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Abstract

DNA is the perequisite forall biological life and its discoveryhas revolutionisedhe
understandingof biomolecular interactions anddisease expression This hasenabéd
significantimprovements in patient diagnesand medicaireatmento becarried out The
advancements in technology daninstrumentation have continually progressedhis
knowledgeand continue to push the boundaries of diagnostic and clinical advancements
One eftctive wayto achieve this is through applicationdyfe labelled DNAsequenceand

metallic nanoparticle suspensions. This research details an understanding of the interaction
between dye labelled oligonucleotides and silver nanopartigtéaces, whichgenerate

strong sirface enhanced Raman scattering (SERSponseshrough specific hybridisation

eventswhich correlate tehe presence ahrgeted sequences

During this studythe attractionof oligonucleotidesonto metal nanoparticlegas shown to

be driven through theDNA nucleobases Therefore, the increased exposure of the base
groups within migle strandedNA sequencegenerated higher affinity for metal surfase
which in turnproducel stronger SERS responsehen compared to double strandaNA.

This principle was utilised withim DNA detection assay to successfully demonstrate the

presence of target DNA sequences.

Two novel DNA detection assays were also investigated which utilised SERS to determine
the presence of sequences relatingthe methicillin resistantStaphylococcusaureus
(MRSA) strain. A solution based detection method was developed through coupling a
TagMan assay with SERS. This combination enabled highly specific detection of clinically
relevant sequences of MRSA to lodtainedwith 7 fM limits of detection achievableThe
multiple detection of different genomi&. aureusstrains wasachieved through the
molecularly specific and narrow emission spectral profiles obtain®dtontrasting DNA
detection strategy which reliagpon the hybridisation of complementary sequences on a
solid substrate surfacgas shown Silver nanoparticles were functionalised with specific
DNA sequences and a variety of SERS active molecalesbling he selective detection of

target sequencésom nitrocellulose membranes.

This thesis has exploited SERSenable the specific identification of DNA sequences to be
achievedvia utilisation of silver nanoparticles Through SERS, an insight into the
interactions of DNA and silver nanoparticles sids has been gained as well as enhancing

the sensitivity and specificity achievable within SERS detection assays.
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1. | ntroducti on

DNA is the fundamental geneticaterialwhich is the basis of life in all organisms. It is due

to the biological importance of DNA that it has become a vastly studied area of molecular
biology. SinceGr i f fi t hés fitr ansf bandithersgpsequenpiverg-i pl e o
MacLeodMcCarty experiment in 1943DNA has been established the material whh

carries genetic informationThishasled to an expanding area of research into the structure

and function of DNA which has hugely impacted the undedstey of life, genetics and the

cause of disease. DNA detection of specific sequences has become increasingly important in
the diagnosis and treatment of genetic diseases and infections. Therefore, DNA testing is
continually evolving to create methods ialh are quicker, more sensitive, inexpensive and

safer.
1.1 Structure of Deoxyribonucleic Acid (DNA)

1.1.1 Primary Structure

Friedrich Miescher first isolated dndentified nucleic acid in 186%rough extraction of an

acidic substance rich in phosphorissm the nuclei of red blood celfs. This was called

nuclein and was later discovered to be nucleic alnid1905,Phoebus Levene gave further
clarification to Miescherds work showing t ha
into much smaller components which he named nuclectid@soxyribonucleic acid (DNA)

is a nucleic acid composed of a large number of monomeric nucleotide repeatsngaati

consisting of a sugar, a base and a phosphate group (Figure 1.1).

NH,

Figure 1.1: Adenosine monophosphated: deoxyribose sugar, blualenine base group agdeen:

phosphate.



The four nitrogenous base groups which carry genetic informaidihim the DNA structure

are adenine (A), thymine (T), cytosine (C) and guanine (G) (Figure 1.2). Between 1895 and
1901, Albretit Kossel isolated and described the four organic DNA bases and uracil (U), the
nucleobase which replaces thymine within ribdeic acid (RNA)? Uracil and thymine are
chemicall very similar differing only by the absence of the methyl group at tBg@sition

of the ring of uracif. RNA is a biologically important molecule that plays an essential role

in protein synthesis.

NH, o O NH,
</Nﬁ | % T
N N N o N N/ NH, N o
Adenine Thymine Guanine €ytosin

Figure 1.2: DNA basesadenine, thymine, guanine and cytosine

Thenucleotidebases are heterocyclic aromatic organic compounds and can be classified into
two types, bicyclic purines and monocyclic pyrimidines. Adenimgé guanine fall into the

purine category,composed of a pyrimidine ring fused to an imidazole ring. Thymine and

cytosine are pyrimidines which are composed of a 6 membered ring containing nitrogen
atoms. A single base group is bounéh an N-glycosidic bondo theC-1 6 o Zdedxyb-e
D-ribosesugar groufio N-9 of the purines and il of the pyrimidines. Thibond fixes the

sugarringiho a b confiQuration (Figure 1.3

(o}

NH

NH,

Deoxyguanine Deoxythymine

Figure 1.3: N-glycosidic bonds in deoxyguanine (purine) and deoxythymine (pyridine)

units



The bases are complementary in nature, this was first noted by Chargaff ih CoBgaff
recognied that the number of adenine groups was equal to the number of thymitieeand
number of cytosine groups was equal to the number of guanine. This strongly suggested
specificity within the base pairings, adenine will only bind to thymine and cytosine will only
bind to guaniné. This work lead to the sudden realisation by Watson and Qtiekthe

results wereompatiblewith a DNA spiral structure in which every adenine was paired with
thymine and every cytosine with guanitt®. The consequentiaiodel could only be fully
confirmed through invaluable-pay diffraction patterns of DNA generated by Frankfin.

This resulted in thelucidationof the double helixDNA structure in1953, suggestinghat

the secondary structure of DN#as composed of two helical chains wound around the same

axis?
1.1.2 Secondary Structure

Each DNA strand is coposed of nucleoside unifsined through phosphodiester bosd

bet weemytdheo x¥d of t maroxylofdhe ngt sagardFigura ®). Thed

sugar and phosphate groups perform a structural role forming a backbone of alternating
phosphate and deoxyribose sugar groups which create polynucleotide chains oEB&A.

single nucleotide strand (ssDNA) has directionaltyp nt ai ni ng a ter mi nal

groupanda3 6 hydr oxyl group.

HO o) Na OH
/ \
0 NN N
.
0 - 0
HN
H

0 /O
6\/ H Osp_
Px 0
T e Y% e

N
XoonS
AT
0 0

HO OH

Figure 1.4: DNA strands with bnding between thymine and adenii@2 hydrogen bondyonding

between cytosine and guanivia 3 hydrogen bonds.



Two antiparallel strands bind togetharough hydrogen bonding between complementary
base pairswith two H-bonds for each A pair and three foa G-C pair (Figure 1.4) A
hydrogen bond is a relatively weak bond, in comparison to covalent bonding, with an
average strength of 610 kJ maf', but the relative strength is increased due to the large
number of hydrogen bonds between the complementary pairs which stabilises the DNA helix
structure? This generates the formation of the DNA double helix (Figure 1.5).

Major Groove Minor Groove

Figure 1.5: DNA double helix'?

The double helix structurdevelopsdifferenty sized groovesvithin the backbone as a result

of each strand being closer together on one side chntamgementhan the other. Major
grooves are formed where the backbone is further apart whereas minor grooves are smaller
and occur Wen the backbonés closer togethe(Figure 1.3.** Grooves within DNA
structureprovide binding sites for biological material, such as proteins, one minor groove
binding protein is distamycin A which azsananti tumour agentt These groove sites can
alsobe utilised to allow basmodifications without disrupting the duplex.

The stability of the DNA duplex can loeterminedy UV-visible spectroscopgfFigure 16).

Double stranded DNA will become denatured by increasing the temperature, resulting in the
transition of double stranded DNA to single stranded DNA. This can be monitored by
inspection othe UV-visible absorbance at 260 nm, adythe nucleotide bases significantly

contribute to absorption above 230 .nihhis phenomenon sresultot he ~ i nter act i
the benzene rings, when double strandedritigs stack faceo-face causing a decrease in

absorpion at 260 nm due to the shielding of the bases. When these strands become
denaturedat higher temperaturethe bases in the single strands become expgeseerating

an increasg absorption at 260 nm. This known as hyperchromicity and is reversible b

denaturing the hybridised duplex.



Abs

i Twm

Temperature/C)

Figure 1.6: UV DNA melting curve Ty, indicates the melting temperature of complementary DNA

strands

A sigmoidalshaped melting curve is produced and the point of inflection is referred to as the
melting temgrature(Ty). Ty is the temperature at which half the sample exists as a double
helix and half exists adrgjle strandedDNA (ssDNA). Consequently,ite Ty is used to
indicate thehermal stability of the duplexMany factors can affect stabilitgcluding salt,

pH and sequence modifications such as locked nucleis @di\). The length and guanine

(G) and cytosine (Cgontent of a sequen@ealsohighly influential. A higher numbeof

GC pairs withina DNA strandwill increase thetrength of the duplexas thee area higher
number ofhydrogen bonds compared to AJase pairings. Consequently long chain
sequences witthigher GC base paings will have a greater stability and amcreased
melting temperature.However, research has foutttat oligonucleotides with aaleveted
numberof guanine bases are prone to form self associating dugfesi@gough Hoogsteen
base pairingssecondary structures including-t@trads or guaninquartets andhairpins are
formed by the stabilising guaniiguanine bond¥ which may adversely affect DNA

analysis

The study ofthe structure of DNAis a vast area of research.In 1990, the largest
international DNA research investigation was utelesn which aimed to identify and map
the sequences all geneswithin humanDNA.*®*° The human genome projeiciok over B
years to complete and it was foumitht humans contain approximately 23,000 genes
rougHy 3 x 10 DNA bases. This vast quantity of DNA makésektremely difficultto
detect a singlgenetic mutatiowithin the human genonf8. However the development of
the polymerase chain reaction (PC&)ables DNA regions containirtige target sequende

be selectivelyamplified as well asedudng the complexity of the reaction.



1.2 Polymerase Chain Reaction (PCR)

The quantity of DNA available for analysis is often very small, therefore amplification of the
nucleic acid sequenc# interest is necessary. Thssalmost alwayschieved througPCR

which is an innovativein vitro technique used to amplify and detatuble or single
stranded DNA sequences. It is an exponential amplification technique gbi@rates
multiple copies okpecific desired DNA sequences from trace amounts of sample. PCR was
first developed in 1983 by Kary Mullis, with the first publicet of the technique in 198%.

In 1993, Mullis won the Noble prize for higoneeringwork on PCR.

The reaction relies othermal cycling, consisting of repeated cycles of heating and cooling
enabling DM\ denaturation and enzymatic elongatiohhe essential components required
for PCR are:

DNA template the target sequence of bases to be amplified and analysed.

Primers, a pair of synthetic sequences are needed which are polynucleotides of between 10
and 30 bases. The primers are composed of sequences which are complementary to specific
regions on the template that are within amplifiable distance of the area of interest. The
primer sequences should have sufficient complexity to ensure they do dab luither sites

within the template However a balance between complexity and similarity to one another

is required to prevent the formation of prirtBmers caused by self complementary. Primer
design is a crucial component of PCR whiatmen successf, will producea high yield of

product and reduce the amplification of unwanted sequences.

Deoxynucl eoside triphesphatest wdhMDRAEnd di ng
arerequired forstrandamplification Conventional PCR generally uses afjamounts of
dATP, dTTP, dCTP and dGTP.

A thermostable polymerase enzynig required which will catalyse the addition of
deoxynucleoside triphosphates onto the annealed primers resulting in the formation of a new
strand of amplified DNA. In order for @hgation to take place, primers must have annealed

to the template DNA strand as enzymatic extension can only occur on an existing
polynucleotide strand. The enzymes that are used are relatively thermostable but will
eventually denature after continualpesure to elevated temperatures. Often heat stable

enzymes are used teduce enzymelegradation athe high temperatures needed during

k



PCR Commonly used thermostable enzwmimhibit polymerase activity at ambient
temperature througtthe binding of an antibody or avalently bonded inhibitor that
dissociate only after a high temperature activation std@e enzymeis activaedthrough an
incubation step (generally 5 15 minute at around 93C), minimising nonspecific
amplification prodicts and primeii dimers at lower temperatures. This also limits

degradation of the enzyme by presendgjvity until the inception of the reaction.

