucleotides(various oncentrations)were premixed with spermine
(final concentration 16 nMpefore being added to AuN@.4 nM, 20nm) Samples

were shaken for 15 minutes prior to use.

For comparison of singlstranded and doublstranded DNA, MGITG
oligonucleotides were prenixed with spermine before being added to AuNP. The

mixture was shaken 15 minutes before the target was added. Samples were heated
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to 85°C for 10 minutes and allowed to cool before being analysed using a 638 nm

laser.

2.3.3.3ThiolOligonucleotide Functionalisation

Thiololigonucleotide was added to AuNP (1,MD nn) at a ratio of 4000:.andthe
sample was shaken for 15 minutéadium citrate 80 uL of250 mM, pH 2.9) was
added and samples were shaken for a further 15 minut®amples were then
centrifuged for 20 minutes at 5000 rpm to pellet the nanoparticles. The supernatant

was removed and the nanoparticles were resuspended infi00ater.

Extinction spectroscopy was used to determine the approximate concentration of the

oligonucleotide functionalised particles before addition of the dye.

MGITGwvas addedat a ratio of 3000:Jand sonicated for 3 minutes before particles
were centrifuged for 20 minutes at 5000 rpm. The pellet was then resuspended in

water.

2.3.3.4AuNP fopH Determination

4-Mercaptobenzoic acid (MBA) was added 1o mL particles to give a final
concentration of 10QuM and shaken for 15 minutes. Particles were then centrifuged
at 4000 rpm for 20 minutes and the nanoparticle pellet was resuspended iNO0.1
PBSPBS was buffered to the appropriate pHLE) by adding HCI or NaOH.

2.3.3.5 Beacon Functionalisation

MBA was added to AuNR a ratio of 1500:and shaken fob minutesbefore being
centrifuged at 4000pm for 20 minutesThe MBAAUNP pellet was theresuspended

in water.Beacon was then addeat a ratio of 1200:nd particles were shaken for a
further 30 minutes. PEG was added and particles were shaken for 15 minutes. Sodium
citrate was added and samples were shaken for 15 minutes. Samples were then

centrifuged¢ multiple centrifuge steps were performed at low rpm (268000 rpm,
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10 minutes) in order to maintain stability of the particles. The nanopatrticle pellet was
then resuspended in 500Lof a0.1 M PBSolution Samples were then heated to 50

°Cfor 10 minutes and left to cool to ensure the beacon wasfprened.

For hybridisation experimentsghe target was added to the particles which were

incubated at 6(C for 30 minutes. Samples were then left to cool prior to analysis.

2.33.6 Asymmetric Nanoparticle Functionalisation
Glass coverslips were immersed in piranha solution (1:3 30G4ddnc. HSQ) for

30 minutes.

Asymmetric nanoparticles were produced according to the methpdblished
previously.8687 Glass slides were incubated with piranha solution (123:HLSQ)

for 30 minutes. Thewere then washed three times in water, then in ethanol. Slides
were then immersed in 10% aminopropyltriethoxysilane (APTES) solution for 30

minutes before being washed agariirstly in ethanol, then in water.

The activated slides were then immersedOri M AuNP before being rinsed with
water to remove any unbound particles. The Audtfated slide was then immersed

in 100uM PEG (MBO0O0) for 2 hours. After 2 hours, the slide was washed with water
and sonicated for 2 minutes in 0.04 PB + 0.0% Tween20Sonication was used to
remove the PEoated particles from the glass, resulting in a suspension of particles
asymmetric PE®@UNP. The PE¢oated particles were then concentrated by

centrifugation before the addition of oligonucleotides.

Oligonucleotide grobe A or probe B) was added to PEGated AuNP and left to
shake for 15 minutes. 40 uL citrate was added before being shaken for another 15
minutes. Dye was then added attlide mixture was shaken for another 15 minutes
before centrifugation. Samples wecentrifuged at 3000 rpm for 20 minutes and the

supernatant was removed. Samples were then resuspended in the buffer of choice.
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2.3.3.7 Fully Coated Nanoparticle FunctionalisatioBl{&#ped Probes)

Thiokmodified oligonucleotide was added to AuldiRd left to shake for 30 minutes.

25 pL sodium citrate (250 mM) was then added and samples were left to shake for
30 minutes. Another 25IL sodium citratg250 mM)was added and samples were
left to shake for 30 minutesSamples were made up to 1 mL with water before being
centrifuged at 4000rpm for 20 minutes. The nanoparticle pellet was then
resuspendedin water and extinction spectroscopy was used to estimate the
concentration of the oligonucleotide functionalised AuNP. MGITC was then added
and were sonicated for 3 minutes before being ednged (4000 rpm, 20 minutes).

The nanoparticle pellet was then resuspended in 10 mM PB.

The concentration of each component was dependent on the ratio between the
component and the AuNHor oligonucleotidesa ratio of 2000:1 was use@nd br

MGITCaratio of 2500:1 was used.

For hybridisation experiments, a final concentration of 0.02 efMachprobe was
used.ProbesAandBwere combined in PB. 3 M NaCl was then added slowly to a final

concentration of 0.3 M before addition of the target oligonuatide.

2.34 DNA Melting Curve

Final concentrations of IM oligonucleotide probe and target oligonucleotif@.3
M PB$were placed in a sealed cuvett€he temperaturevas cycled from 480°C

at 1°C/min whilst being monitored at 260 nm.

2.35 Cell @lture

2.3.5.1 Cell Maintenance
PNT2 cells (normal prostate epithelium, human) were removed from liquid nitrogen

and placed at 37C to thaw.They were then transferred to a T25 flask with 5 mL of
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media (RPMI) and incubated at 3Z with 5 % COAfter 24 hoursthe media was

removed and replaced with fresh media.

When cells were- 80 % confluent they were moved up to a larger flask by first
removing the media and washing them with 5mL PBS. 1 mL trypsin was added and
the flask was incubated for ~®@inutesat 37 °C When the majority of cells had
detached from the flaskil mL media was added to stop the trypsinisation process.
The cell suspension was then added to a T75 flask and topped up to 15 mL with pre

warmed media.

2.35.2Cell Counting

10pLcell suspension was added to gD Trypan blue and mixed before being applied
under the cover slip of a haemocytometer. The number of cells in three sets of 16
squares were counted using a microscope and the average number of cells per set
was calculatedBased on the dilution factor of 1:5 with Trypan blue and the
correction factor of the haemocytometer (1 x#0the number of cells per mL was

calculated as shown in equati@n

I BBy fogrflghunce » En. 3

2.3.5.3 Preparation of Cells for Mapping

4 x 10 cells (PNT2; normal human prostate epithelium® mL media (RPMNere
plated in wells with coverslips and incubated overnight &35 % COProbes were
then added (various concentrations) and incubated for the desired length of time at
37 °C, 5 % CO After the desired incubation time, samples were fixed using 4 %

paraformaldehyden PBS

Media was removed and samples were washed three timegh PBS.
Paraformaldehydesolution was then added and samples were incubated at room

temperature for 15 minutesThe @raformaldehydesolutionwas then removed and
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samples were washed once with PBS and twice with water before being lait to

dry.

Coveslips were then mapped using a Renishaw In Via Raman microscope sygtem

a 50x objective.

Wire 4.4 software was used to process the data by removing cosmic rays and
subtracting the background from each spectrubdirect classical least squar&JLy

wasthen used to create false colour images by comparing the spectrum at each point
in the map to a reference spectrum of the dye(s). 0.3 was found to be an acceptable

DCLS cwoff for discriminating between dye and unrelated signals.

2.36 Cell Toxicity

2.3.6.1 Cell Counting

In order to assess the toxicity of the probes cell counting was empldyed. cells
were platedin 2 mL media anohcubated overnight before nanoparticle probes were
added. The cells and probes were then incubated overnight psicell counting A
cell scraper was used to ensure all cells were lifted frombibgom of the well for

counting.

Each sample was carried out in triplicate ahd average of three cell counts per

replicate was used.

Cell viability was assessed by coniparthe cells containing probes to those without
probes (equation 4). Control samples were incubated without the additions of

probes.

L N LA AL B hadlihse b sl M
F [ | » . =|= -H_ g | oS v Jllfl*. o '-“-l” T ' p EQ’I. 4
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2.36.2MTT Assay

Cells (4 x T0/mL in 1 ml) were incubated in a 9@ell plate overnight (37C, 5 %

CQ). After 24 lours, nanoparticles and/or probe was added (total volume 100
uL/well, various concentrations) and incubated for a further 24 hours. 100 uL of RPMI
media was added to cells as a positive control and DMSO was added as a negative

control.

MTT was dissolved PBS at 5 mg/mL and filtered. 10 uL MTT was then added to each
well, resulting in a final MTT concentration of 0.45 mg/mL. Samples were then

incubated for 4 hours at 37C.

After 4 hoursthe media was removednd 100 pL of DMSO was added to each well
to dissolvethe formazan crystals resulting incalour change from pale yellow to
purple for wells containing live cells. The absorbance was thessuredat 570 nm,

with a reading taken at 690 nm used as a control.
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3.Ramanin SituHybridisation

3.1 Introduction

In situ hybridisation discussed in section 1.1.45 a method of detecting the
localisation of specifioligonucleotide sequencesin cells using complementary,
labelled oligonucleotides. Originally, oligonucleotidarobes were radioactively
labelled, however it is now more common to use fluorescent labels to give

fluorescencean situhybridisation (FISH).

In FISH, an oligonucleotide complementary to the sequence to bectiat is
functionalised with a fluorescent molecule. This means that the sequence can be

visualised using fluorescence microscopy when hybridisation ogtsitl

Figure3.1 shows FISH images of GAPDH mRNA detection in fixed HDF cells. The
images compare the fluorescently labelledGAPDH LINE 6 S-Cy56 p Q
D!'D¢// ¢¢/ /! /D¢t / /10 gAOGK | Ffdz2NBaOSyilft
Cy5AAAAAAAAAAAAAAAAAKA).

Figure3.1 - FISH images of detection of A) GAPDH mRNA and B) negative control in fixed
HDF cellsReproduced with permission frorff. Copyright © 2004, Oxford University
Press
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The aim of this workvas to developa similar approach using Raman spectroscopy
termed Ramanin situ hybridisation2 NJ W Wue{td tie sensitivity limitations of
spontaneous Raman spectroscopy, oligonucleotidesre attached to a gold

nanoparticle to povide SERS.

Unlike molecular beacoftype approaches these probes provide no switchable
AA3IAYFEd ¢KS LINE 6 S acthem noldiffedencd i sighal witketi OK S R
the probe is freeor bound to the targetg meaning that wash steps are relied tm

remove unbound probes from the cells.

Two different nanoparticle probe methods were evaluated: i) oligonucleotides
labelled with a Ramaactive dye were attached to gold nanoparticles via spermine,
and ii)an oligonucleotide and a Raman active dyere both conjugated to AuNP
separatelyvia a thiol linker.Figure3.2 shows a schematic representation of the

probes.

The assay format is the same for both probes and a&iuelly straightorward. Probes

were incubated with cells, usually overnight. The ce#se then fixed and mapped

using a Raman microscope to visualise the probe location within the cells.
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Figure3.2 - Schematic representation afvo RISH probelesigns. Left labelled
oligonucleotide electrostatically attached to AUNP via spermine. Riglaligonucleotide
attached to labelledAuNP via a thiol linker
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3.2 Nanoparticle Sythesis & Characterisation

Gold citratecapped nanoparticles were synthesised according to the Frens
method. %3 Approximately20 nm and 40 nm particles were synthesisEdjure3.3
shows a sample of eacffhe larger particles have a slightly more purpelour

compared with the brighted smaler particles due to their regshifted LSPR peak.