Buffer solution, is essential tgrovide a suitable chemical environmédat amplification
andensuig the pH is maintained throughout the reaction. The buffer contains a mixture of
monovalent and divalent cationghich have a large effect on success and efficiency of
amplification Repulsion between the negatively charged strands can inhibit PCR #igl so
necessary to introduceatiors which will neutralise the phosphate backbone and allow
successful hybridisation to take pladdonovalent cationggenerallyin the form ofKCl and
divalent cations, M@l,, improve amplificatiorthrough binding to th@hosphate backbone,
stabilising the annealing of the primers to the templaiagnesium divalent cations, Kig

are often used as one ion can neutralise two phosphate groups within the DNA. strand
However, theconcentrationsf the cations must be car#fucontrolled as a excess of MY

ions in the sampleanproduce high levels of nespecific amplification and a deficient Mg
supply will inhibit PCR. Also the use of thermostable DNA polymesgymesrequire

free divalent ions to produce effectigetivity within the reactioR?

PCR consistsof repetitive thermal cycles, with each cycle containing denaturation,
annealing and elongatiatep(Figure 1.7. Within the first cycle of PCR, the temperature is
increased to 995 °C for between 30 and 60 seconds, disrupting the hydrogen bonds
between the base pairings in ttmublestrandedDNA template separating the strands. This

is known as deaturation (Figure Z, step (a)). The annealing step then follows (Figure 1.

step (b)), and involves lowering of the temperature td 8D °C to allow the primers to
hybridiseto the complementary DNA template. The annealing temperature is critical si

if it is too high, then primehybridisationwill be poor resulting in a low yield of product.
However, if the temperature is too low, Rgpecific binding of primers could occur resulting

in unwanted sequences being amplified. The elongation sigyréFL7, step (c)) involves

the extension of the annealed primers in
polymerase enzyme which catalyses the addition of dANTPs. This takes place at the optimum

temperature for the enzyme activity which is usu@R-78 °C.
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Figure 1.7: PCR cyclewith 3 steps(a) denaturation(b) annealing andc) elongation

Initially, primerextension occuralong the template sequence beyondsdeondary primer
binding site. However, after the first few cycleBNA sequences produced are equal in
length to the region between annealed primngeseratingdentical complementary strands
with reducel complexity to the original template whilst maintiaig sequence specificifif
These steps are then continuously repeagblingthe amount ofDNA template sequence
in every cycle.Consequently, Hillion DNA copies would b@roducedafter 32 cycles.

PCR is ahighly complexreaction in whichcareful consideration of components and
conditions must be taken to ensure that the optimum amount of prodefficiently
generatediuring the reaction.

1.2.1 PCRConsiderations
1.2.1.1 Plateau Effect

An increasing numeér of cycles shoultheoretically increase the yield of amplified DNA. In

reality, however there is another limiting factor to tmeimber of cycles. Whiléhe reaction



proceeds, thampliconwill begin to accumulate and the reactants will decrease and degrade.
In particular, the primer to template ratio will decrease and all available enzyme will become
occupied. This will result in slow product formation and the rate of reaction will begin
level off, thisis known as the plateau effect (Figur@®)l. For most reactions performing
more than 30 cyclesesults inno greater quantity of prodycthus shows no significant

advantagé’
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Figure 1.8: Plateau effect for RCR reaction
1.2.1.2 Contamination

PCR hasbeenshown to be a robust and highly efficient technique which if carried out
correctly generates high amounts of target DNA sequenddswever, as a result of the
sensitive nature of the reaction, contamination from undesirable DNA sequences is possible.
To help overcome this, retime PCR can be used to monitor the accumulation of amplicon
throughout PCR, all owing detection to be
Consequently, reducing the risk of cross contamination as no manipulation of the sample i

required during or after PCR.
1.2.13 Monitoring RealTime PCR

The amplification of DNA PCR can be monitored through the inclusion of a fluorescent dye
binding agent, such as SYBR Greefi éthidium bromid& and YOPRO-1° These small
moleculeshave a low binding affinitydr single stranded DNA anlind in high yieldsto

double stranded DNAermitting the detection alequence amplificationin reattime PCR,



fluorescence from the dye is measured in each cycle to obtain an amplification curve, the
intensity of which is proportional to the amount of PCR prodaoned (Figure 1.9a)).

This is a simplistic method to monitor the indiscriminate amplificationaofoté stranded

DNA, which can be applied t@a widespread sample basis with no requirement for
specialised designin addition postPCR melt curves can be obtainglough heating the
sample to melt the proHeCR product duplex anahart the fluorescencerom the
intercalating dygFigure 1.9(b)) Fluorescent dyessuch as SYBR Green | and LC Green
strongly bind to double stranded DNA and fluoresce at low temperatbmsever a the
temperature is increased the strands denature to siegleenceand tre dye fluorescence

decrease The fluorescence is continually monitored and a melting curve is ohtained
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Figure 1.9: (a) Reattime PCR amplification(b) first derivative of posPCR melting curve

Realtime PCR amplificatiortan generate highly sensitiidNA quantificationin a low cost
andsimplistic approach, however, tirgercalatingdyes will bind indiscriminatéy to double
stranded sequence  Consequently false positive results may be generated from the
amplification of undesired sequencgsrevening sequencepecific information being
obtained. One methodd avoid norspecific acamulation of fluorescent signal is IBCR
assays. These methods incorperabelled oligonucleotideshich have been designed
probe specific regions of the target sequeranel generate signal only through selective

hybridisation events
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1.3 SpecificDNA Detection Assays

The continual developmennhto the understandingna interpretationof specific DNA
sequences iindamentain the progression afapid and routine analysiwith the need for

this information vital within a vast number of fields, including proteomics, genetics and
human diagnosticg’ Therefore,research intahe gecific detectionof nucleic acidsis
continually being progressedSequencing methods have been used to determine specific
DNA sequencesincluding the MaxamGilbert method® Sanger dideoXy*® and Pyro
sequencing® The advent of these techniques has significantly accelerated biological
research andhe use of modern sequencing technology has been instrumental in the
elucidation of the human genomd-dowever, thesequening process caroften generate
much moredetailed informationthan is often necessaryfor example the detection of a
single nucleotide polymorphisnsNP throughsequence analysis will yield vast amounts of
surplus information.Consequently, other methods fefficient and specific DNA detectio

have been developedDiscussing all these methods is beyond the scope of this thesis,
however,a commonly taken approaclemploys fluorophore probesshort oligonucleotide
strands labelled with fluorescent dyes.

1.31 Fluorophore Probes

Fluorophores i@ coloured molecules that fluoresce by absorbing a specific wavelength of
light and emitting it at another wavelength, this process can thdetbeted and measured.
Fluorescent moleculegan be covalently atached to specific DNA oligonucleotides,
enalling sequencealeterminationvia selective hybridisation andetection of thecoloured
moleculeby spectroscopianalysis The use of short oligonucleotide probes to determine
the presence of specific complementary sequert@s become a reliable and well
established techniqdé These approachesten incorporatéCR to amplify and reduce the
complexity of the nucleic acid sequence of interest, allowsdiigher probe binding
capacity. Four DNA detection assaywill be highlighted herg primerprobes, TagMan,

molecular leacon and scorpion probe assays

1.3.1.1 PrimerProbe PCR

The simplest form of specific nucleic acid detection assays use labelled primers to detect the
accumulation of PCR productFluorescently labelled primgrobes have been utilised

within conventional PCR to generate an increasing fluorescent signal as PCR product

11



accumulates. The primers are designed to generate enhanced fluorescence through PCR

extension, one such exampledisipliFluor primers(Figure 1.10)
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Figure 1.10: AmpliFluor primersdemonstrate the accumulation of amplicon throtinghbuild up of

fluorescenceignal as the number of PCR cycles increases

These primers are dgaed to conform to a stable hairpin loop structure, which inhibits the
emission of fluorescence. Typically, probes are designed to b#umpescent until bound

to the complementary target and often achieve this through Forster resonance energy transfer
(FRET) quenching. FRET is a mechanism which describes the energy transfer between two
chromophores. The efficiency of this energy transfer is inversely proportional td"the 6
power of the distance between the chromophores, thus FRET will diminish over distance.
This quenching mechanism can therefore be utilised within DNA detection assays to
maintain fluorescence quenching when the DNA is in the unbound state. However, upon
hybridisation to the target sequence, the interfluorophore distance is increased leading to an
increase in fluorescence emission. Extension of the AmpliFluor primers results in
incorporation into the PCR produapnsequentlythe copying process opensethairpin
structure and increases the fluorescent signal. The use of labelled primer allows significantly
increased specificity to be obtainsthcein the presence of nespecific target DNA no

amplification should occur.
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1.31.2TagMan Assay

TagMan asays have been widely used as a DNA detection m&thadhich involvessignal
generationthrough enzymatic probe cleavageThe assayut i | i ses PGCR and
exonuclease activity oh DNA polymerase enzyme to selectivabyild-up fluorescence

signal. The fluorophore is incorporated into a specifically designglseand any emitted
fluorescence is absorbed by connecting the dye to a quencher through a sleostisinded
sequence. During PCR the probehybridises to a specific region within the target gene

throughthe single strandedDNA probe sequendd-igure 1.1).
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Figure 1.11: TagManassayillustrating enzymatic digestion of the FRET quenched probe enabling

build up of fluorescence signal, demonstrg the presence of target DNA.

Conventional PCR can then be performed through elongation of the DNA primers by the
Thermus aquaticu§Taq) plymerase enzyme. However, the enzyme also simultaneously
digeststhe bound probe. The assay design ensures that the primer binding sites are adjacent
to the probe, all owing the 56 to 36 exonucl
fully exploited. The probe digestiorseparateghe fluorophore and quencheznabling
fluorescence emissionThe accumulation of free fluorophoamd henceamplification of

target sequence, can be monitored duringréaetion through the build up @fuorescent

signal.
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The TagMan assayg a closed tube method whiellows signal to be generated within real
time PCR reducingthe need for podPCR manipulation. High target selectivityis also
obtained through the specific hybridisation of the probe and priedsamplification
ensuredow concentrations of target can be detectelbwever, the assay does suffesm
some inherent drawbacksTagMan probes can show poor allelic binding and inefficient
fluorophore quenching, whictesult in high backgmnd signals Therefore probe designs
are continuallybeingdevelopedo improve uporassay shortcomingad reduce fluorescent
background signalsThese have includechemical modificationg’ intramolecular TagMan
probed’ and attachment of minor groove bindéts.

1.31.3Molecular BeaconAssays

Molecular beacons are mpetitive oligonucleotidehybridisation probes, whicheneratean
increasedluorescent signal in the presencespiecifictarget DNA. A molecular beacon
containsaninternally quenched fluorophoteeld within a stable hairpihoop structure.The

DNA sequences within the molecular beacon structure are carefully selected to form a stem
and loop region. The DNA loop usually contains around il&80 bases and is
complenentary to a specific region within the target gene. At both terminus ends of the
loop, self complementargsequence are incorporated-5-8 bases), which form a double
stranded stem and holds the beacon within a stable hairpin structure. A fluorophore and
quencher are covVvalamd-eidohthetsiero énd ith the abosed bop 5 6
conformation fluorescence emitted by thdye is absorbed by theadjacentquencher
However, in the presence tdrgetDNA, hybridisation between the loapgionand target
occurs as his openformation is thermodynamically favouretiie toa greater number of
basesdeingintegratedwithin the dupéx. Theopen conformabn separates the fluorophore

from the quencherincreaing fluorescence emissioand indicating the presence of target
DNA (Figure 1.2). Molecular beacoshavebeen widelyusedin homogeneous nucleic acid
detection assayincluding DNA genotyping in human allelsand drugresistance in

Mycobacterium Tuberculosf§
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Figure 1.12: Molecularbeacorassaywhich detects the presence of target DNA through selective

hybridisation, changing the conformation of the beashith permitsluorescencemission

The probetarget duplex formatiomwithin the assays a bimolecular binding event, thus, the
intermoleclar reformation of the stethmop beacon is kinatally and entropically favoured
Consequentlyunder certain conditionhe fluorescent signal obtained from the assey
decay rapidly as the beacon detaches from the target and returns to the beaabnuen
can be eliminated through the design of unimolecular binding praieesnosiwell studied

exampleis scorpion probes.
1.31.4 Scorpion Probe Assay

A scorpiondetection assay utilises s@lifobing amplicons through incorporation of specially
designedprimer probes. These probes make use of a hairptructure to quench any
fluorescence from the fluorophore, however, unlike a molecular beacon the hairpin is
attached to th® 6 e n dpringef thraugh @ PCR blockerInitially, the scorpion primer
hybridises andPCR extension results in the formation onfadigonucleotide which contains a
region specific to the loopequence (Figurg.13). The loopregionof the probe is designed

to be longe than the stem, thus, binding to the amplicon is favoured over stem reformation.
This conformational change within the scorpigmnobe results in separation of the

fluorophore and quencher, allowing fluorescence emission.
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Figure 1.13: Scorpionprobeassaydetects target DNA through selective hybridisation of a

unimolecular probe whicbhanges conformatiopermittingfluorescence emission

The design of the scorpion assay provides extra specificity due to the selective hybridisation
of boththe primerand probe sequencdgmwever sensitivitymay be limited by the nature of

this competitive hybridisation. This unimolecular probing event facilitates ragicobe
binding and a high signéb-noise ratio as a result of the probe target duplex being
kinetically and thermodynamically more favourable than other structure formations.
However, the complexity of the design and synthesis of the scorpion prabdstroduce
complications into their actioproducing inaccurate results through poor secondarytsteuc
formation Therefore, care and experience must be wslken initialising assay set up.
Successfully designed scorpion assays have been effectively usketetd andguantify

HIV-1 DNA* andmuscular dystroph$?

Thesesolution basechucleic aciddetection assayare some of the most successful and
widely used methodgo achieve qualitatively and quatitatively analysis of specific
oligonucleotides. However, an alternativenethodof DNA detectionutilises array platforms
to accuratly and sensitively detedDNA sequenceswhich has rapidly emerged ad

developed significantlin recent years.
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1.4 Surface DNA Detection Mthods

The development cdurface detectioplatforms such aiosensors and microarrafa the
detection of DNAhas risen sharply over recent ye&rsThese methods utilise surfaces to
immobilise target DNA strands anddetect their presence through the exploitation of
preferentiaDNA strandbinding DNA surface detection techniques have becoougnely
used for thddentificationof specific nucleic acid sequencasd carrapidly generate large
quantities of DNA analysisnformation within one array which isunparalleled within
solution based methodsThese highly efficient methods of strand detectigare initially

developedrom the original surfaceDNA detectionmethod the Southern blot.
1.4.1 Southern Blot

One of the firstsurface DNAdetectionmethodswas proposedby E. M. Southerrwho, in

1975 invented Southern blot analyéfs. This molecula biology technique combines the
transfer of electrophoresis separated DNA fragments to a membrane surface and subsequent
DNA detection through probe hybridisatiohnitially, DNA sequences are separated in an
agarose galsingelectrophoretic mobility

1.4.1.1 Gel Electrophoresis

Gel electrophoresis is a commonly used method for the analysis and separation of DNA,
allowing compounds to be separated according to their differing physical properties

including size and charge (Figutel4).

Agarose gel

\DNA saiples

Direction of DNA
migration

POWER SUPPLY

Figure 1.14: Gel electrophoresis equipmestabling the separation of DNA sequences on an agarose

gelthrough differencein electrophilic mobility of DNA
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Electrophoresis is performed in an insulated chamber containing a buffer reservoir with a
voltage aplied across the system. The overall negative charge on the DNA phosphate
backbone causes it to migrate through the gel towards the cath®deagarose geis
generally useddr nucleic acid separationlt is composeaf a 3D network of crosslinked
polymer strands which create large pores throughout the matffixe porous gel acts as a
molecular sieve anché DNA migrae at different rate across the gel depending on the
chargeto-size ratio, known as the electrophilic mobility (nep) of the DNAmaller
fragments of DNAmigrate a further distance compared to larger fragments due to the
frictional force. These can then be compared to a DNAgiafirdgments of DNA of known
sizesutilised tothe discriminatiordifferently sizedsequencs. Capillary action is then used

to transfer the DNA from the gel to the membrane through a stacking blot.
1.4.1.2 Capillary Blot

Within the stack, thegel is placed between several layers of blotting paper, with either a
nylon or nitrocellulose membrane placedtop of the gel A buffer solutionis thendrawn
through the blotting paper layers by capillary acticausng the DNA fragments to migrate
from the gel to the membranelhe membrane, which now has the target DNA bound, is
removed from the blotting stacknd placed within a hybridisation bufferThe buffer
contains a blocking agent andomplementary DNA probeThe blocking agent blocks sites
on the membrane that do not contain target DNArgventany nonspecific binding of the
probe The probehybridises toimmobilised target othe membransurfacethroughaid of

the cation rich buffef. The DNA probe is labelled with radioisotopes, suchH’Bsor >3,
which after extensive washing stepan be visualised on-pay film by autoradiography.
While this is one of the most sensitiveethod of DNA detection, radioactive labelling
preserg a serious hazard. Consequenthgdernarraymethods have been developekich
utilise optical detection techniquéssed on the use of fluorescent dye labdlee DNA
microarray is ae such innovativ®NA detecion technique which hagreatly surpassed the
traditional Southern bloimethod anchassignificantly enhancedNA researchover recent

years
1.4.2 DNA Microarrays

A DNA microarray is an orderly and systencatarrangement of a large numbef
oligonucleotides on a solid substrate, which are selectively detected throygintigle of
DNA hybridisation Single strandedarget DNA sequences are immobilised a solid

surface, generally glass, plastic or silicon supp@tie array is thetreated with a solution

18



containingdye labelled DNA sequengéf the labelled DNA iomplementary to the target
strands hybridisation occurs fixing theewly formedduplex to the surfaceHowever,DNA
strands \kich are norcomplementary tohe targetwill be washed from the surfaceavng

only complementaryabelled DNA to be detectedThe hybridised sequences will generate
colour from the dydabelon the arrayand are commonly detected through fluorescence or
colorimetric techniques One singlemicroarray can consist of tens of thousands of DNA
target strandstherefore many reactiongan be performed simultaneously usingferent
DNA sequences with a variety of dye labels (Figuré)l.1Subsequently, the use of DNA
microarrays for strand dettion has dramatically accelerated many types of investigation

including the diagnosis and drug treatment of many disease Stétes
Labelled Probe 1 Labelled Probe 2

VY Y,
’\/';\/. = J

Target DNA

DNA Microarray

Solid Surface

Figure 1.15: Schematic oDNA microarrayin whichtarget DNA is detected from a solid substrate

through hybridisation of specifically labelled DNA

The immobilisation of target DNA onto the senssuyfaceis essential in the development

of DNA microarrays’ To achieve high sensitivity and specificity from the array,-non
specific adsorption must been minimised. Therefore, the arrangement of target DNA on the
surface must be controlled to ensure stability, orientation and accessibilitjiA
immobilisationis mainly achievedvia adsorption, covalent immobilisation and avidhiotin

interactions.
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1.42.1 Adsorption

Adsorption is the simplest form of DNA immobilisation onto a surface as the target DNA
requires no modifications. Adsorption of unmodified DNA sequences onto aurface
substrateoccuss through electrostatic charges between the DNA sequence and the charged
surface layer. The orientation of DNA adsorption largely depends on the charge of the
accepting substratend can be driven ttough either the negatively charged groups on the
DNA backbon&* or through electrostatic charges on the constituent B&8ehis will

allow different DNA groups to be exposed depending on the requirements of the surface

array. Often, DNAcan be further fixed onto the surface through heating or UV crosslinking.
1.42.2 Covalent Immobilisation

DNA immobilisation by covalent atthment is generally carried out througfiremisorptions
andthe covalentcouplingof a modified probe onto a functionalised surfaGhemisorpibn
describes the chemicattachment of DNA to the surface, wittthiol i metal interactions
frequently employed to bind biomolecules to gold surfaces. Thiol groups have a strong
affinity to the metal surfageenabing the formation of a covalent bond between the sulphur
and gold atorm This phenomenon has been widely utilised witbumface arraysor the
specific detection of DNA****? Covalent attachmentan also be generated through the
couplingof modified probesontofunctionalised surfase N-hydroxysuccinimide (NHS) and
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimine (EDC) are frequently used activation
coupling reagers which can form selassembled monolayers througim esterification
reaction’®> These methods of attachment encourage the sequences to adopt an orientation

perpendtular to the surface and pack more densely.
1.42.3 Avidin T Biotin Interactions

Avidin and streptavidin are tetrameric protethat have four identicddinding sites(Figure
1.16) These siteBave a very high binding affinity (K= 10" M™) for thesmall molecule,
biotin. This specific binding event has been widely explomgthin detection assays to
immobilise DNA as a result of the stable and fixed orientation of nucleic AtTisDNA
microarrays and biosensdnave also utilised this sing interactiorto form selfassembled
monolayers (SAMs) of target oligonucleotides the substrate surfac® This interaction
also allows reuse of the array surface with significant loss of hybridisation activity,

through the reversible binding on the probe.
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Figure 1.16: Streptavidintetramer wittfour bound biotin molecule®DB ID: 1MEP.

The successful immobilisation of DNénto the surface ssbate isa crucial step ensuing
the maximumamountof complementary probe is abte hybridise and generate accurate
signals The optical detection of successfully hybridised sampiesn the array surface is
generally carriedout using fluorescence, witthaser fluorescence confocal microscopes
routinely used to provide very sensitive scanning of high density microdffiys
Alternative detetion method include colorimetric detection in which the sampldl wi
change colour when complementary strands hybfitliaed surface plasmon resonance
(SPR)in which changes in the refractiiedex occur through biomoleculdinding events®
More recently, surface enhanced resonance Rauvaitering(SERRS) has emerdeas a

effective detection methddr biomoleculeon surfaces§™®
1.5 Surface Enhanced Resonance Raman Scattering (SERRYS)

SERRS isan optical spectroscopy method which basnshown tobe capable of extremely
sensitive and specific biomolecule detectionwith the potential for multiple raalyte
analysis’*® Thus to enable the potentiaf SERRS to be fully exploited, an understanding

of the basic principles and theory of Raman spectroscopy mfisstidee introduced
1.5.1 Spectroscopy

Spectroscopy is the measurement of discrete amounts of energy which are passed between
molecules ad electromagnetic radiation when they interact. These exchangegluwmbe

in the form of absorptigremission oiscattemg. The main spectroscopic techniquesised

to detect vibrational changes in molecules are based on infi&edbsorption and Raman
scattering. Both these techniques allow information on the structural properties of the

molecule to be gained through identification of characteristic spectral patterns.
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IR absorption requires direct excitation of the moleculealphotoncorrespondingo the
energy gap betwedhegroundvibrationalenergy level and the first excit@ibrationallevel
(Figure 1.17) This is achieved by directingr energy covering a range of frequencies onto
the sample andletectingthe loss of emgy from the radiation beam after it has passed
through the sample Each peak within aftR spectum representshe energy of radiation
absorbedthis allowsinformation on the chemical structure to be obtained. The most intense
IR absorptions are geneeat due to the oscillating dipole moment of the molecule, tikus
active molecules requira permanent dipole.In contrast, light can be scattered by the
molecule and detected by Raman spectroscopy.

1.5.11 Raman Scattering

In Ramanscattering, the phon interacts with the electrons of the molecaolusing a

distorion. When the distorted electron cloud relaxes scattering oc8aateringesulsin

two forms of radiation, Rayleigh and Raman scatteriMmst scattering occurs at the same
frequencyas the incident photon, this is known Bayleigh scattering This dominant
processproduceselastic scatteringn whicht he mol ecul e i's O6excitedo

immediately returns back to the ground statberefore the scattered radiation hte same

frequency as the incident light (Figure 7).8**
First Vibrational
electronic energy
state levels
A A Virtual
N N energy
level
Ground Vibrational
electronic ? s s energy
state levels
Infrared Stokes Rayleigh anti-Stokes

Figure 1.17:Vibrationaltransitions involved innfrared(IR) absorption andRaman scattering.
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However, a small fraction of ttexattered radiation results in inelastic scattering where there
is an induction of nuclear motion during the scattering process. Energy is transferred to or
from the nucleii of the molecule, this is known as Raman scattering. The Raman effect was
first experimentally demonstrated by Chandrasekhara Venkata Raman in 1928, who
discovered that light passing through a transparent material will change some of the
deflected lights wavelengffi. In Raman scattering, photons interact with the molecule
polarising the cloud of electrons around the nuclei, this generates the formation of a virtual
energy state. This state is very unstabletaeghhoton is immediately readiated from the
molecule in the form of scattered radiation. The scattering is shifted in energy by one
vibration unit and can be detected by irradiating the molecule with a single frequency of

radiation. This process is described using the energy level diagram ie Eigidr

Raman scattering can be further split into two types, Stokesaatindtokes scattering.
Stokes Raman scattering is generated fromoéeculethat relaxes to a higher vibrational
level however, somenoleculesmay already be present in an excistdte as a result of
thermal energy and will relax to a lew vibrational energy, this ianti-Stokes Raman

scattering (Figure 1.175.