Figure3.3 - Small and large spherical gold nanoparticles

Extinction spectroscopy was used to characterise the nanoparticles and estimate
their concentration according the Be&mambert law (equation5), where A is
absorbance¥ is the molar extinction coefficient is the concentration andlis the

path length @sually 1 cm).

= tim Eq.5

Whilst the Beer Lambert law has been used to approximate concentration, it is worth
noting that as nanoparticles are present as a suspension this law is not ideal due to
additional gattering caused by the particlé8 However, at low concentrations it can

give an approximate value.

Figure 3.4 shows the normalised extinction spectra fohe small and large
nanoparticles. Due to the large extinction coefficient of gold nanoparticles, both
samples had to be diluted prior to analyglisl dHO). The smaller particles had<aax

of 521 nm, characteristic of 20 nm AuNP, whilst the large particles haghaf 530

nm.
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Figure3.4 - Normalised extinction spectra of 20 nigblue) and 40 nm(orange)gold citrate
nanoparticles

The larger nanoparticles haveshghtlybroader LSPR peak, indicating that they are

more polydisperse than the smaller particles.

Hais<et al. stated that the size of spherical gold nanopatrticles sized betweeyl29

nm can be determined based on their extinction spectrum alone sincestheis

correlated with the size®® According to this methoda <max0f 530 nm corresponds

to particles46 nmin size Since the size of the particlesdistermined from tabulated

RFGF O2 NMN#&H particke diameter, it is important to note that the accuracy

2F (0KA&A Ol fdzS gAff 0Smafrdading 8drn the 2xtingtisrS OO«
spectra. This will also be influenced by the polydiseisi the colloid.

The nanoparticle size was used to determine the extinction coefficient for each set of

particles which, along with the absorbance (with dilution taken into account), was

used to estimate their concentration.

Dynamic light scattering wadsoused to determine the size of the particlasd the
zeta potential was determined to measure the stability of the particles. For citrate

coated nanoparticlesa negative zeta potential is expected since citrate is a
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negatiely-charged molecul¢rigure3.5). The further the Zeta potential is from zero

(no charge), the more stable the nanoparticle suspension is.

)

@] ONa

ONa
NaO 0o

Figure3.5 - Trisodium citrate structure

Table3.1 gives an example of thenax, Size and zeta potential of the nanoparticles
Note: multiple batches of particlewere made throughout hence why some slight
shifts in<maxvalues are seerHowever, batches were kept consistent for comparable

experiments.

For both sets of particles, the size determined using DLS is larger than that
determined from extinction spectroscopy. DLS gives particle sizes of 48 and 57 nm,
respectively for the small andrige particles, however the size determined based on
the SPR in the extinction spectra are in better agreement with the synthesis protocols
used. SEM images also support the extinction spectroscopy determined sizes of the

particles.

The 20 and 46 nm partes have a Zeta potential e44 and-47 mV, respectively,
indicating that both batches of particles are stable
Table3.1 - Characterisation of gold nanoparticles
Particles| <max(nm) | Size /<max(Nm) | Size /DLS (nm) Zeta potential (mV)
20 nm 520 20 48.4+ 0.1 -43.8+ 0.3
40 nm 531 46 56.8+0.9 -47.1+45

For the DLS size, peak 1 size was taken as long as this was over 80 %. For the 20 nm
particles peak 1 was 93 %, indicating they are relatively monodisperse, and as

expected for the 40 nm it was slightly lower at 84 %, confirming they were more
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polydisperse There is a discrepancy between the DLS data and the expected size of
the particles. DLS is known to give the hydrodynamic radius of the particles, which
includes any associated counterions, however this does not explain the magnitude of
the size differene measured. It is possible that there are a small amount of larger

particles or aggregates increasing the DLS size, particularly for the 40 nm particles

which appear to be polydispersed.

Figure3.6 shows SEM images tife 20 nm and 40 nm citrateapped AuNP. The
particles appear spherical, as expected, and relatively monodisperse. Some of the
particles have formed clusters when drying on the sili@sis commonlyobserved

One way to reduce this effect would be to dilute the samples further before drying.

Overall, the particles were deemed acceptable for conjugation.
20 nm 40 nm

R e T Nk R a2 e A o o - “ 4 . i & S i
mag - HV  spot pressure WD mode 0 HV \spol pressure WD |mode 1um

63 218 x 30.00 kV 3.5 1.18e-5 mbar|/6.7 mm BSE University of Strathclyde 104 703 x/30.00 kV| 3.5 6.87e-6 mbar 6.7 mm‘ BSE University o% Strathclyde

Figure3.6 - SEM images of 20 nm (left) and 40 nm (right) AuNP
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3.3 Raman Reporter

3.3.1 Malachite Green Isothiocyanate

Malachite green isothiocyanatMGITC) i® Raman active dye molecule withgax
~ 630 nm making it resonant with a 633/638 nm laser line Raman sdtup.
isothiocyanate group facilitates conjugation to gold nanopatrticles.
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Figure3.7 ¢ A) MGITC Structure and B) reference SERRS speattoaded at 638 nm (100
% power, 1 second acquisition time).

Figure3.7 shows a standard SERRS spectra of MGIIK MGITC in 40 nm AuNP).
Themain signals corresponding to MGITC are at 1173, 4866 cmt and 1616 cr.
These can be attributed tm plane benzen@9 mode, Nphenyl ring stretching and
N-phenyl ring stretching and-C stretching, respectivelylable3.2 (adapted from

Kaminskat al) gives a summary of selected SERS badfds.
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Table3.2 - Selected bands assignments for SERS specttiMGITC

Signal (cm) | Assignment

421 Out-of-plane benzene ring deformatiol
441 Bu benzene ring deformation

806 GH bend from benzene ring

919 b1y in-plane benzene ring

1177 Vo benzene in plane

1297 In-plane GCH and G&GH

1365 N-phenyl ring stretching

1618 N-phenyl ring & €C stretching

3.2.2 MGITAUNP

Both 20 nm and 40 ntAuNPwere functionalised with MGITEigure3.8 shows the
intensity of the main MGITC signal at 1616amrough a range of concentrations
for both sets of particlesThis peak was chosen as it gives the most intense SERRS

responseat the chosen wavelength.

As the concentration of MGITC is increased, initially the intensity ofl&i® cmt
peak increases linearly, beforeaching a plateau and subsequently decreasirgs
indicates thatthe nanoparticlesare becoming unstable as the MGITC concentration
increasescausing them to precipitate out of solution. As the particles precipitate,
they fall to the bottom of the solution meaning they are no longer in the laser gath

hence the signal drops.
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Figure3.8 - Plot of peak intensity at 1616 crhfor MGITGAUNP (20 nm = orange, 40 nm =
blue). Values are meatt standard deviation.Measurements made using a 638 nm laser
at 100 % power and 1 second acquisition time.

The smaller, 20 nm particlémvea linear range of 0.0§0.5uM, whereas the larger,

40 nm particles achieved a linear range of G;@L2 uM.

One drawback of using larger particles is that they tend to be slightly less stable than
smaller particlesHowever, due to the greater SERS effect from larger AUNP, better
sensitivity is achieved. For this reason, 40 nm particles were chosen for future

experiments.

3.4 Spermine Probes

The polyamine spermine was used to electrostatically attach oligonucledticgsd
nanoparticles as shown iRigure3.2. The aim was to create MGFdbelled gold
nanoparticles functionalised with an oligonucleotide complementary to tdrget

sequence for hybridisation.
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3.4.1 Oligonucleotide Sequences

Oligonucleotidesnodified with MGITQ- G (i K Swene purclageR from ATDBIo
along with the unmodified target sequend®@ligonucleotide sequences were chosen
based omprobes vhich have ben published previously for GAPMThe sequences

were as follows:
t NP 6 SMGITEGAGDCCTTCCACGATAGAP(ementaryto target)
t NP 0 SMGITEAQCATAGCACCTTCCTGAG (negative control)

¢ NHS(G aSGeEraRCCREGAAGGACTC

3.4.2 DNA Melting Curves

The transition between singlstranded (ss) and doubkgtranded (ds) DNA, i.e.

hybridisation, can be monitored using Wis spectroscopy.

Since there is no switchable signal with the RISH probes, i.e. there is no aggregation
or change in SERRS expectedruparget hybridisation, a DNA melting curve was
carried out to ensure hybridisation did occur between the target probes and the
target sequence (and not between the negative control probe and the target

sequence).

As a result of stacking of the base gaivhich occurs in dsDNA, dsDNA shows lower
absorbance at 260 nm compared to ssDNA. This means that, when the target probe
and target hybridise, a decrease in absorbance should be observed at the melting
temperature () of the sequence. However, when thegative control sequence is

added to the target no change in absorbance should occur.
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Figure3.9 - Oligonucleotide melting curve for complementary probe and target showing a
Tm of ~75°C

Figure 3.9 above shows the melting curve obtained for probewith the target
oligonucleotide When the target probe was added, a characteristic sigmoidal curve
was obseved, indicating the hybridisationdd occurred.This shape is a result of the
decrease in absorbance which corresponds to hybridisation of the two strands of

oligonucleotide as the temperature drops below the melting temperature.

When the norcomplementay probe was added to the target no such increase was
seen Figure3.10), indicating that the probes hybridises specifically to its target
sequence. The melting curve ftire noncomplementary probe does show a slight

increase over time, although it is linear rather than sigmoidal

The melting temperature for the probes was found to be approximai8I9C. This
representsthe temperature at which half of the DNA is in thieglestranded state
and half is hybridised (i.e. doub&tranded).This means that at room temperature,

the probes should hybridise to the target molecule.

The melting temperature is highly dependentlooth the length andhe GC content

of the DNA Lorger sequences and those with a high GC contentthe percentage

56



RISH

of the sequence which is made up of guaneyosine hybridisationshave higher
tempting temperatures This is because guanisgtosine bonds contain three
hydrogen bonds, whilstdeninethymine bonds contain two hydrogen bonds, making

GC bonds more difficult to break.
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Figure3.10- Melting curve for norcomplementary probe and target

3.4.3 Probes Synthesis & Characterisation

In order to assess the effect of the oligonucleotide probes on the nanopatrticles, an
investigationwas carried out with two different concentrations of probbgégure3.11
shows the extinction spectra of AUNP with i) no probe added, ii) a low concentration

(10 nM), and iii) high concentration (500 nbf)the labelledoligonucleotide
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Figure3.11 - Extinction spectra forA) 20 nm and B) 40 nm AuNPO nM (blue), 10 nM
(orange) or 500 nM (grey) probe 1.

A small shoulder can be seah~ 630 nmfor the 20 nm patrticles containing 500 nM

probe. This indicates that some aggregation has occutted. S NI £ £ = (0 KS LINR 0O
appear to have a significant effect on the nanoparticles. Sliginuction in
absorbanceis seen, indicating that some nanopal#ie have been los by
precipitationout of solution, during the functionalisatioghowever, the remaining

particles appeato be stablesince the<maxis unchanged
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Figure3.12 shows an examplRamanspectrumof the MGITC oligonucleotide probe
in AuNPcompared tounconjugated MGITC dye in Auliefore any background
correction).Theoligonucleotide probes cause a large increase in background signal

compared to the gie on its own, completely masking any MGITC signals.

45000 — MGITC AuNP

40000 ——P1 AUNP

35000 P1 + Spermine AuNP
30000

25000

Intensity

20000

15000

10000
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0
200 700 1200 1700
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Figure3.12 - Comparison of spectra obtained from MGITC AuNP, probe 1 AuNP (MGITC
attached to oligonucleotide) and probe 1 + spermine AuBiF633 nm.