Most moleculesexist in the ground state at room temperattiverefore the intensity of the
Stokes scattering igenerallygreaterthananti-Stokes The populatiorof the energy levels,

and the relative intensities of both processas, be predicted usirtge Boltzmanrequation
(Equation 1.1§° This equation takes into consideration the degeneracy (g) of all possible
vibrational statef the ground level and calistinguish between individual components.

Nn O, e- (En ” Em)g
=N avn N
N, O & kT B

Equation 1.1: Boltzmann Equation

N is the number of molecules in the excited vibrational energy level (n)
Nn, is the number of molecules in the gndwibrational energy level (m)
gis the @égeneracy of the levels n and m

E,. T E, is thedifference in energy betwed¢he vibrational energy levels
kistheBo | t z menstantq1s3807 x 5IK™)

T is temperature in kelvin (K)
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Molecules which are Raman activeust comply with selection rules.Intense Raman
scatteringoccuss from vibrations which cause a change in polarisability of the electoud
around the molecule, withymmetricalvibrations generating the greatest scatter The
selection rules also state that only vibrational changes by one unit are permitted.

Raman scatterindhas many advantages as an optical detection technique inclimding
generation of molecularly specific vibrational spectra, the ability to use aqueous solutions
without background interference andsta nondestructive proces§ Qualitative analysis
canalsobe obtained athe energy exchange between the incident phat@hthe molecule
resultsin scattering which returns the molecule to rotational and vibrational energy levels
generatingenergies which correspond to particular vibratiofi moleculé’ However,
Raman scattering is a weak procéss only about 1 in every millia photons within the
incident bea are scatteredhus, weak lines angroducel. Subsequenadvances imodern
instrumentation such dasers, optics and detectdnave improved thesensitivty of the
technique In addition, the use of molecules in reaoce with theexcitation radiation have

increasedheapplicationof this technique
15.2 Resonance Raman Scattering (RRS)

Resonance Raman spectroscopy has shown tosbasitive techniquable toenhance the
strength of Raman signals. For RR®taur, theabsorption maximm of the molecule with

a chromophore must coincide with, or be close to the excitation frequency of the laser beam
The excitation radiationis tuned to the energy of an electronic transition within a molecule
and nstead of anolecule being excited to a virtual level as iankan scatteringt is excited

into a higher vibrational energy level within the excited electronic §kageire 1.8). This
generatestrondy enhancedRaman bandand increases thezattering efficiencyy afactor

of 10°1 10°, with enhancements of 10bserved?

The spectra produced by RRS are much simpler than Raman spectra as only the vibrations
which are in resonance with the excitation frequency are enhanced. Since Raman scattering
arises from a change in polsiion of the molecule, strongesonance enhanced Raman
bands are generally produced by symmetrical vibrations that vibronically couple with the
electronic state. This generates large psdion changes and results in a simplified

spectrum dominated by a few peaks.

24



First Qﬁ Vibrational energy

electronic Y levels of excited
state hLQ electronic state

r 3 ’ A 3

Ground \ 4 Vibrational energy
electronic levels of ground
state \ state
Stokes Rayleigh anti-Stokes Fluorescence

Figure 1.18: Electronictransitions involved in resonance Raman scattering.

The powerful visible lasers used for RRS generate the same energy required for absorption
processes thus, photodegradation and fluorescence can become a large problem
Photodegradatiorand heatingwill cause decomposition of the sampl®wever sampling
techniquessuch asspinning the sample or flowing it past the beam during anabgsis
overcome this A more difficult problem in RRS is thebstruction ofspectral bands by
fluorescewe asboth processeshare asimilar mechanisn{Figure 1.18. In fluorescencean
electron is excited into a higher electronic vibrational state where it relaxes to the vibrational
ground state of the excited stafi@ internal conversion and vibrationadlaxation. It then
returns to the electronic ground state with emission of a fluorescent phbhendifference
between RRS and an electronic absorption is the length of time the molecule stays in the
excited state. The scattering process is fasturing before the nuclei reach equilibrium
positions in the excited staterodudng very low quantum yields. Whereas, absorptioa is
slower processas the nuclei relainto the equilibrium geometry anligas high quantum
yields. Therefore as a result ofhe low nunber of Raman scattered photons and narrow
spectral bandproducedthe spectra can asily obscured by brodldiorescenbands. The

dilution of samplesyse of pulsed lasers and aBtokesscattering’ have all been utilised to
reduce fluorescence interferenclowever, he useof roughenednetal surfacebasshown

to increase the signal intenseg wellasacting asa fluorescencejuenching substraterhis

technique is known as sade enhanced Raman scattering.
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1.5.3 Surfaced Enhanced Raman Scattering (SERS)

In 1974 Fleishman and eworkers initially observed an increased intensity in Raman signal
when pyridine was absorbed onto a roughened silver surface, they atttiisteda large
increase in surface ar€i. In 1977, Albrecht and Creighthand Jeanmarie and Van
Duyn€”® independently reporteproposed mechanisms for this enhanced Raman signal, now
known as surface enhanced Raman scattering (SERS). SERE&rissaimple and effective
method of analysis that can increase the Raman enhancement by 6 orders of m#gnitude.
The technique requires manoscale roughened metal surfagkich has been provide
through numerous substrates including stredumetal array$:’? shaped nanoparticl&g*

and sphere&® and specially designed solid surfaée$. However, this thesis will focus on

the use of metallic nanoparticle suspensions.
1.53.1 Metallic Nanoparticle Suspensions

Different metals have been analysed for rthepotential use as enhancing
nanoparticleS®°® However, olloidal suspensions of silver and gold gredominately

utilised as SRS substrates as they can be easily preparedrangtlatively stableusfaces

allowing target molecules to be effectively adsenlf’® Different techniques have been used

to roughen the metal surface, original methotlésed electrochemically roughened metal
electrodes, however colloidal suspemsi’ and metal film$® have found to be more
accessible and are frequently used. Metallic suspensions have been used to improve the

Raman signal wit an enhancement factor of up t@ 1a.0° observed”

In 1982, Lee and Meisel published their work on SERS of dyes using silver and gold
colloidal solutions. This outlined the first reported procedior the preparation of silver

and gold colloidal suspensions for SERS anafysi€itratereduced silver colloid can be
prepared by a modified Lee and Meisel pragedthrough reduction of a silver $aland

gold colloid is produced by the Turkevich method by reduction of HAWSI sodium
citrate®” Other methods for preparing colloid suspensions can also be used these include
hydroxylamine® borohydridé® and EDTA reduction methodS. These silver and gold
nanoparticlehavean overall negative charge on the surface generated by the formation of

either a citrate or an EDTA surfaceyér.

The optical properties of nanoparticles are observed when an electromagnetic field interacts

with metal particles causimgurface electrons to move under the influence of the incoming
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light, this isknown assurface plasmon o#lations. Restoraive forces arisefrom repulsion

of the electrons producing collective oscillation of the electrons (Figure 1.20).

electron cloud

electromagnetic field

metal nanoparticle

Figure 1.20: Displacement of electrons on metal nanoparscigace induced by an electromagnetic
field.

This process can be characterised by the plasmon resonance barekimttimnspectrum,

with the resultant spectrum being strongly dependant on the dielectric environment of the
metal and surrounding solution, in addition to the size and shape oftioparticles*
Thesesfactors can affect the position of the characteristic plasmon resonance band and
influence the Raman signal obtained from the sample. When discrete nanoparticles are
forced into close proximity individual nanoparticle plasmons will couple, resultingein t
broadening and reshifting of the longitudinal plasmon. This optical property of
nanoparticles has been widely exploited during analysis with many methods utilising the
aggregation of gold nanoparticles to detect biomolecular events through thenteshidinge

in colour of the nanoparticle suspension from red to appearing blue to tf&%dje.

1.53.2Proposed SERS Mechanisms

The SERS effect is believed to be a combination of 2 mechanisms, electromagnetic
enhancement and chemical enhancement. The electromagnetic mechanism is thought to be
the main enhancement effect and describes the interactitre slurface plasmon with the
analyte molecule.When incident light interacts with the surface it causes the localised
surface plasmon toscillate this will increase the local field experienced by the absorbed
molecule causing greater pokation arouncthe moleculé>”® The greatest enhancement

occurs when the plasmon frequency is in resonance with thedssitmtionradiation and
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the plasmon oscillations are perpeudar to the surface. Plasmon on each individual

particle will only be in resonance over a small range of wavelengths, therefore in regions
where patrticles or clusters of particles are tougletertrons can couple to adjacent particles

allowing a large rangeof frequenciesn which resonance can occur. These active regions

are known as O6hot spotsd and form gresater el
giving an increased signal enhancemenhe chemical mechanism is believed to contgbu

a smalleramountto the enhancement factor. It occurs due to bond formation between the
molecule and the metal surface. Thitachmeninduces a charge transfecreaing a new

state which is in resonance with the laser excitatisravelength This ihcreases the

polarisability of the molecule and in turn increases the scattering &ffect.

Colloidal nanoparticles are synthesised in the form of a monodispersed suspension, which
generates a large variation in the size and shape of the nanoparticles. Batch variation can
produce inaccurate results, therefore, methods have been developed to reducecthis effe
Reproducible signal responses can be obtained by aggregating the nanoparticles into discrete
clusters. This is achieved through the partially controlled aggregation of the particles using
reagents, such as NaCl, H\N&nd NaOH’ The use of organiaggregating agents such as
spermine tetrachloride and pdWysine have been shown to generatestrong signal

enhancemest®
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Figure 1.21: Aggregation of silver nanoparticles bgdition of an aggregating age(at) dispersed

silver nanoparticlegp) aggregated silver nanoparticles

Aggregated nanoparticles create intense electromagnetic fields at the junctions between the
particles. This increases the enhancement of the analyte molecule by shifting the range over

which the plasmon resonates causing it to coincide with the lasgrotemtially the analyte
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absorbance frequenéy. The increased signal enhancement range also allows reproducible

results to be obtained from differamnoparticldbatches.

SERS has been shown to be an effective detection techsiigpefluorescence interference
can be minimised through the direct agidion of the analyte molecule onto the metal
surface. Fluorescence generated during Raman scattering eHitieatly quenched by the
metalallowing low background SERS responses to be obtaikkxivever,the orientation of
the molecule may be alterechenadsorled onto the metal surfaceesulting ina change in
symmetryand selection rules Consequentlythe SERS spectrgroducedare not always

similar to spectra generated by Raman and RRS using the same Sample.
15.4 Surface Enhanced Resonance Raan Scattering (SERRS)

Further signal emancement can be obtained througltcenbination of RRS and SERS,
producinga separatesynergic technique known as surface enhanced resonance Raman
scattering (SERRS). SERRS was first reported in 1983 by Stacy and Dayne® The
techniqueincorporates the advantages of surface enhagcemith a resonant molecute
achieve significantly improvedsignal enhancemesit® SERRSrequiresa chromophore
adsorbed onto a suitableughened metal surface.hd laser excitation frequencycgbosen

to be clse to the absorption maximm of the chromophore This allows only vibrations
which are associated with the chromophore to be enhanced, giving highly increased
sensitivity and selectivity? Similarly to SERS, the use of a metal surface will also quench
any fluorescence emittedHowever, due to the increased sensitivity seen in SERRS, more

intense peaks are produced which will also dominate overesigual fluorescence effet.

Both SERS andSERRS producesharp spectral bands which allow individual molecular
speciesto be easit discriminatedwithin a mixture. Enabling multiple analytesto be
detected, removingthe need forseparation ofthe sample into its componefifs
Fluorescence detectiocan be used for thenultiplex analysis of DNAY however,the
technique suffers from broad overlapping spectra and pleatching. Therefore, uitiple
analyte detectioandthe potentiafor low sensitivityhave shown to b#he main advantages
that SERRS has over fluorescenietection'*%

The use of SER)RS for the dtection of biomolecules has shown to be an effective and
sensitive analysis todt® which is ideally suited for the selective and sensitive detection of

DNA sequences and has become a widedgarchedrea**'%°
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1.6 Detection ofDNA using SERRSAnalysis

SE(R)RS has shown to offer many advantages as a detection tecmamedythe ability
for low sensitivityand the capability for multiple analysmalysis:”® Consequently, much
research habeen carried out into developii8E(R)RSasan effective analytical technique

for the quantitative detection of DNA.
1.6.1 LabelFree DNA Detection

The four DNAnucleobases contain aromatic chromophore rimgieh generate distinctive
SERS peaksthereforeDNA detection methods haveeenexploited for the detection of
individual DNA nucleotides®**"*® Single base mismatchegthin DNA oligonucleotides

can be identifiedhrough distinctive SERS responsés This was achieved bgdsorbing
sequences nespecifically through the nucleotide side chains ontoehleancing surface
enabing the DNA to adopt a flat conformation on the metal surfatais ensuesall the
bases interacsufficiently with the surfaceroviding good Raman signalsSingle base
mismatchescan then beindentified through digitally subtreting the spectraf the target
sequence anthe mutated sequenceThis generags spectra withpostive and negative
featurescorresponihg to the exchange of a single nucleotid&uccessful detection of
individual nucleotide changdms been demonstrdten this approach However elucidation

of the results can be time consuming and-sequence specific signals are obtained.
Therefore, detection assays which utilise specific hybridisatientsandchanges irsurface
orientation have beeevelogd!® The understanding of DNA adsorption surface chemistry
has been aided through use of metal nanmpesaind SERS Papadopouloetal. have used
DNA sequences attached to gold nanopartigiashiol linkers to determine the presence of
specific nucleic acid sequences through the orientaifothe surface oligonucleotidés.
Thiolated poly A DNA sequences bound to gold nanoparticles give preferential enhancement
of the adenine breathing SERS bandgpahding on the orientation to the enhancing
substrate. Sequences which lie perpeudr to the surfacehave anincreased signal
intensity at 736 cih whereassequences which adopt a flat conformation generate weaker
bands. This principle was utilisesvithin a molecular beacon assay to detect the presence of
target DNA. The closed beacamss attached to a gold nanoparticlia a thiol linker
generatingveak adenine responsedowever, n the presence d¢érget, the hairpin structure
opensallowing the adenine ring breathing mode to be enhanthis method has illustrated
the specific detection of unlabelled DN#rough selective sequence hybridisation.

However, the SERS signals obtained from DNA bases can be relatively weak and may be
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obscured when detecting clinical samples within high backgrouadia Therefore, a
commonly utilised method which generates sequence specific detection with high intensity
signals, rely on the attachmenfta SERRS active labéf

1.6.2 Fluorophore Labelled DNA Detectionby SERRS

SERRS active labsel are incorporated intmucleic acidssequence through covalent
attachmentto the DNA strand creating a SERRS labelled prob&uantitative SERRS
responses have been obtainddough attachment of different commercially available
fluorophores to DNA sequencgsnerating low limits osequence detectidfi* lllustrated in
Figure 1.22 are two commonly utilised fluorescent digdels FAM and TAMRA, with
both dyegyeneratinglistinctivdy strong SERRS spectfa®

FAM TAMRA

Figure 1.22: (a) FAM dyelabel(5-(and 6)-carboxyfluouresceinand(b) TAMRA dyelabel (5-(and6)-

carboxytetramethylrhodamine)

However, to obtain maximum SERRS responses the fluorophore probes must be adsorbed
onto silveror gold nanoparticles. These citrate coated nanopartielesan overall negative

charge through a layer of carboxylate groups wtrighel the negatively chasyl DNA
phosphate backbone. To overcome this, an aggregating agent is added to promote adsorption
of labelled oligonucleotides onto the nanoparticle surface through elimination of repulsive
charges. The optimum aggregating agent for SERRS analysis ofh@slAeen found to be
spermine:’® Spermine is a polyaime which acts as a bridge between the two negatively
charged species by interacting with the phosphate groups of the DNA backbone, eliminating

repulsion and enhancing SERRS signls.

Commercially available dyesave the potential tgenerée high intensitySERRS signals
neverthelessas a consequence of their fluorescent properties simultaheggubackground

signals may also be generatetihe presence of thmetal surfacaidsin the reduction of

31



these unwantedbackground signals through quenching fluorescence emitted by the

llOl,llO

labe However, nonfluorescent dyes havalso been synthesised taecrease

fluorescepeinterference
1.6.3 NonFluorescent Dyes

Molecular fluorophores have been used which are-flummescent due to the reduced
constraint in the planar ring system, these include phenolphthalein and malachiteé'gteen.
Highly SERRS active dyes have also been sgifically synthesised to generate strong
SERRS responses with no fluorescent background. These dyes have incorporated
benzotriazolamoietieswhich complex directly to the metal surfagderming bonds between

the metalnanoparticleand dye"* The dyeshave shown to beery effective inadsorling

onto metal nanoparticle surfaceby displacing the citrate layeand generatinglistinct
SERRSspectrum through the azo grotp*** A commonly used nofluorescent dye is
GM19 (3,5dimethoxy4-( Gadobenzotriazolytphenylaming the dye contains a
benzotriazole (BT) groupvith three incorporated nitrogen atoms which strongtiach
through covalent bonding to the silver nanoparticle surface. This ensures the mislecule
fixed in one orientation on theanoparticlesurface during analysis, resulting iimcreased
reproducibility. GM19 also contains an azo dye that atsachromophoregenerating a
highly intense SERS peak at 1370 tmThe norfluorescent dye can be incorporaieb

the DNA sequence of intereshablinglow background SERR&etection (Figurd.23).

8000 - e,

6000 ¢ OMe MeO

N\N

=
€ 4000 -
L
£

2000 +

0 T T T T T 1
800 1000 1200 1400 1600 1800 2000

Raman Shift (cnTt)

Figure 1.23: SERRSspectrum of GM19 dye using 532n laser excitation. Insert contaisicture of
GM19 3,5-dimethoxy4-(66-azobenzotriazolyiphenylamingbluei benzotriazolgBT) group,redi
dimethoxyphenylaminehromophore group
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Studies have shown that the use floforescent and noefluorescent labels attached to
oligonucleotidescan enhance the sensitivitf the detection of biomoleculess well as
generating sequence specific informati@onsequently, many studies have besmmied out
usingDNA labelled probe for detection by SERR'$>'%*

1.7 Detection ofLabelledDNA using SERRS

Conventional DNA analysis methods have employed flusmese emission spectroscopy as
the detection technique. This market leading technique is aestdblishedand robust
detection analysis method with low limits of detection routinely obtatAethd single
molecule detection achievabfé!'® However,recent advances in the use of SERR®In
the bioanalysisfield have demonstrated the potential of thischniquein becoming a
disruptive technologyo fluorescence detectionThe distinct advantages SERRS can offer,
in terms ofsuccessfully detection of multiple labelled oligonucleotidadthe potential of
surpassing fluorescence detection by three orders of maghitutiEmonstrate the promise
of developing this analysis ethod into theprinciple nanotechnology technique for
diagnostic applications.

1.7.1 Quantitative Labelled DNA Detection

SERRS has been shown as a highly sensitive analysis method which has shown successful
detection of many different fluorophore probesStokeset al. have demonstratedthe
versatility of the technique through detection of numerous dye labelled DNA
oligonucleotidesusing 3 excitation wavelengths and both silver and gold nanoparticle
suspension®* This work was further developed through the simultanetetection of
multiple probes within a single sample mixtur&ERRS analysigeneratestrongnarrow
spectral bands which are ideally suited for the detection of numerous dyes within one
sample. Fauldst al.used two excitation wavelengths to simultaneously detect five labelled
DNA probeswithin one sample. He distinctive spectra obtained fromach dyeenabled
probesto be distinguished without the need for chemometric analfsisSubsequent
progressionwas achieved by the detection of six different DNA sequences using one
excitaion wavelengthand the aid of multivariate analyst§? These initial studies have
shown the potential application of GRS as a diagnostic tool and initiated the use of

SHR)RS as a replacement technique within many standard fluorescence based DNA assays.
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1.7.2 SHR)RS based DNA Assays

Standard PCR assays are frequently wgiéliin modern genetic analysedpredominately

utilise fluorescence analysisGrahamet al demongrated the use of SERRS detection

specific genetic sequences through uskalnélled primers and PCR® The detection of the

cystic fibrosis transmembrane conductance regulator (CFTR) gensha@susingSERRS

active primers in an amplification reftacy mutation system (ARMS) assaylhis assay
reported the firssERRSmultiplex for DNA genotyping Three possible variants of the gene

can be present, wild type, heterozygote and mutant homozygote. Specially designed primers
containing either HEX orhodamine dyes were used to differentially detect these gene
sequences. The primers were incorporated into PCR product and any remaining dye labelled
primer was removed through a bidtstreptavidin wash step. SERRS was used to

successfullydetect each vantin situ without sample separation.

Many SER)RS DNA assayshave also been developed which utiliselesular beacons.

This approach uses competitive hybridisation to generate an increase in fluorescent signal in
the presence of specific target DNsequence¥’ In 2007, VeDinh et al. reported a
plasmonicsbased nanoprobe approach using molecular sentfielBhe sentinels adopt a
hairpin loop conformationwith one end of the stem fationalised with athiol group,
allowing attachment to a silver nanoparticle and the other end functionalised with R6G
(carboxyrhodamine 6G) dye. In the closed loop conformation, an intense SERS signal is
obtained due to the close proximity of the dye and the silver naicdparHowever, in the
presence of complementary PCR target a reduced SERS signal was observed due to the dye
being held distal to the metal surface upon target hybridisatBubsequent to this study,
multiplex detection of molecular sentinels was destaied”® Two genes associated with
erbB-2 andki-67 breast cancer biomarkers were used to design two sentinels labelled with
either TAMRA or Cy3 dyes, allowing each sentinel nanoprobe to be distinctly detected.
Jung ¢ al. have also utilised molecular beacon probes to detect the azoospermia target gene,
DYS 209 within a microfluidic devic&’ Silver nanoparticle were premigd with the
beacon probegenerang strong SERS signals through adsorption of the Raman reporter
within the beacon to the metal surface. Subsequent addition of complementary target DNA,
fixed the beacon loop into the open conformation through specifiddigation. This event

diminished the SERS response, as the dye was moved further from the surface.

SHR)RS and the specific hybridisation of complementary DEé&guencebave also been

exploitedto determine the presence of target DNA through wuiffg affinities of DNA to
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silver and gold nanopatrticle surfaces. MacAsilhl. developed a homogeneous assay that
discriminately detected multiple target sequences through correlation to specific DNA
hybridisation event¥> The assay exploited the principle that single stranded DNA has a
stronger affinity to a metal nanoparticle surface than double stranded DNA, consequently
generatingSERRS spectra with signifatly different intensities. Within the assay, the
absence of complementary targesults in no sequence binditm the single stranded dye
labelled probeproducingstrongSERRS responses from the probe electrostatibinding

to the nanoparticleusface. Whereas, in the presence of target sequence, hybridisation
occurs forming double strand&NA. The dye labelled helikas a loweiffinity for the

metal surface and the SERRS sigralsignificantly lowered. Three clinically relevant
sequences ofmethicillin resistantStaphylococcus aureudMRSA) were discriminately
detected within a closed tube assay witheefuenceseparation. This study illustrates the
potential SERRS has to quantitatively discriminate between single and double stranded DNA
with vastly reduced analysis times compared to standard culturing methods, however, this
assay has a distinct disadvantage in the fact that it is a negative assay and a decrease in signal
intensity is generated in the presence of target DNRecent work hasnvestigated a
positive homogeneous assay which produces enhanced SERS signals in the presence of
target DNA'® The assay utilises the different propensities of DNA for silver nanoparticles
surfaces using specifically designed SERS primers. Genomic DNA $taphylococcus
epidermis(SE)was detected throudtigherintensty SERS signals obtained when compared

to the presence ofo targetDNA. Increasingly, the surface of metal nanoparticles has been
exploited to recognise dndetect specific DNA detection witkurface arraysbeing
progressivelyexploited.

1.7.3 SurfaceArray based SERRS Detection Assays

A wide variety of surfacebave been studied as SE(R)RS detection substiatssding
nanoparticles?’ metal surface$® and membrane surfacé® Conventional DNA assays
have been modified to incorporate metal nanoparticles, opening up novel applications within
molecular biological developmentThis work hasbeensignificantly progresse snce the

ability to detect DNA using localised surface plasmon resonance (L8FP&)gh thiol
modified DNA on nanoparticlesvas demonstrated®*! The surface plasmon of silver and
gold nanopatrticles lie within the visible wavelength region and have shown to be ideal
substrates for SERS analysidluch research hasow focused orthe utilisation ofDNA
functionalisednanoparticles that use specifighbnidisation events to promote aggregation

and enhance signal output. Cabal. have shown detection of labelled oligonucleotides
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using a DNA array format and gold nanoparticlesGold nanoparticlesprobes were
prepared bylabeling with thiolated DNA and Ramaactive dyes Thesefunctionalised
nanoparticle conjugates were immobilised onto an array surface using a split probe
hybridisation system. Captured dye labelled particles could then be detected through
facilitation of a #dver coating promoting SERS signdi®m the dye. Six different DNA
targets with different Raman reporter molecules were distinguished with a 20 fdaxtomo
limit of detection obtained.