Malachite green on its own has low fluorescence. However, Baberadaeshowed
how its fluorescence increased whet was attached to an aptamef! These
experiments were performed with malachite green, not its analogue MGITC which
was used in this mject. However, itmay be plausible to sugge#itat the same

process is occurring here.

It is possiblghat the negatively charged nanoparticles are repelling the negatively
charged DNA backbone, preventing the probes from coating the nanoparticles
efficiently, thus the nanoparticles are not able to quench the fluorescence from

MGITC.

In order to overcome this problem, spermine was introduced to the proBpsrmine

(Figure3.13) is a polyamine, i.e. it is polycationic. It is able to bring together the
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negatively charged citrate surface on the AuNP and the negatively charged

oligonucleotide, which would usually repel each otH€r.

Figure3.13- Structure of spermine

Adding spermine to the probe allows it to hybridise to the oligonucleotide strand,
preventing repulsion between the negative chargdsgs can be seen iRigure3.12.

The particles containing the oligonucleotide and spermine have a much reduced
background signal compared to those without spermimelicating that they are on

the nanoparticle surfaceSperminealso causes aggregation of the naaaicles,

enhancing the SERRS signal.

Various spermine concentrations were assessed in order to determine which was

most suitable. A final concentration of 16 nM was chosen.

Figure3.14a shows the spectra obtained for a range of probe 1 concentratjimsv

¢ 500 nM) Spermine was prenixed with oligonucleotide before being added to
nanoparticleg0.4 nM) Figure3.14b shows the peak intensity at 1616 ¢rfor each
sample.Samples with higher concentrations of probe 1 show large error bars due to

aggregation.

It can be seen that the background is still a problem, however it is reduced compared
to the samples without spermine. As seen previously, at higher concentrations the

peak intensity starts to plateau as the nanoparticles become less stable.
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Figure3.14- A) Spectra obtained and B) peak intensity at 1616"cfor various probe
concentrations inset shows lower concentradns. Spermine was prenixed with the
probe before being added to AuNBamples were analysed using a 633 nm laser at 100%
power and 1 second acquisition time.
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Despite there being n & ¢ A i O K | obtheSlgein the\l HySsaf aninvestigation

was carried out to determine if the Raman signals were altered by the addition of the

target molecule, i.e. when thaybridisation had occurred and thaigonucleotide

was in its doublestranded state.

The reason for this is that it has been shown that SERRS enhancefm&hteo

nanoparticles may be influenced by whether DNA is in its ssigdaded (ss)or

double-stranded(ds)form. A SERS label was added to an oligonucleotide sequence

(either ss or ds) which was combined with aggregated nanoparticles and the SERS

spectra were recordedA higher SERRS enhancement was observed with particles

containing ssDNA compared to those with dsDMAlence, a study was carried out

to assess whether a similar effect is seen with gold nanopatrticles.

Oligonucleotides pbes were mixed with spermine before being added to AUNE. Th

mixture wasthen shaken beforeéarget was added. Each sample was hedte85°C

(abovethe melting temperature) for 10 minutes and allowed to cool before being

analysed by Raman spectroscopy using a 638 nméaséation Table3.3 shows tle

final concentration of each component of each sample.

Table3.3 - Final concentration of each component of the mixtures

Sample Probe 1 (nM) Probe 2 (nM) Target (nM)
P1 25 0 0

P2 0 25 0

T 0 0 25

P1T 25 0 25

P2T 0 25 25

Probe 1 and probe 2 are identical in terms of structure, i.e. 19 nucleotide bases

conjugated to MGIT,Go should give the same SERRS spddtraever, only probe 1
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should hybridise to the target oligonucleotidéthe spectras influenced by whether
or not hybridisation had occurred, it would be expected that there would be a

difference in the spectra of P1T and P2T.

Figure3.15shows the peak intensity for the main peak at 1616*dor each sample.
The target itself has negligible intensity as it does not have a dye attached. It can be
seen that there is no significant difference between ss and dsbBiNéating that the

SERS sgtrawasnot influenced by whether the DNA is in its ss or ds state.

There appears to be more variability in samples containing both probe and target,
however,asthis is seen for both probe 1 and probe 2wias not thought that this
effectwasrelated to hybridisation occurring since probe 2 does not hybridise to the

target. It is possible that the higher variabilibasa result of the target competing

with the probe to occupy the nanoparticle surfageA y OS G KS G NBHSG R2
dye attached, if itlisplaces the labelledligonucleotideit will affect the SERS signal.

It is also worth noting that, although the same final concentration of both probes was
used, probe 2 gave a lower signal than probe 1. The probes were purchased
commercially but thispossibly indicates that the MGITC conjugation was less

successful with probe 2 than probe 1.
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Figure3.15- Bar chart showing peak intensity at 1616 crfor ss vs dsDNA SERRS. Results
are meant standard deviation.Samples were analysed at 633 nm using 100% power and
a 1 second acquisition time.

A one to one ratioof probe:target oligonucleotidevas usedo replicate the same
conditions agor the DNA meing curve whichndicated that hybridisation did occur.
However a further experiment was carried out altering the probe to target rafioe
concentration of probe 1 was kept constant whilst the target concentrati@s

altered to assess whether gicharges in SERRS intensity was seen.

Four samples were measured: probe 1 with no targeid 1:0.5, 1:1 and 2:
probe:target ratios. The probeoncentrationwas50 nMfor all samplesThe result
of the peak intensity at 1616 ctnfor each sample ishown inFigure3.16. Each

sample was carried out in triplicate.
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Figure3.16 - Bar chart showing peak intensity at 1616 crfor samples containing probe 1
with varying amounts of the target oligonucleotide. Results are meastandard
deviation.

Again, negligible signalas seen for the target on its own. All sampleontaining
probe 1, regardless of the concentration of target have approximately the same mean
peak intensity. This indicates that the signal does not appear to be affected by the
probe to target ratio, further suggesting that the SERRS effect is roémnded by
DNA hybridisation.

Whilst this data does not agree with the previously reported study on silver
nanoparticlesit is worth noting that in the previous study, the oligonucleotides were
allowed to form a duplex before being added to the nanopétowvhereas in these
experiments the nanoparticles were functionalised with the oligonucleotides and
then incubated with the targesequencelt is possible that the electrostatic binding
of spermine to the oligonucleotide, whilst facilitatinganoparticle attachment,

blocks the hybridisation with the target molecule.
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3.4.5 Cell Mapping

In order to determine whether the probes could be used to detect GAPDH mRNA in
cells, they were incubated with PNT2 cells. GAPDH is a housekeepinthgesiere
it should be expressed in all cell types. Moreover, it has previously been measured in

PNT2 cells usingene expression analysts*4

Cells were mapped using a 638 nm lasasitationwith 10 % power with a @ second
acquisition timeto reduce burningWiREM 4.4 software was used to remove cosmic
rays and subtract thbackground from each spectrum. DCLS was then used to create
false colour images by comparing the spectrum at each point in the map to a
reference spectrum of the dy@he DCLS cufff was determined by examining the
signal for each score. A score@3 was found to be an acceptable DCLSafiitfor

discriminatingoetween MGITC and unrelated sigribckground

Using DCLS is advantageous over other methods of focussing on one area of the
spectrum such as the intensity at one poi@is it looks at the wholspectrum at each

point in the map and compares it to a reference spectrum of the dye. This makes false
positive signals less likely. For example, for MGITC the main Raman signal at 633 nm
is ~ 1600 crh, however when cells are burnt by the laser a largakpappears from

~ 1500¢ 1700 cm' due to aromaticcarbonwhich can completely mask this signal
(Figure3.17). 52 By only looking at the signal intensity 8600 cm', any areas of

burning in the cell would give false positive signals.

As well as potentially giving false positives, cell burning can mask dye signals resulting
in false negatives. For this reason, it is important to choose parameters which
minimise any cell burning, i.e. shorter integration times and lower laser power. It is
not always possible to completely avoid burning the cells, however a compromise has
to be sought between conditions which give the best sensitivity (i.e. longer
integration times and higher laser power) whilst causing minimal burning to the
sample. The optimal conditions depend on the individual sample with factors such as

the cell type and the presence of nanoparticles or other substances added having an
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impact. Due to nanogrticles heating in the presence of the laser, they can make cells

more likely to burn.

—— L e e B ) L s e e e e L LA o
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Figure3.17 - Example spectrum showing the broads peaks characteristic of cell burning
during Raman mapping

Initially, starting with the simplest concepghe MGITdabelled oligonucleotides only
wereincubated with PNT2 cell§his method would be comparable to FkShte no

nanoparticles were used

No signal could be measured froRNT2 cells afteovernightincubation with tre
MGITGoligonucleotideprobe at200nM with the acquisition settings used. This was

to be expected due to the inherent lack of sensitivity with Raman spectroscopy. Due
to the quantity available/cost of the MGIlidligonucleotide it was ot feasible to use
higher concentrations and some cell burnivgs already observed meaning higher
acquisition times were not possible. For this reason, the next step was to incorporate

gold nanopatrticlsinto the assay to make use of their enhancemeneetf

Figure3.18 shows bright field images of cells after incubation wittm#dia only B)

AuNP (0.1 nM, 40nm), and @P0 nM probe 1 + spermine 9.1 nM. The cells
incubated with bare nanoparticles appear t&how dark spots both within and
surrounding the cells. These are most likely aggregated nanoparticles which have
precipitated in the cell mediahen been fixed to the glass slideis impossible to tell

from bright fieldimagesalone whether these paitles have entered the cell or are

on the surfaceThe cells incubated with nanoprobes (oligonucleotide + spermine +
AuNP) show less of these dark spots, indicating that these probes are more stable

than bare AuNP in the cell media.
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Figure3.18 - Bright field images of cells incubated with A) media only, B) bare AuNP and
C) nanoprobes
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Figure 3.19 shows false colour cell mapping images for theomplementary
nanoprobes in PNT2 cell§00 nM probe 1 + spermine +0.1 nM AuNP).It was
expected that probe 1 would bind to the target mRNAdesthe cell, resulting in
signal, whilst probe 2 would not bind and so would be removed from theFaglire

3.20shows the cells incubated with thgrobe 2 nanoprobegandom contro).
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Figure3.19- False colour images for PNT2 cells incubated vili®nM probe 1
(complementary to GAPDH mRNA) + spermin@ M AuNP(40 nm) Cells were mapped
using a 633 nm laser at 10 power and 0.2 second acquisition time. Spectra were taken
at 1 um steps.

Both sets of sampldaadicatedprobe signal in/around the cells. From the bright field

images, itvas not possible to confirnfi the probeswere inside the cells.

No significant dierence was observed between the signal observed for probe 1 and
probe 2. Both samples show significant signal from the probes, indicating a lack of

specificity for the target probe.
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Figure3.20- False colour images for PNT2 cells incubated with 100 nM probe 2 (random
control) + spermine + 0.1 nM AuNP (40 nndells were mapped using a 633 nm laser at
10 % power and 0.2 second acquisition time. Spectra were taehum steps.
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The bright spots in and surrounding the cells were thought tedadtered light from
salt crystals from PBS. In order to reduce this, an additional water wash step was

included at the end of the fixing process.

Although MGITC signal can bleservedin the samplestiwas difficult to determine
whether it is coming from within the cell or the cell surfate.order to determine
whether the probe were actually iside the cells3D mapping was carried out. To
take a 3D Raman map of a cell, @Aps are taken at various points along thaxas

to build a 3D picture of the ceFigure3.21).

z 2D map

¢1.5pm

X

Figure3.21- Schematic representing how 3D cells maps are built

Figure3.22 showsa representative 3D mag he signal is distributed throughothte

z plane, indicating that the probes are within the cell.