Nanoparticles are often employed rastal surfacefor SERRSanalysis and have enabled
single molecule detectioi? This remarkable sensitivity is attributedsignalenhancement
produced bythe areas of high electric field between aggregated nanopartiahesvn as

i hot s pHowewerithe use of colloidal nanoparticles as an enhansirgstrataequires
dynamic cofrol of this aggregation evemd obtain these detection leveldlanostructure
gold surfaces have beatevelopedwith plasmon bands tuned to commonly used Raman
spectrometer wavelengtfi§. One such substrate which hstsown to be an effective solid
surface for the detection of DNAs Klarite™. Klarite™ is a gold surface specially
engineered to consist of a lattice of inverted square pyramidrial wellted with a
rougrened layer of gold. It is anticipated that the surface will provide a means of sensitive
and reproducible detection withibthe need for aggregation. Stoletsal. demonstrated
Klarite™ could be used to obtainaignal enhancement for the detection of SERBi&v&
DNA from thegold surfacé?®

Membrane surfaces have also shown to be a practical substrate in which DNA can be
captured and detectesing SERRS. V4inh et al studied surfacenhanced Raman gene
(SERG) probes that had been hybridised to complementary target sequences on a
nitrocellulose membran@® After hybridisation probes and DNA fragments were blotted
onto a SERS&ctive substratdéor successfulgeneration ofSERSpeaks Control samples

consisting of norcomplementary labelled DNA probexhibited no SERS responses.

Significant advances have been achieved in the use of 8&#e&ion of DNAoverthe last

35 years. However,the technique has not been fully exploited and work so far has only
scratched the surfadhis method Subsequernwork will aim to fully unearth thipotential

and establish SR)RS as one of therimary bottomup nanotechnology techniques for

diagnostic and clinical applications.
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2 . Al ms

This thesisexploits surface enhanced Raman scattering (SERS) to déiepresence of
specific unmodified oligonucleotides with the ultimate aim of developing mostse and
selectivediagnostigplatforms. Themain areas of research aimed to:

I Gain a clearer understanding ihfe adsorption of dye labelledligonucleotide onto
silver nanoparticle surfaces through differences in affinibyen altering sequenand
dye composition.

1 Detect clinically relevant sequences of methicillin resist8taphylococcus aureus
(MRSA) within novel SERSdetection assay utilising solutbon and surface based

strategies. These were achieved through:

o Developng a solution based asséy coupling a conventional fluorescence based
TagMan assawith SERS detectian
o Preparingfunctionalised silver nanoparticles to develop a surfassayfor the

detection 6 unmodified DNA sequences frosolid substratsurfaces.

Optimisation of bothstrategiesaimedto developmentapid, simple aneffective detection
method. The applicability of theSERStechniqueswvas establishedthroughobtainingthe
detectionsensitivty and selectiity. Also the detection of multiple dyeabelled probes
without the need fosample separatiowasdeterminedjndicating the presence of different
target DNA sequences. Furthélustration of diagnostic applicatioss was determined

throughrealistic sequencgamping.
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SExperi ment al

3.1 Preparation of Colloid

3.1.1 Preparation of Silver Citrate Reduced Colloid

Silver citratereduced colloid was prepareif a modified Lee and Meisel meth&t. All
glassware was soaked in Aqua Regia (HCI:HNQL v/v) for 2-3 hours and rinsed with
distilled water. 500 fn of distilled water was heated to 46 with continuous stirring in a
roundbottom flask and 90 mg silver nitrate was added. Heating continued uA@ 8t&n

10 mL of 1% aqueous solution of sodium citrate was added. The temperature of the
solution was maintained at 98 °C for 90 minutes with continuous stirring throughout.

Finally, the solution was left to cool whilst being stirred.
3.1.2 Preparation ofSilver EDTA-Reduced Colloid

All glassware was soaked in Aqua Regia (HCI:HNICL v/v) for 2-3 hours and rinsed with
distiled water. 2000 mL of distiled water and 94.7mg of EDTA
(ethylenediaminetetraacetic agidiere added to 8 L beakerand heated Beforeboiling,

0.32 g of sodiumhydroxidein 20 mL of distilled water was adddtien brought to the boil.

At boiling, 0.088 g of silver nitrate in 20 mL of distilled wateas addednd the solution
was left toboil for 15 minutes. The solution was left to cool to room temperature with

continuous stirring.

The quality of the colloid was assessed by-WSible spectroscopusing a Cary 300 Bio
UV-visible spectrophotometefvVarian, USA) The silver citrate reduced collolthd an
absorbance maxiom of 407 nmand the full width hatheight (FWHH) was measured to be
86 nm. The nanoparticles wedeterminedo havea diameter 089 nm and a concentration
of 4.92 x 10" mol dm®. The silver EDTA reduced colloigroducedwas found to have an
absorption maximum of412 nm andthe FWHH was measured to be 77 nmThe
nanoparticles were characterigechavea diameter of 46 nm and a concentration of 1.14 x

10%° mol dm?®.
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3.2 Preparation oBuffers

3.2.1 Phosphate Buffered Saline (PBS)

0.3 M phosphate buffered salineBB) was composed of 83 mL of phosphate (10 mM, pH
7) and 75 mL of sodiurohloride(0.3 M) andmade up to 500 mL with distilled water.

3.2.2 TrisTween Buffe

Tris-HCI (10 mM), sodium chloride (100 mM) and 0.05% Tween 20 were made up to a
volume of 100 mL with distilled water. The pH of the solution was adjusted to pH 7.4 using
1 M NaOH.

3.23 Saline Sodium Citrate (SSC) Bffer

Saline sodium citrateSSQ buffer was prepared in a stock and diluted as required. 20 x
SSC was composed of sodium chloride (3 M) and trisodium citrate (300 mM) made up to

required volume with distilled water. Buffer was adjusted to pH 7 with sodium hydroxide.
3.24 Trisborate EDTA (TBE) Buffer

Trisborate EDTA TBE) buffer was prepared in a stock solution and diluted as required. 10
x TBE was composed of TH4CIl (130 mM), boric acid (45 mM) and EDTA (2.5 mM)

made up to the required volume with distilled water.
3.3 Instrumental

3.3.1Surface EnhancedRaman Scattering (SERS)

All SERS analyses in this study were carried out using 4 ptastic cuvetts, the sample

mixture and volumeasedare stated within eadhdividual study.
3.3.1.1 514.5 nnhaser Excitation

Two different instrumentswith laser excitation frequency of 514.5 nm as the source of
radiationwere used within this studg,Renishaw model 100 probe system with an argon ion
laseranda Renishaw InVia Raman Microscope with an argon ion la8athlases (6 mW)
were focused onto the sample usiag?Ox long working distance (LWD) objective lens.

Detection was achieved using a charge coupled device (CCD) detector and spectra were
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recorded in the rang200i 2500 cnt. After analysis all spectra were baseline coeect
using GRAMS/AI software.

3.3.1.2532,633and 785nm Laser Excitations

The surface samples weaealysedusing a Witec Alpha 300 Bonfocalmicroscope (UIm,
Germany)using either 532, 633 or 785 nmaber excitation (~ 500 pW}he grating was
centred atl400 cnT andeither a5, 10 or 5@ objective. Accumulation times of 0.and0.5

seconds were used. The exawdtiumental parameters were determif@deachexperiment
andare stated withirthe resuls section Spectra were processed using Witec &rby2.0

software.
3.3.1.3 785 nniLaser Excitation

Largesurfacesample areasereanalysedising a RenishawnVia Raman Microscope/Leica
DMI 5000 M spectrometer (785 nm spot forusingan acquisition time o2.54 second
and a 10x LWD objective lens. The grating waentred at 1100 cmwith 100 % laser
powa (13 mW) After analysis all spectra were baseline corrected using GRAMS/AI

software.

3.3.1.4 SERS Data Analysis

Experimental data was obtained from #verage intensity of the principle peak, as specified
with individual SERS experimentd o obtainaccuratepeak heights, individual spectra were
background corrected using GRAMS/AI Witec Project v2.0software andhe average
peak heightvas calculatefrom multiplereplicates of eackample

Data was normalised within concentration studies by dividing the average intensity of each
concentration by théntensity obtained from thstandard The standard usedithin the
SERS instrumentation was cyclohexasmed was determined for individual experiments

performed Error bars for each point wecalculatedas+ onestandard deviation.
3.3.3 Fluorescenc#easurements

Fluorescencemeasurementand hermal cyclingwere carried out using a Stia@gene
MX3005P QPCR systen{Agilent, UK) using 200 pLplastic PCR tubes (Agilent, UK).

Results were analysed usikbXPro software.
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3.4 DNA Melting Experiments

3.4.1UV-visible Melt

DNA sequences were diluted touM in 0.3 M PBSin a volume of500 uL. The samples
were analysed by UWisible spectroscopy using a Cary 300 Bio -igible
spectrophotometer (Varian, USA). The absorbance was monitored at 26&tween30°C

to 90°C at a rate of 1°C/min. The sample waathd and cooled over a period of¥cles.
3.4.2 Fluorescent Melt

DNA sequences were diluted tguM in 0.3 M PBSup to a volume of24 uL and 1 pL of
1/1000" dilution of SYBR Green [nvitroger) was added The samples were analysed using

a Mx3005P™ Multiplex Quantitative PCR system (Strgeme, UK. The fluorescence of

the SYBR Green was monitoratsing SYBR Greenfilter set (492 nm ex/516nm em)
betweerB0°C to ®°C at a rate of 1°C/min. The sample was heated and cooled over a period

of 6 cycles.
3.5 DNA Affinity

3.5.1 DNA Hybridisation

All DNA hybridisations were carried out usinguinicycler PTG150 systen{MJ Research,
Canada) An aliquot of the oligonucleotide probe and complementary sequeoc®ified
volume of 500 pL, 1 uM) were added ta PCR tube and incubated in 0.3 M PBS. The
temperature was raised to 95 °C for 2 minutes and slowly cagldd°C/minute to 25 °C.

This was also carried out usisghgle stranded dye labellguiobe andsingle TAMRA dye

with no complement sequengeesem, excess 0.3 M PBS buffer was added to keep
concentrations consistent. Dilution series were carried out for each sample by diluting in 0.3
M PBS.

3.5.2 Dye Preparation

The SERSactive TAMRA dye was preparetlia deprotectionof a commercially available
3 -GAMRA CPG column. The columnwas treated with aeblockng solution (3 %
trichloroacetic acid andlichloromethane)Yo remowe the dimethoxytrityl (DMTr) group
leaving an alcohogroup Concentrated ammonium hydroxide s@utwas then added to

the column tacleawe the Gsuccinyl bond.
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3.53 SERS Analysis

Within the study two experimental methods were compatieel original and optimised
experimental conditionsThe methods differed in the composition of the analgsidure,
however Ioth used the same SERS conditions.

Original Experimental Conditions: In a disposable cuvetteither the single stranded,
double stranded DNA or TAMRA & samples(5 pL, X' uM) were added. To this, an
agueous solution of spermine hydntaride (20 uL, 0.1M), PBS buffer solution @20 L,

0.3 M) and Tristween buffer (30 uL, pH 7.4) was added. Finally, the mixture was diluted
by addition of silver EDTA reduced colloi@75 uL, pH 11).

Optimised Experimental Conditions: In a disposableuvetteeither the single stranded,
double stranded DNA or TAMRA & samples(5 pL, X uM) were added To this, an
agueous solution of spermine hydrochloride (20 uL,M)1PBS buffer solution (100 pL,
1.65 M) and Trigween buffer (30 uL, pH 7.4) waslded. Finally, the mixture was diluted
by addition of silver EDTA reduced colloid (395 pL, pH 12).

"Where X ranges from 0.4 to 0.02 uM

All sampls were thoroughly mixed and the SERS spectra recorded withmniite of
colloid addition on a Renishaw model 100 probe system with 514.5 nm laser exagtion
detailed in Section 3.31(1s, 6 mW, 20x obj). The spectra were baseline corrected using
GramgAl software. 5 replicate analyses of 5 replicate samples atceackntration were
analysed. The differences between the ssDNA and dsDNA were calculated through
subtraction of SERS intensity values at 1650'cniHowever, the calculation of standard

deviaton could not be obtained in a similar way.