For this experiment a lower concentration of gold nanoparticles was used in an
attempt to improve specificity100 nM probe + 0.02 nM AuNmigure3.23 shows a
comparison between probe 1 anda2these concentrationfop-down facing images
shown only to demonstrate measured signal). When the probe concentration was
also lowered proportionally to the particles very little signal was obser¥agl(e
3.24).
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Figure3.22 - Representative 3D map showing distribution of MGITC signal within a cell
(top ¢ face down view, bottomg side on view) Cell was mapped using a 633 nm laser
with 10 %power and 0.2 second acquisition time, steps were taken atrth in the x and y
directions and 1.5um in the z plane.

The distribution of signal throughothe different cell depths mappenhdicates that

the probes enteed the cells. Published literaturalso shows that functionalised
nanoparticles tend to enter cells through endocytosi&e® However, despite the
probes getting into the cells there does not appear to be any difference between

probes 1 and 2.
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Figure3.23- False colour images for PNT2 cells incubated overnight with 100 nM pfiobe

(top) or probe 2 (bottom) + 0.05 nM AuNP. Cells were mapped using a 633 nm laser at 10

% power and 0.2 second acquisition time. Spectra were taken piristeps in the x and
plane and 1.5um in the z plane.

The lack of discriminatiomay be due to aggregion of the particlesIf aggregation
occurs it ipossible that the aggregated particles are too large to be removed from
the cell. Thereforethe probeswould stay within the ce$whether they are bound to
the target or not resulting in norspecific ggnal Similarly, i is possible that the

particles are trapped sidea vesicle so are not able to find the target within the cell.

Figure3.24 - False colour images for PNT2 cells incubated overnight wlimM probel +
0.05 nM AuNP. Cells were mapped using a 633 nm laser at 10 % power and 0.2 second
acquisition time. Spectra were taken atidm steps in the x and plane and 1}Bn in the z
plane.

3.46 Lower Ratio

Initially, oligonucleotide:AuNP ratios were considered based on standard
oligonucleotidenanoparticle assays where approximately 2000:1 is usually a good
starting pointto achieve a singayer coating However, after further consideration

of this assay formaft(using spermine instead of thiol for attachment), it was

hypothesised that the oligos may be flat, i.e. lying horizontally on the nanoparticle
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surface, rather than standing uprighEigure3.25shows a schematic representation
of this. Based on this theory, lower ratios of oligonucleotide were assessed since, if
they are lying flat on the surface, they will take up more surface area meaning less

will be able to attach.

-GAGTCCTTCCACGATACCA

2 VIGITC-GAGTCCTTCCACGATACCA

Figure3.25- Schematic comparison different orientations of oligonucleotide on
nanoparticle surface. Left oligonucleotides standing upright, i.e. at 9@ the surface
right ¢ oligonucleotides attached i spermine lying flat on the surface

Figure 3.26 shows the SERS spectra obtained for various probe:AuNP ratios. The
concentrations of probe 1 and spermine were kephstant for each sample and the
nanoparticle concentration was varietProbes without spermine are shown for
reference.lt can be seen that as the probe:nanoparticitio decreases so does the
background signal. One possible reason for this is thatgiteniprobe ratios there

are multiple layers of oligonucleotide on the nanoparticle surface. Although
nanoparticles are known to quench fluorescence from molecules on the surface,
surface enhanced fluorescence can be observed for molecules slightly finbher

the surface which may be the reason for the large background at high rétios.
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Figure3.26 - SERS spectra obtained for various probe:AuNP ratios. Probe and spermine
concentrations were kept constarat 10 nM. Spectra were taken with a 633 nm laser at
67 % power and a 0.5 second acquisition time.

Figure3.27 shows the false colour images for cells incubated with these lower ratio
probes.As opposed to the original experiment, where a probe:AuNP aiti®001

was used, probes were functionalised with a raifb0:1 Figure3.28 shows the 3D

images for reference the probes appear to be distributed throughout the cell

Probe 1

Probe 2

Figure3.27 - False colour images for PNT2 cells incubated overnight with 50 nM probe
(top ¢ probe 1, bottomg probe 2) +1 nM AuNP. Cells were mapped using a 633 nm laser
at 10 % power and 0.2 second acquisition time. Spectra were takenjanisteps in the x

and plane and 1.fum in the z plane.
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Probe 1

Probe 2

Figure3.28- 3D false colour images for cells incubated with lower ratio probes overnight.
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Although there appears to be a slight difference in the cell signal for probe 1 and
probe 2, the levels of intraample variabilitywere high Furthermore, when this
experiment was repeated there was no difference between the two profesning

that this method is unreliableor measuring mRNAcor these reasons, it was decided

not to progress with this method.

3.4.7 Separate additions

An alternative format was assessed by adding each component of the praisdls
separately. It was hoped that without the nanoparticles attached to the
oligonucleotide probes, they would hybridise more readily to the target mRA.
the probe on its owrhas already been shown not to give a strong enough Raman
signal, nanopatrticles were also added to the cells separately in the hope that their
presence would increase the signal from the oligonucleotidgure3.29 shows the

false colour images obtained.
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Figure3.29- False colour images for PNT2 cells incubated with probe (top = probe 1,
bottom =probe 2), spermine and AuNP, each added separately (arrow points to mapped
cell(s)).Cells were mapped using a 633 nm laser at 100 % and 0.2 second acquisition time.

Signal was observed following separate additions, demonstrating that SERS can be
obtanecR FNBY yIy2LI NGIAOfSa WFNBSQ Ay (GKS OS
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active dye. However, the signal was considerably weaker than for previous

experiments where the oligonucleotide was on the nanoparticle surface.

As with previous experiments, noignificant difference was observed for the two

oligonucleotidesdemonstrating a lack of specificity.

3.4.8 Cell Toxicitye MTT Assay

An MTT assay was used to assess the cytotoxicity of the probedMTT assay is a
cell toxicity assay which uses a tetadium salt (MTT; -84,5-dimethylthiazot2-yl)-
2,5diphenyl tetrazolium bromide) to colourimetrically assess cell viability by
measuring the activity of dehydrogenase enzymes within the cells. In live
mitochondria, the tetrazolium ring is reduced to fornaazfigure3.30) resulting in a
colour change from pale yellow to purple in live cells. Dead cells, on the other hand,

should not show any change in colour due to the absence of an active mitochondria.

96
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Figure3.30- Conversion of tetrazolium ring to formazapy reduction °’

MTT is dissolved in PBS and added to cells and incubated for 4 hour8Gt Bie
purple formazan product is insoluble in cell metharefore a solubilizing agent is

required before the optical density can be measured using a plate reader at 570 nm.
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Theabsorbance is directly proportional to the number of live cells and it is possible

to detect as little as 200 living cells.

The assay is commonly used for nanopatrticle toxicity stuaieanoparticlesquench
fluorescence, making them incompatible with nyeother toxicity assaytbat depend

2y YSFadaNBYSyld 2F Ffdz2NBaAOSYyOS® CdzNIi KSNY
wash steps making it relatively rapid.

The results of the MTT assay are shown belmlour coded to represent the viability

of the cells. Each sample was carried odtiplicate and the results are the average.

Each sample was compared to the control sample, which had nothing added, to give

the percentage viability.

Table3.4 - Viability of cells incubated with componentsf probesovernight

Sample % Viability
Positive Control 100
Negative Control 1

Spermine 89
50 nM P1 104
200 nM P1 104
400 nM P1 97

0.2 nM 20 nm AuNP 61
0.02 nM 20 nm AuNH 97
0.2 nM 40 nm AuNP 97
0.02 nM 40 nm AuNH 97

Each component of th@robes¢ i.e. oligonucleotide, spermine and AuNPwvas
assessed individualffable3.4), as well as combine@able3.5). 20 nm and 40 nm

AuNP were assessed at 0.2 nM and 0.02 nM. The oligonucleotide was assessed at 50
nM, 200 nM and 400 nM. Oligo and AuNP (with and witlspgrming were assessed

at 50 nM, 200 nM and 400 nM.
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20 nm 40 nm
20 nm (no % 40 nm (no % (with % (with %
spermine) | Viability | spermine) | Viability| spermine) | Viability| spermine) | Viability
50 nM P1 83 50 nM P1 93 50 nM P1 53 50 nM P1 28
200nM P1] 78 200nM P1] 84 200nM P1| 59 200nM P1| 48
400 nM P1| 73 400nM P1} 70 400nM P1| 71 400nM P1| 94

All samples, with the exception of those containing a combination of nanoparticles,
oligonucleotideand spermine, had a viability greater than 70 %, indicating that the
negative effect of the probes on the cells is minimal. The negative control, as

expected, had a viability of % indicating that almost all cells had been killed.

The oligonucleotide sagpnce on its own had no significant effect on the cells at any
of the concentrations assessed. The viability was ~100 % at 50 nM, 200 nM and 400

nM. Viability greater than 100 % can be attributed to experimental variability.

Nanoparticles on their own aldwad no significant effect, with the exception of the
higher concentration of 20 nm AuNP. This may be a result of the smaller particles
being more able tgenetrate organelles within the cells and cause disruption to

cellular processes.

For cells containing AuNP with oligonucleotide, viability was slightly lower than either
nanoparticles or oligonucleotide individually. However, for all of these samples

viability was greater than 70 %.

Cells that containedAuNP with oligonucleotides anspermine viability dropped
considerably. Spermine on its own, however, had only a small effect on vability (89
%). One possible explanation for this is that spermine causes the nanopatrticles to
aggregateand the larger aggregates reswdd in a higher disruption to cellular

processes.

The importance of the effect on viabilitf the probeswill depend on whether the
assay will be used on live cedisd the timescales requireds it currently stands, the

assay is aimed to be a tool for biologists and wilstikely be used on fixed cells. In
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this case the cells are no longer living so the toxicity of the probes is of less
importance. If the assay were to be used in living cells this would need further

investigation.

3.5 Thiol Probes

3.5.1 Oligonucleotide $quences

In order to overcome the issues associated with spermine in the probes; thiol
modified oligonucleotides were assessed. Sulfur grougpge a strong affinity for
gold, therefore spermine was no longer needed to attach the oligonucleoti@&y
using oligonucleotides with a terminal thiol group a geidfur bond is formed,
attaching the oligonucleotide to the nanoparticle suga and omitting the need for

electrostatic attachment.

The oligonucleotide sequences are shown below:

Probe 1HSC6GAGTCCTTCCACGATACCA (complementary to target)
Probe 2HSCEACCATAGCACCTTCCTGAG (random control)

¢ I NHSAOTATCQTGGAAGGACTC

A DNA meing curve was carried out again to ensure the prolgbridisedas
expected.The result is shown iRigure3.31. As expected, target oligonucleotide plus
probe lgavea sigmoidal curve on heating, indicating that it hybridises to the target
and separates at high temperature. Probe 2 plus taggetea linear spectra, as did

probes 1 and 2 combined, indicating thatly probe 1 is specific to the target.
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Figure3.31- DNA melting curves for thiebligonucleotides. Blue probe 1
(complementary probe) + target, orangeprobe 2 (random control) + target, greyprobe
1+ probe 2. It can be seen that only the blue trace shows a sigmoidal curve associated
DNA denaturation, indicating that the target oligonucleotide hybridist the
complementary probe only.

3.5.2 Probe Synthesis & Characterisation

To build these nanoptwes, AuNP were functionalised with MGITC and
oligonucleotide, both via a sulfur groupigure3.32 shows the extinction spectrum

for the functionalised AuNPAs expecteda slightred shift was seen inextinction
maximum upn functionalisation with the oligonucleotides, indicating the
functionalisation has been successful. As is commonly seen with oligonucleotide
AuNP, one probe (probe 1) appears to be more stable thanother, indicated by

the broadeningof the LSPR for probe Zhis may indicate that probe 2 is self

hybridising, forming small duplexes between adjacent probes.
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Figure3.32- Normalised extinction spectra for AUNP functionalised with thiol probes 1
and 2

Figure3.33 shows the normalised spectrum for addition of MGITC teABNP. The
corresponding spectra for probe 2 are showrFigure3.34. On addition of MGITC a
slight broadening of the LSPR is seen, however the particles still appear to be stable

with a<maxof 531 nm.
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Figure3.33- Normalised extinction spectra for & AuNP, P1 functionalised AuNP and P1
+ MGITC functionalised AUNP
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Figure3.34 - Normalised extinction spectra for bare AUNP2 Rinctionalised AUNP and P2
+ MGITC functionalised AuNP.

3.5.3 Cell Mapping

Figure3.35 shows cell mapping images following incubation with the nanoprobes.
PNT2 cells were incubated with either probe 1 or probe 2 overnight (probe =

oligonucleotide + MGITBuUNP).
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Figure3.35- False colour images for PNT2 cells incubated overnight with probe 1 (top) or
probe 2 (bottom) at 4000:3000:1 raticCells were mapped using a 633 nm laser at 100 %
power and 0.2 second acquisition time.
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Signal could be detected in cells incubated with both prob&sgure3.36 shows a
representative spectrum. The measured spectra shows a clear match with the MGITC
reference spectra. Howeverhére does not appear to be any significant differences

in signal between probe 1 (complementary to target) and probe 2 (random control),

again indicating a lack of specificity of the probe. Both cells appear to show high

amounts ofsignal.
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Figure3.36 - Representative spectrum from false colour images. Blue trace = reference
MGITC spectrum, red trace = measured spectrum, DCLS software compares the two and
gives each spectra a score depending on the match

Cells were also incubated with probes with mtter ratio of oligonucleotide to

nanoparticle. The probe concentration was kept the safigure3.37 shows the

false colour images.
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Figure3.37 - False colour images for PNT cells incubated overnight with probe 1
(complementary to target) at 5000:3000:Lells were mapped using a 633 nm laser at 100
% power and 0.2 second acquisition time.

sce

As with the spermine probe8D mapping was used in order to determine if the
probes were inside the cellBigure3.38 shows a representative images for probes 1

and 2. Despite the cell mapped for probe 1 having a low signal, it still appears to be

84



RISH

distributed throughout the zlane, indicating it is within # cell and not on the

surface.The probes also appear to be distributed throughout the cell for probe 2.

Probe 1

Probe 2

Figure3.38- Representative 3D images for probe 1 (top) and probéattom). Lefthand
images show top down viewiight-hand images show side on view.

In order to determine whether the lack of specificity was due to the length of the
incubation time, a shorter incubation time was assessed. Cells were incubated with

probes for 2 hours before being fixed and mappEmure3.39 shows the false colour

images.

Probe 1

Probe 2

Figure3.39- False colour images for PNT2 cells incubated with thiol probes {tpmbe 1,
bottom - probe 2) for 2 hours before fixationCells were mapped using a 633 nm laser at
100 % power and 0.2 second acquisition time.
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Similaty to the 24 hour timepoint, no significant difference was seen between the
two probes and both sets of probes showed significant ks@eple variability.
Compared to the overnight timepoirgignificantlyless signalvas present for both
sets of sampledhis indicates that 2 hours is not long enough for the probes to enter

the cells.

If this method were to be progressed further, it may be of interest to look into longer
timepoints, e.g. 48 hours. It is possible that unbound probe (probe 2) would leave th

cells if given more time, whilst probe 1 would remain bound.

Prefixation was assessed to determine whether this impacted the specificity of the
probes. Cells were incubated with cover slips overnight to give them time to bed
down before being fixedsing the same method used previously. Once fiselcells

were incubated with probes for 2 hours before being washed and mapped.

Figure3.40 shows the false coloumages for the prdixed cells. Whilst significantly
more signal wasetected in these cell$~{gure3.39 shows cells with the same probe
concentration and incubation timfixed afterprobe incubation), this was the case
for probes 1 and 2. As seen previously significant variability in the amount of signal

was also observed.

Despite the prdixed cells giving strong probe signal, some of it appears to originate
outside ofthe cells. It is not possible to determine from the bright field images alone

if the signal is coming from inside the cell; 3D mapping would be required to confirm
this.
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RISH

Figure3.40- False colour images for ptixed cells incubated with probes (topprobe 1,
bottom - probe 2) for 2 hours.

3.5.4 Cell Toxicity

Cell counting is an alternative method of assessing cell viability. It can be
advantageous over other methods, such as fluorescent staining which requires
additional wash steps which can wash away dead celifecting the reliability of the

data. Fluoresent stainingusesa fluorescent molecule to visualise living cells. An
issue with including wash steps in a cell viability assay is that wash steps can remove
dead cells, resulting in viability appearing higher than it actually is since only live cells

are labelled.

By counting the cells and comparing the count to a control, it is possible to determine
whether any exogeneous substances have had a negative effect on the cells, seen by
a decreased cell count. Cell counting also requires no additional reagant
equipment, other than that already used in cell culture. One minor drawback is that

manual cell counting can be time consuming.

Gold nanopatrticles (bare, MGFtGated, MGITC + oligonucleotide 1 coated, MGITC
+ oligonucleotide 2 coated) were added tdP2 cells and incubated overnight before
cell counting was performed. Each sample was carried out in triplicate to obtain a
mean result.Figure3.41 shows the results. ¥bility was determined by comparing
the count for each sample to the count for the samples which had no probes added

(i.e. blank) Asthe blank samples had nothing addebey should continue to grow
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and proliferate as normal. On the other hand, cell saasplith nanoparticles and/or
other substances added may experience a decline in proliferation due to toxicity

effects.

100.0

80.0
60.0
40.
20.
0.0

Blank 1% DMSO Bare AuNP  MGITC

Viability (%)
o

o

Figure3.41 - Cell viability (meant standard deviation) following incubation with AUNP
probes(bare, MGITC only, MGITC + probe 1/2).

As expected, when DMSO was added to the cells (1% solution) the viability dropped
drastically. This is because DMSO is cytotoxic. Bare AUNP had a mean viabii#y of 71

%. This indicates that the bare nanopeles have a slight cytotoxic effect on the cells.

AuNP functionalised with MGITC had only a minor effect with a mean viability of
93t5%. This may be a result of the MGITC layer on the outside of the particles
LINE GARAY 3 | WaKASTE R thus dtactingl KeS cellsJ-ANNPA Of S
functionalised with both MGITC and a thiabdified oligonucleotide showed a slight

drop in viability compared to those coated with only the dye but still higher than that

of bare AuNP. There was a slight difference iabwNity between the target
oligonucleotide probes (8417 %) and the negative control probes (77+14 %), however

this is not significant
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3.6 AlkyneTagged Oligo

In an attempt to overcome the issue of the nepecificity, which was believed to be

caused byhe nanopatrticles, a third method was asses&t omitted nanoparticles

altogether. In this method, an oligonucleotide was modifi¢éal incorporate p -Q

ethynykH -@eoxyuridine (EdUp place of two of the thymine basdsdU Figure3.42)

Ad Fy Fylrt23dz2S 2F GKe@YARAYS Ay 6KAOK GKS

terminal alkyne, giving it a large Raman cross section.

alkyne tag
O
| NH
HO N,&O
(@)
OH

Figure3.42 - Structure of EdU*®

Alkynes make ideal Raman reporters for this purpose since they have a distinct signal
in the cell silent region (186P800 en't) of the spectrum. Also, due to their small size,
they are less likely to have a significant effect on the intrinsic properties of the

systems being studie@?

Yamakoshét al. were able to monitolEdU, as a cell proliferation probe, in live cells
using Raman microscopy?® As EdU can be incorporated into DNA duringll c
replication, replacing wmodified thymine basesjt can be used to label cell

nuclei.101

To further increase the sensitivitgRS®ould be usedAs previously mentioned, SRS
can be used to enhance specific signals, such as the alkyne signal éisEadtésult
of this improved sensitivity, itnay bepossible to detect labelled oligoicleotides

without the presence of nanoparticles to invoke SERS.
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3.6.1 EdUCell Mapping

To ensure EdU signal could be measusdls were incubated with EAU on its own
(100 puM, 24 hours) fixed and then mapped using Raman spectroscopy (2 s
acquisition, D0 % power, 532 nm laserkigure3.43 shows the resultAn alkyne
signal can be seen at 2114 ¢rim the cells incubated with EdU in a pattern consistent
with that expected of the nucleus. The control cells show no signals in this région.

the false colour images, the lower cut off was determined at three times the baseline.

It should be noted thmost cell spectra show a peak at ~ 2300'cithis is apparent
in both blank and sample cells alike. T$ignalhas been attributed to atmospheric

nitrogen.

1520
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Figure3.43¢ A) False colour cell overlay peak intensity at 2114 cmhirepresenting to
localisation of the cell nucleus, B) Raman spectra showing signal at 21 4fentdU
Cells were mapped using a 532 nm laser at 100 % power and 2 second acquisition time.

3.6.2 EdU Modified Oligo

Similarly, ch#s were incubated with the Edbhodified oligonucleotide probe.
Although the mechanism of the probe is different to that of free EdU in ¢eliss

hoped that since the signal was apparent for the free EdU, it would also be apparent
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for the probe.Two thymine nucleotides within the oligonucleotide sequence were

replaced with EdU, the probe sequence is shown below:
t NP 0 SGAGXCCYETZCACGATACCA Where X = EdU

Figure3.44 shows the resultDespiteincreasing the integration time to 20 seconds,

no EdU signal wasbserved Thiswas most likely due to the fact that the signal is too
low to be measured using Raman spectroscopy. Unlike free EdU, which can
essentially replace every thymine in the nucleus giving a strong signal, the EdU
oligonucleotideprobe should only bind to specifRNA sequences which means that

it is much less abundant in the cell and, hertbe, signal isinfortunatelytoo weak

to detect with conventional Raman spectroscopy
| |
B m‘ -154
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Figure3.44- A) False colour cell ovey of peak intensity at 2114 cy heat map guide on
left shows that no signal is observed above the noigy,Raman spectra showing signal
at 2114 cm' where EdU is expectedCells were mapped using a 532 nm laser at 100 %
power and 20 second acquisith time.

Due to the cost of the probe it was not feasible to increasedbecentation of the
probe any higherA possible solution could be to add nanopartickeparately to the
EdU oligonucleotide probe in order to measure SERS. Despite not beinlgealitéc

is possible that the nanoparticles would come into proximity with the probes,

improving the sensitivity.
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Anotherpossiblesolution could be to use SRS. SRS is useful for measuring the signal
at a specific frequency and since alkynesmesent in the cell silent region there are

no competing signals.

3.7 Conclusions

Despite having no on/off signal, it was hoped that RISH would provide a simple means
of measuring mRNA in cells using Raman spectroscopy and oligonuclebttied

gold nanoparticlesThe simple concept relies on labelled oligonucleotides binding to
spedfic sequences inside cells and being visualised using Raman spectroscopy. Due
to the inherent weakness of Raman scattering, g@doparticlesvere incorporated

into the assay to enhance the spectalectrostatic and thieattachments were
utilised to atach specific oligonucleotides to AuNP with a Raman active dye to

provide a measurable SERS signal.