YO n3§ Y
Equation 3.1: Error calculation for results obtained from differenc®® = standard deviation

Equation 31 was used to accurately calculéite standard deviation error for differences

between ssDNA and dsDNA values.
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3.5.4 Colloidal pH Optimisation

Experimental optimisation was carried out to determine the optimum pH of EDTA silver
colloid to be utilised within the assayssDNA and dsDNA were prepared according to
section 3.5.1. In a disposable cuvetteither the ssSDNA or dsDNA5 pL, 50 nM) were
added. To this, an aqueous solution of spermine hydrochloride (20 pl4)0PBS buffer
solution (220 pL, 0.3 M) and Trveen buffer (30 pLpH 7.4) was added. Finally, the
mixture was diluted by addition of silver EDTA reduced colloid52il). Three colloid
samples were utilised which had been pH adjusted to 7, 11 and 12 using dilute hydrochloric
acid or sodium hydroxide. amples were thoughly mixed and the SERS spectra recorded
within 1 minute of colloid addition on a Renishaw model 100 probe system with 514.5 nm
laser excitatioras detailed in Section 3.311and 3.5.31s, 6 mW, 20x obj).

3.55 Colloidal Volume Optimisation

Experimental optimisation was carried out to determine the optivalinmeof EDTA silver
colloid to be utilised within the assayssDNA and dsDNA were prepared according to
section 3.5.1.In a disposable cuvetteither the sSDNA or dsDNAS uL, 0 . M) wveere
added. To this, an aqueous solution of spermine hydrochloride (20 M) 0PBS buffer
solution (220 pL, 0.3 M) and Trwveen buffer (30 uL, pH 7.4) was added. Finally, the
mixture was diluted by addition of silver EDTA reduced collpéh 12)using 155,275, 345

and 395 pL Samples were thoroughly mixed and the SERS spectra recorded within
1 minute of colloid addition on a Renishaw model 100 probe system with 514.5 nm laser
excitationas detailed in Section 3.3land 3.5.31s, 6 mW, 20x obj).

3.56 PBS Buffer Optimisation

Experimental optimisation was carried out to determine the optinvelame and
concentration of PBS buffeio be utilised within the assayssDNA and dsDNA were
prepared according to section 3.5Ih. a cuvetteeither the 99NA or dsDNA (5 uL, 0.471

0.05 eM) were added. To this, an aqueous solution of spermine hydrochloride (20 pL,
0.1M), PBShuffer (220 uyL of 0.3M or1 0 0  eeither0.66 or 1.65M) and Tristween
buffer (30 pL, pH 7.4) was aéd. The mixture was dilutethy addition of silver EDTA
reduced colloidgH 12, 3% or 395 uL). Samples were thoroughly mixed and the SERS
spectra recorded withinrhinute of colloid addition on a Renishaw model 100 probe system
with 514.5 nm laser excitaticas detailed in Sectich3.11 and 3.5.31s, 6 mW, 20x obj).
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3.6 TagSERRASssay

3.61 TagSERS PCR

To reduce the risk of contaminatiosmples were prepared by addirggagents in separate

laboratoriesdedicatedto individual reagents Before preparation, the work surfacgere
cleaned using MicroSol 3+ spray (Anachem, UK) to remove any contamination DNA. The

template sequencewvas added within a UV hood (Sigmddrich, UK) which had been

decontaminated using UV ration and MicroSol 3+ spray. Each sterile working cabinet

contained its own dedicated pipettes, filter tips and waste tip box and a fresh pair of

disposable gloves were used during preparation in each laboraitwy.following PCR

mixtures were used throughout this study:

Table 3.1:PCR mixture

SYBRGreen Non-SYBRGreen
Reagents Notes
sample(uL) sample(uL)
PCR Buffer 25 25 10x buffer,Novagen or Qiagen
MgCl, 1 1 25 mM solution
1 mM dATP, 1 mM dCTP,
dNTP mix 0.4 0.4
1 mM dGTP,1 mM dTTP.
5 units/pL* in storage bufferNovager
Taq Polymerase 0.5 0.5 .
or Qiagen
SYBR Green 15 - 1000x dilution
Primer 1 1 1 10 uM, IDT
Primer 2 1 1 10 uM, IDT
Probe - 0.7 18 pM, ADT bio
Template 1 1 6 ng/ el
DEPC water Up to 25 Up to 25 Bioline
*Unit definition: iOne uni tthatwil catalyZe the iacdrpoeaton af hOemokofrdNTMirto o f

acid-soluble form in 30 minutes at ?€ in a reaction containing 25 mM TAPS (tisydroxymethyl}methylaminopropane
sulfonic acid, sodium salt), pH 9.3 at 25. 50 mM KCI, 2 mM MgCj,

dTTP, 0-*1] ¢®TR Uand

Table 3.1 illustratethe PCR mixtures used, with and without SYBR gre#hin thesample
mixture PCR mixture contained either Novatag DNA polymerase WitivagenPCR
buffer (Merck, Germany)r Hot®Star polymerase with corresponding Qiaf¥rR buffer
(Qiagen, Germany}the enzyme and buffer used is stated within each stBdth enzymes

and buffers wersuppliedat equal concentratiorend equal volumes were added.

activated

sal mon

sperm DNA. 0

1 miktabaptoethanol, 0.2 mM dATP, dGTP and
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Sequence of primers and probe used:

Methicillin -resistant Staphylococcusureus(MRSA)

Forward primer. 5-6CAT TGATCG CAACGT TCAATTTi 36
Reverse primer 5581 TGG TCT TTC TGC ATT CCT GGA 30
Probe Sequence:5 #Biotin-TGG AAG TTA GAT TGG GAT CAT AGC GTC ATiHEG-10Ai TAMRA-3 0

Staphylococcusiureus(SA)

Forward primer. 5 -6TGC CTT TAC AGA TAG CATGCC A 3 6
Reverse primer 5 & AGT AAG TAA GCA AGC TGC AATGACC-3 6
Probe Sequence: 5 dBiotin-TCA TTT CAC GCA AAC TGT TGG CCA CTA TG HEG-10A-FAM 3 6

A bacterial strain oStaphylococcus aureysICTC 8325)used in the study wergbtained

from the national health protection agency culture collections (HPACC Salisbury, UK) and
cultured in sterile Tryptone Soy Broth (OxoidJ.he cells were centrifuged at 16.1¢®or

10 min at 4 °C; the supernatant was then removed, and 1 mL astaphin was addedhe
suspension was incubated for 30 min at 37 °C to lyse the &l# was extracted from the
lysate using a QlAamp DNA minikit (Qiagen, Crawley, UK).

PCR was carried ouisinga Mx3005P" Multiplex Quantitative PCR system (Stratage
USA) over B amplification cycles using the following parameters:

Cycling conditions:

1 cycle 95 °C for 10 minutes
25cycles 94 °Cfor 30 second$0 °C forl minute 72 °C for 1 minute
1 cycle 72 °C for 5 minutes

3.6.2 Bead Separationand Preparation

After TaqSERS PCR was carried out, any biotinylated probe present withiartipdeswas
removed with streptaslin coated paramagnetic beads (New England Biolabs, WKdrder
to ensure the maximum amount of biotinylated probe wouldeved, a 3 times excess of

beads to DNA was used. The binding capacity of beads is 500 prifdlombiotinylated
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oligonucleotide, therefore 1 mL of beads will bind to 2 nmol of biotingdlddNA. It was
calculated that 25 pL of PCR product contained I#r®l of TagSERS probe, thus would
require 6.25 pL of beads for a 1:1 binding and 19 pL for a 3 times exddss.binding
capacity wa also greater than this due to each bead containing 4 probe binding sites.

The required volume of beads (1& multiplied by the number of PCR reactions to be
assayed) were aliquoted into a sterile 1.5 mL tube and placed into a magnetic separation rack
for ~2 minutes until all the beads had migrated towards the magnet leaving a clear
supernatant.The supernata was removed and discarded leaving only the beads in the tube.
The tube was removed from the rack and the beads were resuspended with 2 volumes of 2 x
binding buffer (20 mM Tris, 300 mM NaCl and 5 mM MgKI The tube was returned to the
separation rackor ~2 minutes and the supernatant was removed again. This washing
process was repeated a further 2 times before resuspending the beads in binding buffer to the

starting volume.
3.6.3 Sample Separation

19¢e L of t he ,lprepardd irssedtiaB.6.2, was then transferred in@n empty
sample tubeand placed in the magnetic separation rack for 2 minutes before removing the
supernatant.25¢ L o f PCR pr dthweach aligua sf beads kst for 30
minutes at room temperature with gemtixing to allow binding of the biotinylated probe to

the streptamin beads. After 30 minutes, the tubes were placed in a magnetic rack and left
for ~2 minutes25 pL of supernatant wakhenremoved and placed in new sterile tsibe be

used for subseque SERS analysis.

3.64 SERS Analysis

The samples analysdry SERS werea DNA assay positivetérgettemplate) andegative
control(nonc o mpl ement ary templ ate sequence). To
eL of spermine (0.1 M), 125 eL of-redddest i | | e
nanoparticles were addedAll samples were thoroughly mixed and the SERS spectra
recordel within 1minute of colloid addition on a Renishaw InVia Raman Microscope with

514.5 nm laser excitatioas detailed in Section 3.311(1s, 6 mW, 20xobj). 5 replicate

analyses o replicate samplewereanalysedand data processing was carried oulletsiled

in Section 3.3.1.4
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3.65 Enzymatic Digesion of the TaQSERS Probe

To determine thability of the Taq polymerase enzyme (Qiagen) to digest the TaqgSERS

probe, a digestion expgerent was performed. his studycontained no template sequesice

and no PCR was performedSamples were prepared incorporating the TAMRA labelled
mecAprobe (0.7 €L, 18 ¢eM), Tagqg polymerase enz\
elL). A negative control was al s4 .p3r egplar efd
buffer. Samples weractivated through heating for 10 minutes at 95 °C and then hexting

60 °C for 2 hours, which was the optimal temperature for the enzctigity and the
approximatetime taken to carry out the full TagSERPCR reaction. After heatindpoth

samples were washed with three times excess of streptavidin coated magnetic beads, before

removing the supernatant for SERS analgSexction 3.3.1.1)

3.6.6Multiplex TagSERS PCR

TagSERS PCR was performed incorporatioth theTAMRA labelledmecAprobe (18uM,

0. 35 and EAM labelledfemASAprobe( 18 OM, 0. 35 ¢lL) within
Three separate samples which had different template sequbtRE8#\, SA and a nonsense

control sequencevere performed To enable sample distinctioprinciple component
analysis (PCA) was pafmed on the SERS analysis data. The dataimigially baseline
corrected using asymmetric least squares algoyithm data was then scaled and finally
smoothed. Wo principle components wercalculated fromhe data sets and plotted

generatehelargest possible variantetween each sample

3.6.7 Capillary Gel Electrophoresis

Capillary electrophoresis of the PCR products was carried out using an Agiléat
Bioanalyzer(Agilent, Germany and the DM 1000 reagent kit.Specially designed DNA

chips were used for the separation of nucleic acid fragments based on their size. The chips
contained an interconnected set of microchannels whwehe filled with a mixture

containing agarose gel and an intercalating DNA dye. ¢ L o f PCR product w
each wellcontaining the gel/dye mixturel e L of a DNA | adder was
designated well to enable accurate sizing of the DNA feagen The gel was placed in the

Agilent 2100 Bioanalyzerand run within 5 minutes of preparation. DNA within the size
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range of 25 1000 bases can be analysed, this study investigated DNA sequences containing
104bases.

3.7 DNA Detection Surface Array

DNA sequence ofargetand probe used:

Probe TAMRA ITC - GGTTCATATAGTTATAATAA
Conjugate sequence Thioctic Acid- (HEG);1 GGTTCATATAGTTATAATAA
Target TTATTATAACTATATGAACC

Nonsense CAATGTGAAAGGCTGGTTA

Thioctic Acid- (HEG)-

MRSA Conjugate Sequence
TTGAAGTTAGATTGGGATCATAGCGTCAT

MRSA Target ATGACGCTATGATCCCAATCTAACCTTCCA
3.7.1 Preparation of Conjugates

5 dhiolated oligonucleotides were conatgd to silver nanoparticles. Thigiol-modified
oligonucleotids were prepared in solution of water to aconcentration o0 nM. The
DNAwas add e dof toloideh KIv@r nanoparticles and the samples were incubated
overnight at room temperature. The addition of 60 mM of pH 7 phosphate buffer gave a
final concentration of 10 mM phosphate. Followizdy hours at room temperature, the salt
concentration was brought up to 0.1 M by successive addition of NaCl over 48 hours. The
nanoparticle conjugates were centrifuged at 5000 rpr@feninutes and resuspended in 0.3

M PBS. The DNA conjuates were then added to 500 pL1oftM solution ofthe chosen
SERS activelabel molecule This study utilised5-(and6)-carboxytetramethylrhodamine
isothiocynate( TAMRA ITC), 3,5dimethoxy4-( 6a@dobenzotriazoyphenylaming([GM19)

and mercaptopyridine (RlY). The oligonucleotide nanoparticle conjugates werebated

for 5hours in the dark, and then centrifuged and resuspended in 0.3 M PBS.