After incubation with cells overnightorobservablelifference in signal was observed
between the target probe and the random control sequer@®. mappingndicated
that the probes were entering the cells since the signal was dispersed through the

depth of the cells.

One possible explanation fahe lack of specificitys that the nanoparticles are
becoming stuck inside the cellSince these probes are diwe & Wa g A i OKSR
probe which is inside the cell will give rise to sigidlis means that whether the
probes have hybridised to the target or not, they are staying within the cell and,

hence, no difference in signal is seen.

Assumingthat the reason ér the probes remaining in the cells is due to the
attachment to the nanoparticles, further work could be carried out on an alkyne
labelled oligonucleotide probe. Despite EdU labelled oligos proving too weak to be

detected using Raman spectroscopy, SRS¢ctwban improve the sensitivity of
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conventional Raman, could be used instead. Furthermore, oligonucleotides with

more EdU modifications could be assessed.

Similarly, instead of using EdU which contains a single alkyne, oligonucleotides could
be labelled vith a molecule containing multiple alkynes to increase the Raman cross

section.

Although there are further avenues which could be explored in order to progress this
Faale F2NNIG FdzNGIKSNE Ad YIé 0S o0SGGSNI ¢
would overcome any problems associated with signal arising from unbound probes

remaining inside the cells.
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4.SERS Beacon

4.1 Introduction

Currently, one of the most common method&detecting mRNA is fluorescenae

situ hybridisation (FISHWwhich is capable afingle molecule detectiort® However,

one of the issues witthe L { | YSG K2R Aa GKIFG GKS aiadayl
Other methods, such as molecular beacons, provide the advantage of having a
AoA0O0OKIFIOES aArAdylfs APSo 2yRQhemfgdtOK A& Widz

Molecular beacons are commonly used with fluorescence spectroséogyre4.1
shows a schematic oftgpicalfluorescent molecular. The oligonucleotidequence

has ends which are setbmplementary, this causes it to take a hairpin loop structure.
One end of the oligonucleotide is functionalised with a fluorophore, whilst the other
has a quencher molecule preventing fluorescence emission in the dhasgih loop
structure. In the presence of the target DNA, which is complementary to the loop
sequence, the beacon opens up, separating the fluorophore from the quencher,

resulting in the emission of fluorescence.

Target

+

Molecular
Beacon

[HENERREBARREEA Hybrid

b

I/i\

—

Fluorophore Quencher

Figure4.1 - Schematic of a molecular beacoReproduced with permission frorf2,
Copyright © 1996, Springer Nature
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An alternative method usegold nanoparticles to replace the quencher in these
beacons, resulting in an improved quenching efficiedéyzor examplePanet al.
were able to detect four different mRNAs in cells using molecular beacons hybridised

to nanoparticles’?

Fauldset al. reported SERS beacons, similar to fluorescent molecular beacons with a
Raman reporter on one end, attached to a silver nanoparticle, and a fluorescent
molecule (FAM) on the other end. When closed, the beayareSERRS signals from
the Raman reporter andAM. However, in the open position the signal changed as
FAM moved away from the nanoparticle surface and fluorescence was obsétved.

Although effectivethe main method of detection was still based on fluorescence.

The aim of this piece of work is to create a molecular beacon witithesRaman
spectroscopyfor detection The beacon consists of an oligonucleotide sequence in
the classic hairpin loop structure. One end of the sequence is functionalised with a
Raman active molecule, whilst the other has a thiol modification for attachmeat to
gold nanoparticle. The gold nanoparticle is also functionalised with another Raman
active dye. In the closed position, the Raman dye attached to the oligonucleotide is
in closeproximityto the nanoparticle surface, resulting in SERS signals from both the
oligo-dye and the dye attached to the nanoparticle. When the hairpin loop opens up,
the oligodye moves further away from the nanoparticle surfa€egure4.2). This
results in a decrease in the SERS sifyoal the oligonucleotide dyehowever the
signal from the nanopatrticle dye should remain constant as it is unaffected by the
target oligonucleotidethus an increase in the ratio between the two dyes should be

observed.This ratio can be related to the presence of the target oligonucleotide.
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5-GGTATCGTG GAAGGACTC-3'

o

Figure4.2 - Schematic representation of SERRS beacon

4.2 4Mercaptobenzoic Acid

4-Mercaptobenzoic acid (MBA)a pH sensitive molecule was selectedto be the

dye functionalised tothe nanoparticle surfacetherefore MBAshould alwayshe
present togive a SERRS sign@1%4t was hoped that, awell as being able to detect
the presence of the mRNA, the pH of the probe environment would also be

determined.

The pH sensitivitys shown inFigure4.3 which shows the SERRS spectra obtained
from MBA coated AuNP covering a pH range from 1 to 12.

AuNP were functionalised with MBA by adding 1@0of stock solution to 1maf
AuNP, resulting in a final concentration of 10, and sh&enfor 5 minutes. The
MBAAUNP were then centrifuged at 4000 rpm for 20 minutes and the pellet was
resuspended in water. 100L of MBAAUNP was added to 4QQ. of pH adjusted PBS

(pH E12). Samples were analysed at 633 nm with a 1s acquisition time and 100 %

power.

The two main peakin the MBA spectrum (~1080 drand 1590 cm) are a result of
aromatic ring vibrations and are not pH dependettterefore ther intensity s

maintained throughout the experiment.

The peaks at ~1400 chand 1700 crt are assigned to symmetric stretclgimf the
COOgroup and the symmetric stretching of the C=0 bond, respectitf8iLoAt low
pH, the intensity ofhe peak at ~1700 ch(C=0) increases whilst the peak at 1400
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cm! (COQ decreases. As the pH increases, the intensity of the peak at 1460 cm
increases and the peaks at 1700 tuecreases. The peak at 1400 taiso shifts
slightly from 139%n7 to 1420 cm' with increasing pH.

A

—pH1
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——pH5
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Figure4.3 ¢ (A) SERRS spectra for MBAINP in pH adjusted PBS (pH2), (B and C)
zoomed spectra of signal at ~ 1400 ¢rand 1700 cr, respectively.Samples wee taken
using a 638 nm laser at 100% power with a 1 second acquisition time.

Figured.4 shows the calibration curve obtaindbm the ratio of the intensity of the

peaks at 1400 cm (pH sensitiveand 1078 cnt (constant)is taken. As expectethe

curve shows a sigmoidal curve with a linear range from approximatelyqhéking
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MBA an ideal pH sensor for cellular environmehtgacellular pH is tightly regulated
and varies slightly within different organelles, with cytosol pH maintained 2t-°®
Therefore, the ratio between the two peaks can be used to determine the pH of the

surrounding environment.

It is worth noting that as the peak at ~ 1400-tshifts with pH, the exactdnan shift
used in the ratio also varies with pH from 1397-cat pH 1 to 1422 crhfor pH 12.

0.35
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0.25 (]

o
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[

o
=

0.05 o °
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Figure4.4 - Plot of ratio of peaks at 1400/1078ctfrom pH 112 showing expected
sigmoidal curve

4.3 Probe Optimisation

Multiple dyes (rhodamine B, rox, eosin, dac, xrtic, fam, mgitc) were assessed to
determine which combinatiorwith MBA would be optimal. These dyes were
assessed by functionalising AUNP with MBA and the dye of choice. Thesealyd
particles were then spun down and resuspended in pH adjusted PB. SERS spectra
were then taken and the relative intensities were checked to ensure the pH sensing

ability of MBA was not compromised by the dye.

Figure4.5 shows the spectra obtained for each dye mixture (dye + MBA) over the pH

range of 5to 9
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Based on signal intensity, compatibility with MBA and price, rhodamine B was chosen
as the dye attached to the molecular beacon, i.e. the signalivhiéd K2 dzf R a g A 1 O

YR Y2FFQo

Rhodamine B (rhodjid not interfere with the pH sensing ability of MBA over the pH
range of 59 inthe solution based SERRS experiments with Mib&-AuNP.Figure
4.6 shows the calibration curve obtained for MBA alone and MBA +aimaae

0.30
y =0.0518%0.2173
0-25 R2 = 0.9636
------- °
020 & LT
o | e e
S 015 | e e y = 0.0473x%0.2058
2 R2 = 0.9569
e @
010 | e
.......... . ® Rhodamine B
0.05 @..: e
¥ MBA
0.00
5 6 7 8 9

pH

Figure4.6 - Plot of ratio versus pH for MBAUNP and MBA+Rhodamir&uNP showing
that the addition of rhodamine does not appear to interfere with the pH sensing ability of
MBA.

MBA alone has ar’Ralue of 0.924. The only dye which gave andRie greater than
0.9 when combined with MBA wakodamine Bindicatingthat the presence othe
rhodaminepeaks dichot interfere with the ability to determine pH. Rhodamine also
had signal strength comparable to MB#nd the SERSignalswere not obscured,
therefore allowinga ratio between the two dyet® be straight forward to determine.

Figure4.7 shows the spectra d¥IBArhod-AuNP at pH .7
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Figure4.7 - MBA-Rhodamine BAUNP spectra at pH.7

4.4 Synthesis& Characterisation of Probes

As this is a proof of concept study, the same GAPDH mRNA sequence was targeted as

for the RISH probe3he beacon sequence is shown below:
.S 02y 4&aS|-6SACCGRAGTQCTICCACGATACCARGIEGBe B
¢ NBSGO a4SljdzSyoOSYy pQ ¢DD¢! ¢/ D¢DD! ! DD! / ¢/

Various ratsof labelled beacon and MBA dyere assessed to create a stable probe
where signals from both dyasere obtained Ultimately, MBA was added to 1 nuf

40nm AuNP to give a final concentration of 375 nM. The sample was shaken before
being centrifuged. Theanopatrticle pellet was resuspended in water and the beacon
solution was addeadt a final concentration of 300 nMhe solution was then shaken
andthiol-PEG200 was addedio create stability 80 pL sodium citrate (250 mM, pH

2.9) was added and the solati was shaken for 15 minuteSodium citrate reduces

the repulsion between the DNA backbone and the AuNP surface, facilitating
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functionalisation.Samples were then centrifuged andsaspended in 50QL 0.1 M
PBSpH 7.4)

The amples were heated to 68Cfor 5 minutes and cooled to room temperature to
ensure beacon formatiohairpin loop structurepefore the target oligonucleotide
was added (ratio 2:1).

Figure 4.8 shows the extinction spectra for MB#eacorAuNP. Upon
functionalisation the<max shifts by approximately 3 nm and the peak broadens
indicating that the molecules are on the surface of the partides to a change in
refractive index There is also a dmin signalas some particlesare being lost to

precipitation during the functionalisation.

0.1 _—

400 450 500 600 650 700

550
Wavelength (nm)

Figure4.8 - Extinction spectra for bare AUNP (green) and MB@acorAuNP(blue).

4.5 Solution Based Hybiridisatn

Samples were incubated with the target (ratio 2:1) aP6Cor 15 minutes and left to

cool prior to analysis by SER$38 nmlaser excitation

Originally, probes were synthesised without PHGnly MBA and beacon were
functionalised to the AuUNP suidg). Howeverupon incubation with the targetthe

SERS spectra showed a drop in all siggaiéA & STFFSO0G R2SayQi aSS
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target hybridisation Instead, it indicatedhat rather than the beacon opening up
which should only result in a drop in specific signalsntmegparticles were becoming
unstable and ggregating causing them to precipitateThis was confirmed by
extinction spectroscopy which showed a drop in thax Figure4.9 shows the SERS
and extinction spectra for the probes both befof®BA Beaconand after (MBA

BeaconT)incubation with the target.

To increase the ability of the MBAbeacon AuNP, methoxy polyethylene glycol 200
(PEG200) was used. The optimal MBA/beacon/PEG:AuUNP ratio was found to be
1500/1200/2000:1, respectively. This combination resulted in similar signal strengths
from MBA and rhodamine, with stadly from PEG.
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Figure4.9 ¢ A) Extinction andB) SERRS spectra for MByeacorAuNP (minus PEGefore

(MBA Beacon) and after (MBA Beacon T) addition of the target sequence. SERRS spectra
measured using a 638 nm laser with a 1 second acquisition time.
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— MBA Beacon T

Intensity

Figure4.10 shows the extinction spectrmr the MBAbeacorPEGAuUNPbefore and
after incubation with the target oligonucleotide. In the presence of the target
molecule the peak broadens very slightly, accompanied by a slight drop in intensity
indicating that some ggregationmay have occurred however, the<max remains

unchanged.
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Figure4.10- Extinction spectra of beacoAuNP probedefore and after incubation with
target oligonucleotide

As the SER&halysisrelies on a ratio between two Raman reporters instead of an
absolute measurement of the reporter intensity, slight aggregation of the particles

should not affect the result.

Figured.11shows the SERS spectra obtainedfiernanoprobe both before and after

the incubation with the target oligonucleotid&ignals corresponding to MBA remain
mostly unchanged whilst thehodamine B signals drop by approximately lalthe
presence of the target. This is to be expected based on the assumption that in the
presence of the target the beacon opens up, moving the rhodamine further away

from the nanopatrticle surface and hence decreasing the SERS.
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Figure4.11- SERRS spectra for beacAuNP before and after incubation with target
oligonucleotide Arrows indicate the signals used to determine ratio (1078 and 1280
cnr1). Spectra measured using a 638 nm laser with a 1 secacglisition time.

Figure 4.12 shows the ratio of the peaks at 1078 énfMBA) and 1280 crh
(rhodamine b), i.e. the relative intensity of the MBA and rhodamine signals. Upon
incubation with the target molecule the ratio increases as expected due to the drop

in the rhodamine signal.
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Figure4.12- Ratio of MBA:Rhodamine B SERRS signals (1077/128) loefore and after
incubation with the target oligonuceotide. Values are meastandard deviation.
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For this experiment, a ratio df:2 beacon:target was used. In order to determine

whether the ratiochange is quantitative, various ratios would need to be assessed.

In Figure4.11, it can be seen that whilst most signals in the spectrum change follow
the expected tend, i.e.staying the same (MBA) or dropping in intensity (rhodamine),

there are some signals which increase after incubation with the target.

One possible explanation for this is that when the beacon opens up, and rhodamine
moves further from the nanopaidles surface, it creates more space on the surface

of the particle causing MBA to change orientation.

4.6 Cell Mapping

The overall goal of this project is to develop a probe which can be used to detect
MRNA in cells. To achieve this the probes must be detectable in cells. In order to
assess this probes were incubated WRNT2 cellsProbes were added to celénd
incubated overnight, similarly to in chapter 3. After incubation cells were fixed and

mapped using a 633 nm lasexcitation

Figured.13displays thdalse colour images folNT 2 cells incubated with the beacon
AuNPwhich show that gnal was present in all of the cells mapp&a confirm that
the probes had entered the cells and signal was not from AuNP stuck of the3fass,
mapping was usedrigure4.14shows the resultas well athe reference spectra used

to create the false colour imagealong with an example spectrum from the maps.

Figure4.13- False colour images for PNT2 cells incubated with beadoNP overnight
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Despite low signal intensity, it appears that the probes are within the cell. However,
it was not possible to determine ratios of the peaks1477/1280 cmt at the

intensities measured.

1005

0,400 0.4387. X/ uraa773

——#901/3800X-17Y18260
= Component: MBA bescon comected. wdf Acquistion1

Counts

Figure4.14 - 3D false colour image showing signal from beacon probe which appears to

be within cell. 3D box represents predicted cell area which was mapottom shows

example spectra for beaceAUNP. Blue tracereference spectra, red tracemeasured
spectra.

There are many possible ways to increase the intensity in future. A higher probe
concentration could be used as well as a higher laser power or l@ggemulation
time. However, when increasing the laser power or accumulation time sample

burning must also be taken into consideration.

4.7 Conclusions

Theaim of this work was to create a molecular beacon type prétredetection of

mRNAwhich could be usd with Raman spectroscopy. To do this, gold nanoparticles
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were functionalised with a constant dye (MBA), a labelled molecular be@iond)
and PEG (for stability).

On incubation with the target oligonucleotide the beacon opened up, increasing the
distarce between the label and the nanoparticle. This remiiin a change in the
SERRS spectruwhich could be measuredybtakingthe ratio between the most
intense signal for eactlye. The changing ratio determineshether the targethad

bound.

Overall, the Bman beacon probsuccessfully detected the targetowever further
work would be required to determine the limits of the asseyd whether the beacon

functions inside cellDue to issues with supply this was not possible in this project.

Further work would be needed to determine whether this measurement can be used
quantitatively. This can beachieved by incubating the probe with varying
concentration of target to determine whether or not the response is concermnat
dependent. Furthermore, at the concentration assessed the probe could be detected
in cells, however due to low signal it was not possible to determine signal ratios. In
order to determine whether the probe is hybridising in cells a higher conceniratio
would have to be assessed. Further work would then be required comparing the

probe to a random beacon sequence to ensure that any change in signal is specific.
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5.Y-Shaped Dimers

5.1 Introduction

Following on from the discovefyy Mirkin et al. that selfassembly of AUNP could be
achieved by functionalisation with DNA there have been many examples of using

such functionalised AuNP for DNA detection.

Most of these methods involve nanoparticles which have a uniform coating covering

their entire surface resulting in uncontrolled grggation.

Guoet al. showed a novel way of controlling this aggregatiorpreferentiallyform
dimers by asymmetrically functionalising theanoparticles In this method,
nanoparticles ardound to a glass slide and functionalised with PEG such that the
entire surface of the particle will be coated with the exception of the area in contact
with the glass. The particles are then removed from the glass and functionalised with
an oligonucleotide. Since the majority of the surface of the particle is coatddawit
layer of PEG the oligonucleotidghould bindto the free area resulting in an
asymmetrically functionalised particleézigure 5.1 shows a schematic of their

formation.
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a. Partial Functionalization of AuNPs with PEG
PEG thiolation

=

Sonication

2

2

b. Oligonucleotide Sensing
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B
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3
i~
e Y-shaped
® DNA duplex
-

=
Target-induced ’/<_
AuNP dimer formation =X
C S

Legend

ST Hexadecyl trimethyl ammonium bromide (CTAB)
dET—, bilayer on glass substrate

Gold nanoparticle (AuNP) MZ/M Z'?/ lZ:‘t?;lgg

Figure5.1 - Schematic of asymmetric functionalisation of nanoparticlé2eproduced with
permission from®’. Copyright © 2013, American Chemical Society

When two batches of these asymmetrically functionalised particles are combined
with their target for detection,due to the limited amount of DNA on the surface
which is localiseth a smallrea, dimers are preferentially formegFigure5.1. This

was confirmed through SEM imagir&jnce the formation of these dimers results in

a colour change from red to blue¢ due to coupling of plasmons, it is possible to use
colourimetric detectionA peak at 600 nm appears when the dimers form, in addition
to the original peak ~ 500 nniigure5.2 shows a normalised extinction spectrum

before and after binding of the targethis method was found to be quantitative.

It has also been noted that the shift in plasmon is related to the ipseticle gap
within the dimer, withsmaller gaps giving larger shifts, this is another reason why the

y-shaped dimer orientation is optimal compared with conventiothiakar)methods.
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Comparing linear and-ghaped asymmetric dimers showed that the conventional
aggregates only resulted insfight shift, due to sumptimal particle gaps, compared
to the y-shaped duplexes’

0‘2‘ /.“ \ —_— NS00 &
o / \ — M:f
7] Y “
8§ [—
€ o1 —
o \
74 \
2
<

0.0 e

400 600 800
Wavelength (nm)

Figure5.2 - Normalised absorption spectra for dimer formatioblack = prior to target
addition, red = linear dimers, blue =shaped dimers)Reproduced with permission from
87, Copyright © 2013, American Chemical Society

Zhouet al. extendedthe Y-shaped dimer approach by incorporating SER&ysis for

the detection ofmicroRNA (miRNAThe formation of dimersesults inhot spots

which increases th&ERS enhancemerithe signal i$ & a Sy G Aed2 ¥ @ AVYi dzlJK S
presence of the DNA targethis can be used in cells bging alkynes and nitriles as

Raman reporters on the nanopatrticle surfastheir peaks fall in the cell silent region

allowing for eay analysiFigure5.3. 8
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Figure5.3 - Comparison of SERS response fromhaped and linear dimersReproduced
with permissions fromf®. Copyright © 2017, American Chemical Society

A further example of asymmetrically functionalised nanoparticles for dimer
formation has been shown using antibodies as the recognition morettead of

nucleic acidst®’

By controlling the aggregation, the stability dfet conjugates is increasedt. is
difficult to control the aggregation ofully coated nanoparticless there is an
abundance oDNA available for hybridisation to another nanopartictereringthe
whole surface, resulting in large aggregates of unknovae svhich will eventually
precipitate out of solution. By coating the majority of the surface with a layer of PEG
and controlling the DNA localisatioto one side it is now difficult for the
nanoparticles to form larger aggregates and so dimers are prefiatty formed
improving reproducibility This also increases the sensitivity and dynamic range

compared with fully coated particles.
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5.2 ProbeSequences

The oligonucleotide sequences used are shown bgfogure5.4 shows a schematic

of the probeshybridising The region of the probes involved in hybridisation with the
target is a sequence which has been used previously as a GAPDH]Irelfiestnine
bases of each probe are complementary to each other, allowing the probes to

configure in their Shape as shen inFigure5.4.
ProbeA:p Q -CTGTTACTGCACGATACC
ProbeBp Q D! D¢/ / ¢¢fSH! D¢! ' /1 D

Targetsequencgg Q ¢ DD¢! ¢/ D¢ DD! ! DD! / ¢/

5 A
G oY
DA GG

Y55y, b FE?
7 S
D‘)bQGGE)(?;)

5'-S-CTGTTACTG CACGATACC
) 5'-GGTATCGTG GAAGGACTC-3'

GAGTCCTTC CAGTAACAG-5-3' 0
. Raman reporter. Gold nanoparticle

Figureb.4 - Schematic of haped dimer probe hybridisation

5'-S-CTGTTACTG
(£-S-DVOVVLOY

l | ’

Figure5.5 shows the melting curve to confirm that when the probes are incubated

alone no hybridisation occurs, however when they are incubated with the target
oligonucleotide a characteristic increase in absorbance is seen showing hybridisation

is occurred. Therefe, nonda LISOATAO O60AYRAY3I AayQd Fy Aaa
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Figure5.5 - Melting curvefor y-shaped probes showing that for the probes aloljgrey)
no change in absorbance is seen on heating, indicating no hybridisation basreed.
However, when the probes are incubated with the target oligonucleotift@ange)an

increase is seen indicating hybridisation has occurred.

5.3 AsymmetricProbes

5.3.1 Probe Synthesis & Characterisation

Asymmetric nanopatrticles were produced aatiog to the methods previously
reported. 8687 Briefly, glasslides were cleaned with piranha solution prior to being
washedc firstly in Millipore water, then in ethanol. Slides were thactivated with

10 % APTHSr 30 minutes before being washed agaifirstly in ethanol, therwith
water. APTES converts theasibl groups present on the glass surface to amine

groups, to which gold nanopatrticles readily attaEig(re5.6).

APTES AuNP : :
— M : o :

Figure5.6 - Schematic representation of activation of glass slide for AUNP attachment
Reproduced with permission fronf’. Copyright © 2017, American Chemical Society
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The activated slides were then immersed in AddIS minutesbefore being rinsed

with water to remove any unbound particleBigure5.7 shows a glass slip coated in
gold nanoparticlesRink tint indicates that particles are bound to the glasse AuNP
coated slide was then immersed in 1@0 PEG (M-B00) for 2 hours. After 2 hours,

the slide was washed with water and sonicated for 2 minutes in 0.01M PB + 0.01%
Tween20. Sonication wased to remove the PEGated particles from the glass,

resulting in a suspension of particles asymmetricAENP.

The PEGoated particles were then concentrated by centrifugation before the

addition of oligonucleotides.

Figure5.7 - Glass slide coated with gold nanoparticles

Oligonucleotids (probe A or probeB) were added to PE@oated AuNP and left to
shake for 15 minutes. 40 df citrate was added before being shaken for amat 15
minutes. Dye was then added atitk mixture shaken for another 15 minutes before
centrifugation. Samples were centrifuged at 3000 rpm for 20 minutes and the
supernatant removed. Samples were then resuspended in the buffer of c{eiber

PB or PBSA limitation of thismethod is that there are a limited number of sites on
the glass for nanoparticle attachment, for this reason the resultant nanoparticle

suspension is very weak and multiple batches must be combined for further use.
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Figure 58 8 K24 GKS y2NXYIfAaAaSR SEGAYyOlAZY
nanoparticles (bare/PEG only/PEG+DNM}gjon coating the particles with PEG a slight

red shift is seen (2nm), indicating that thesurface on the AuNP has changed and
the coating has been successfWhenthe oligonucleotidewasadded the plasmon
R2Say Qi aKz2g | yBis istoibd gxpettddOue Yolthe ayrintetiicP ¢

nature of the functionalisation meaningnly a small amounis functionalised to the

surface.
Bare 40nm AuNP
1 e
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0.8 DNA Asym AuNP (PBS
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=
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Figureb.8 - Normalised extinction spectra for bare AUNP (blue), asymmetric Ria&ted
AuNP (orange), and asymmetric probes (grey)

5.3.2 Solution Based Hybridisation

The probes were assessed with and without the addition of the target oligonucleotide
to determine whether the hybridisation was occurringigure 5.9 shows the
extinctionprofile for the asymmetric probes with and without addition of the target
molecule. As seen iRigureb5.2, it was expected that in the presence of the target
oligonucleotidethat the nanoparticles would dimerise resulting in a change in the
extinction spectraHowever,there wasno change in the ifile, indicating that no

hybridisation occurred.
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Figure5.9 - Extinction spectra for asymmetric probes before and after incubation with
target oligonucleotide.

There are two possible explanations as toywthe hybridisatiordid not occur; i) steric

KAYRSNI yOSs YR AAU0 GKS LINRPo6Sa IINByQi Fdz

A slight change ithe extinction spectrawas seen after the functionalisation with
DNAsuggestinghat there is a change in the surface chemisti, DNA has attached
to the AuNP surfaceAsonly a small amount of DNWkas expected to attach to the

surface, only a small change in the extinction spectra can be expected.

Another explanation ithat steric hinderancdrom the PEG moleculas prevening
the DNA from hybridising to the target. A solution to this may be using a smaller PEG

moleculeto reduce the steric hinderance and allow hybridisation to occur.

Another possible explanation is that DNA@ attaching to the particleslt could be
possible that the PEG layer is coating too much of the surface resulting in not enough

surface spacéor the DNA to attach. A solution to this may be to try using less PEG
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5.4 Fully Coated Probes

5.4.1 Probe Synthesis & Characterisation

Due to issues with the asymmetric probes, nanoparticles were fully coated with the

Y-shapes oligonucleotides to determine whether hybridisation could be achieved.

Figure 5.10 shows the extinction spectra for the fully oligonucleotide coated
nanoparticles. Slight dampening is seen for the functionalised particles, however they
are still stable in solutianA shift of ~ 2 nmvas observean functionalisation of the
particles, indicating that the surface has besuoccessfullycoated. When the two
separate probesvere combined no changewas seen in the extinction spectrum
demonstrating that no selfiybridisation occurred between the two sets of

oligonucleotides.

1 Bare AUNP
0.9 Probe A
0.8 Probe B
07 Probes combined
§ 0.6 532nm
§ 05 534nm
804
0.3
0.2
0.1
0
400 450 500 550 600 650 700

Wavelength (nm)

Figureb.10- Extinction spectra for AUNP fully coated with-shaped oligonucleotides
The fully coated probes were also stable in PBS buffer, confirming that the DNA has

attached to the surfaceHigure5.11). In comparison, bare nanoparticles aggregated

when resuspended in PBS.
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Figure5.11 - Extinction spectra for fully coatedligonucleotide AUNP suspended in PBS
buffer, compared to bare nanopatrticles in water and buffer. Bare particles aggregate
when suspended in PBS, however the probes are stable indicating that the surface is

protected a DNA coating.

5.4.2 Solution Based Hyridisation

The fully coated probes were assessed with and without the target oligonucleotide
to determine whether hybridisation occurredrigure 5.12 shows the extinctn

spectra for the fully coated probes incubated with the target oligonucleotide at two
concentrations. After incubation with the target oligonucleotide a change in colour
was seen from pink to colourless. This is confirmed in the extinction spectra by
dampening and broadening of the plasmon peak, indicating that aggregation

occurred.
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Figure5.12 - Extinction spectra for fully coated nanoparticles incubated with target
oligonucleotide.

To confirm that the aggregation was a result of hybridisation of the oligonucleotides
the samples were rbeated to denature the DNA. Denaturing the DNA shouldeau
the nanoparticles to ralisperse Figure5.13 shows the extinction spectra obtained.
The plasmon peak at ~ 530 nm reappears after incubation at high temperature. This
was confirmed by the reappearance of the pink colour in the samphés.confirmed

that the DNA denatured and the AuNP were capable of being resuspended following

hybridisation.
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Figure5.13 - Extinction gectra for fully coated probes after being heated to redisperse
the nanoparticles

A kinetic experiment was carried out to follow the hybridisation occurriray. this
experiment extinctionspectra were taken every 5 minutester the addition of the
target oligonucleotide Figure5.14 shows theextinction spectra obtained for the

probes alone compared tihe probes with the target oligonucleotide.

For the probes incubated with target, a drop in inten@curredafter 5 minutes,
indicating that hybridisatioroccurredalmost immediatelyThis is demonstrated by
the peak at 58 nm decreasg asa new peak at approximately 700 nincreased
The probes incubated without targeto not exhibit anychange in intensity as seen

in the extinction spectra, as expected.
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Figure5.14 - Extinctionspectra taken at 5 minutes intervals for probes + target (top) and
probes alone (bottom) showing hybridisation occurring.

Figureb.15shows a plot of the ratio of thexginction intensity at 700 nm and 534 nm
over 25 minutes for the probes with and without the target. Without the targatio
stays constant throughout the 25 minutes since no hybridisatioacsurring As
expected, in the presence of the target the matthanges over timeOn addition of

the target the ratio increases due to the drop in intensity at 534 nm, it then gradually

decreases as aggregation occurs.
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Figure5.15- Plot of the extinction intensity ratio at 700/534 nm over the 25 minute
hybridisation for probes + target (top) and probes alone (bottom) showing the change in
ratio as hybridisation occurs in the presence of the target.

In order to confirm that the hyridisation is specifica random control target

sequencecould be used andompared to the targebligonucleotide

Despite the extinction spectrendicatingaggregation of the nanoparticles, slight
decreasen SERS signal was seen upon addition ofdhget. Figure5.16 shows the

SERS spectra following addition of the target oligonucleotide. For comparison, the
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SERS response upon addition of NaCl to aggregate th@asdiatesis also shownn

the presence of NaCl the probes aggregated, resulting in an increase in SERS signal.
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Figure5.16 - SERS spectra for probes following incubation with target (top) or NaCl
(bottom). Spectra measured using a 638 nm laser line with a 1 second acquisition time.

The previous SERS spectra were taken approximately 2 hours followoed tar

addition. In order to determine whether any SERS response was occurring, spectra

were taken at 2minute intervals following the addition of the targefigure5.17

shows a plot of the intensity of the main band at 1616%cm
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Figure5.17 - Plot of intensity of main band at 1616 chrfollowing addition of target to
probes.

A maximum signal was observed 6 minutes after the addition of the target, this
indicated a slightchange INSERS response is occurring since the extinction spectra
showed that hybridisation had occurred as early as 5 minutes after target addition.
However only an approximately B-fold increase is seerkigure5.18 shows the
same expriment following the addition of 1 M NaCDn addition on NaCl to

aggregate the probes an approximatédd increase in signal was observed.

It is thought that the reason for the minimal SERS response is related to the distance
between the nanoparticlesWhen the nanoparticles aggregate as a result of DNA
hybridisation it is possible that, since these probes were designed for asymmetric
nanoparticles, they cannot come in close enough proximity for optimal SERS
response. When NaCl is added to the partidesontrolled aggregation occurs,

hence a greater SERS response is seen.
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Figure5.18- Plot of peak intensity at 1616 crhfollowing addition of NaCl to aggregate
probes.

Furthermore, the initial MGITC signal is already relatively high. By reducing this,
possibly by only adding to MGITC to one set of probes, it may be possible to see a

greater enhancement.

5.4.3 Cell Mappiry

Similarly to in previous chapters the probes were incubated WAttiT2cells to
determine whether any signal could be observed. Cells were incubatedAuitP
functionalised with MGITC only, MGITC+probe A, MGITC+gdd&ITC+combined
probes(A+B).Sampés were incubated for Boursor overnight before being fixed.
Figure5.19 and Figure5.20 show the false colour imageseated using DCLBr 2

hours and 24 hours, respectively.

Compared to cells containing MGHRGNP, the oligonucleotide probésdividual or
combined probes)showed a considerab} higher signal. However, without
comparison using random oligonucleotide sequences it is not possible to determine

if this increased signal is a result of specific hybridisation. It is possible that adding
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the oligonucleotide makes the AUNP more biocomipiati allowing them to stay in
the cells for longer than the MGITAUNP.

For both timepoints, probe B shows higher signal than probe A. During probe
functionalisation probe B appeared to be less stable so it is possible that aggregation

occurredwithin the cells causing this increased signal.

If the probes were hybridising inside cells as expected, and causing specific
aggregation of the nanopatrticles, it would be expected that the combined probes

would result in higher signal than thedividualprobes. However, this is not the case.

Comparing the timepoints, considerably higher signal can be seen at 2 hours,
compared to overnight incubation. This may indicate that the probes are entering the

cells but being removed again within 24 hours.

It is worth notingthat this is in contrast to the thiol probes assessed in chapter 2,
which showed low signal at 2 hours and higher signal at 24 hours. The main difference

between the two sets of probes is the oligonucleotide sequence.
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Figure5.19 - False colour images for PNT2 cells incubated with Probe A, Probe B,
combined probes and MGIT8BuNPfor 2 hoursin triplicate. After incubation cells were
fixed andmapped using a 633 nm laser at 10 % power and 0.2 second acquisition.
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