The concentration of the nanoparticle conjugates was calculating using theaRdsert

Law.

5 - ab

Equation 3.2: BeerLambert equation
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The molar absorptivity Uoj the nanoparticles was determined to2t®7 x 16° mol dni®,

the pathlength{l) was 1 cmand the absorbandd) was deduced by UVisible analysis

UV-visible spectroscopy was carried out using a Cary 300 Bio-vidible
spectrophotometer (Varian, USA) . The conjug
(450 eL) and the absor b8 0mne The absorbancenmaxinnume d f r
betweem04i 412nm was used within the calculation.

3.7.2Surface Hybridisation Procedure

3.7.2.1Target DNA spotting

A 2 B sotution containing target DNAn Nexterion LE buffer (Schott, Germany) was
prepared and 0.2 pL of the DNA solution was spotted tmt@nalysing solid surfaceln
this study three surfaces were compared, epoxysilane coated (fekst), nylon
(Whatman)and nitrocellulos€Grace Bo-Labg. The sample slidavas placed in a humidity

chamber for 30 minutes and then baked at 80 °C for 60 minutes.
3.7.2.2Surface Washing

The surface was washed to remove any unbound DNA. 100 pL of 0.1 % Tween 20 solution
was added to each sample af@a5 minutes and then remed. 1 mM HCI solution was
added for 2 minutes (twice) followed by 100 no¥1KCI solution for 10 minutes. Finally,

the surface was rinsed 3 times with distilled water. The slide was dried with nitrogen.
3.7.2.3Surface Blocking

The surface was blocleusing either Nexterior® Block E (Nexterion, UK)or sheared
salmon testes DNA (Sigmaldrich, UK) to block any sites which had not already been
blocked by the target DNA.Nexterion® Block E was activatedvia addition of dilute
hydrochloric acid 100 pL of eitherblocking buffer was then added to each sample, covered
and placed in an oven at 50 °C fbror 2 hour with gently shaking Exact experimental

blocking timesare stated within each studyhe surface was then rinsed with water.
3.7.2.4Hybridisation

25 pL of dye labelled DNA conjugatesr DNA probewere added to 25 pyL d@3.3 M PBS
buffer orwarm PerfectHyb soluth (SigmaAldrich, UK) and appliedo each sample area.

The slide was incubad in a hybridisation ovewith gently shaking.Various hybridisation
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times and temperaturesvere investigated anthe utilised times argiven within each

experiment
3.7.2.5Post Hybridisation Washing

The hybridisation solution was removed and the surface was rinsed with wash buffets; 100
of 0.1% Tween 20 and 2x SSC buffer for 5 minutes (twice), 0.2x SSC for 5 minutes (twice)
and then distilled water for 10 minutes, with gentle shaking. The wash solutions were

removed and the slide dried with nitrogen.
3.7.2.6 SERSAnalysis

Sample ares were mappedusing a Witec Alpha 300 R confocal micropeo (Ulm,
Germany) using eitheés32, 633 or 785 nmabker excitatiomlependenupon the SERS active
dye being analyse(Bection 3.3.1.2) Accumulation timesndinstrumental parameters were
determined foreach dye labelled nanoparticle drare statedor eachexperiment within
Section6. The totalarea for eaclsamplesquarewas approximately 6 x 6 mm, therefore to
obtain an accurate overview of the entire region a minimum of four SERS wexps
obtained. Tiese maps werapproximately 100 x 100 um armbntained on average 500
spectra. The spectrabtainedfrom each sample area weskttedby calculatingthe average
of spectrum foreachindividual magped regionandplotting the average of the total number
of maps False colour SERS map images of the chosen dye peak on the substrate were
coll ected usi n pataawagrocessed usiagVdtecuPtojecou2.0 software.

3.7.3Gel Electrophoresis

Functionalised nanoparticlegere run on a 1% w/v agase gel (1g of agarose in 100 mL of
TBE bufer.) The gel was poured into a mould, protected from light and allowed to set.
Once set, the gel was placed within an insulated chamber and filled with 1 x TBE buffer
until the gel was just covered. To eadhQ ¢ lfunctiohalised nanoparticled,/10th
volume oftricolour loading buffer(Bioline) was added and mixed thoroughly. The gel was

run at 160 V for an hour.
3.7.4 Detection Limits of Functionalised Nanoparticle Conjugates

The detectionlimits of DNA functionalised silver nanoparticles were determined from a
nitrocellulose membraneTAMRA ITC, GM19 and MPY conjugates were prepared (section

3.7.1) and a dilution series was prepavedaddition of increasing volumes of 0.3 M PBS.
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0.2 ¢eL of coacentradiong ef eachf batch of conjugate were spotted onto a
nitrocellulose membrane.The concentratiorsamples wer@andysed using a Witec Alpha
300 R confocal microscope (section 3.3.1.2) udiddRA ITC 1650 cnipeak (532 nm,
0.1s,10x), GM19 1370 cfpeak (633 nm, 0.1s,10x) aMPY 1095 cripeak (785 nm,
0.5s,10x). Spectra were processed using Witec Project v2.0 software.

3.7.5 ThreeDimensional Mapping of Nitrocellulose Membrane

A 3D imagevolume imageof a sample areaithin anitrocellulose membranwas generated
through gathering multiple SERS maps at different depths through the target region.
Individual SERS maps were stacked to generate a volume image of the cross section of the
membrane. The approximate depth of the nitrocellulose membrdfé it 4 ¢ eneforet h
depth analysis was carried out by Indiddaahni ng
maps were produced using 785 nm laser excitation, 0.5 sec accumulation time, 10x objective
and 2 &m The soars wére then complied into a volume image through use of

Image J software.

3.7.6Large Mapping Analysis

To analyseahe full area of each sample squareRenishawrlVia Raman Microscope/Leica
DMI 5000 M spectrometerith 785 nmlaser excitatiorand 0.5 second accumulation times
wereused as detailed iBection 3.3.1.3 These maps enabledrepresentation of the sample
square to be generated through accumulative white light images of the membise.
instrument utilised a stamline mapping system to rapidly map analysis the full 6rmn®
sample area through cumulative image captdiee full sample areaouldthenbe mapped
using SERS This study utilisedhte MPY labelled DNA nanoparticle bgippling themto

themembrane siacevia cotton wool swabbing in a@ss shape.
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4 . DNA Detecti on Vi a

D

Affinity for Silver Na

The increasing need faensitiveand rapid DNA detection methods is continually driving
molecular diagnostics researchCurrent DNA detection protocols utilise the specific
hybridisation of labelled single stranded probes to selectively bind to a complementary target
sequence corresponding to a chosen genetic infection or disease. One such approach utilises
the difference in affinity between single stranded DNA (ssDNA) and double stranded DNA
(dsDNA) towards silver or gold nanoparticle surfaté§* This method can be exploited to

confirm the presence of target oligonucleotides within a sample.

Li and Rothberghave shownby colorimetric detection that ssDNA and dsDNA can be
discriminated by their diff@nces in propensities to adsorb onto gold nanopartileBhis

work has been further developed through designirdecular diagnostic assayghich
combine SERSdetection with the differences in the electrostatic properties of .ERZ

These diagnostic platformseapromising tools for the specific and rapid detection of DNA
related to diseasesMacAskill et al. developed a homogeneous assay that discriminately
detects multiple target sequencea correlation to specific DNA hybridisation events.

The assay exploited the principle that ssDNA has a stronger affinity to a metal nanoparticle
surface than dsDNAconsequently generating SERRS spectra with significantly different
intensities. The single stranded probe produced stronger SERRS responses due to
electrostatic binding to the nanoparticle surface, whereas, double stranded DNA generated
SERRS signals #t were significantly lowerThis study illustrates the potential SERRS has

to quantitatively discriminate between single and double stranded DNA, howagemajor
drawback of this assay is tlgeneration ofdecreasg signal intensiesin the presencef

target DNA. Recent work hasvercome this by developing homogeneous assay which
produces enhanced SERS signals in the presence of targettBigagh the incorporation

of specially designed SERS active prim&rsThese primers contamm dye labelled segment
which was rendered single stranded upon hybridisation to the target sequence. This single
stranded region has a higher affinity for the metal surface, resulting in indr&&RS

responses in the presence of target DNA.

The DNA affinity methodology offers many advantages including high reproducibility,

specific detection, simple application and has demonstrated the potentia(R)RSEto
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quantitatively discriminate betweasingle and double stranded DNA. However, with current
methods, the discrimination between ssDNA and dsDNA is often not large, therefore reliable
conclusions may not be drawn. This also influences the concentration range over which the
method is applicakl and it is often limited as a result of reduced discrimination between
ssDNA and dsDNA at lower concentrations. Therefore, a study was carried out to gain a
clearer understanding of DNA surface adsorption and obtain results with greater confidence.

4.1 DNA Analysis of Single and Double Stranded DNA Sequences using
SERS

Through the application of SERS, the differences in affinity of dye labelled ssDNA, dsDNA
and an unattached dye label adsorbed onto silver nanoparticles were investigated,
determine lie effectthat this has on the resulting SERS sign&squences used in this
section areshownin Table 4.1.

Table 4.1:DNA sequences and modifications

Name Sequen8é) (56 56 Modi i
T20 probe GGT TCA TAT AGT TAT AAT AA TAMRA

T20complement TTA TTA TAA CTA TAT GAACC -

The nucleobases within DNA contain aromatic chromophore rings which generate
distinctive SIRS peaks. This observation has been exploited WNA detection methods

for the identification of individual DNA nucleotidesand the determinationof single base
mismatches®®'%® However, the SERS signals obtained from DNA bases can be relatively

weak and may be obscured when detecting samples within high backgsmnals

Therefore, a commonly utilised method which generates sequence specific detection with

high intensity signals, rigls on the attachment a SERRS active I&Beln this study both

t he singl e and doubl e stranded 5-(andib)e cont e
carboxytetramethylrhodamind AMRA) dye (Figure 4.1), to obtain clear and distinet

SERS signals.
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Figure 4.1 Structure of TAMRA dye

TAMRA is a fluorescent dye molecule containing a chromophore with an excitation
maximum at 565 nnand emission maximum &80 nm. SERS analysis was performed by
incorporatingheTAMRA dye into the DNA sequences at
with no sequence attached was also investigated to determine its spiddce adsorption.

The T20 probe containing a 20 % content of guanine and cytosine bases was used to evaluate
the differencedetweenthe electrostatic interaction dDNA sequences and the dy&he

DNA samples were prepared by mixing either the exact complementary sequence or excess
buffer with the T20 probe and hybridising in 0.3 M phosphate buffered saline ,(PBS)
resulting in distinct sampleF;AMRA labelled ssDNA (T20 probe) andAMRA labelled

dsDNA (T20 probe and T20 comp) samples. The single SkR®& TAMRA dye was
preparedvia deprotectiono f a commer ci-dAMRA CP& \caumh(sebtibne 3 6
3.5.1 and.5.2)

Double stranded DNA denatures by increasing the temperature, resulting in the transition of
double to single stranded DNA sequences. This can be monitored by inspection of UV
visible absorbance at 260 nas aresultof ©  térattions in thdenzene ringsWhen double
strandedthe rings stack faet-face causing a decrease in absorption at 260 nm due to the
shielding of the basesHowever, vhen these strands denature at higher temperatures, the
bases in the single strands become exposedrgiéng an increased absorption at 260 nm.
The melting curves for both ssDNA and dsDE&mple are shown in Figure 4.2. The melts
were carried outto determine whetheruscessful hybridisation of thesBNA probe to its
complementary targetequence had occurred within the dsDNA sample, while the ssDNA

probe remainednhybridised as expected
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Figure 4.2 UV melting curves obtainebly monitoring the absorbane¢ 260 nm in 0.3 M PBS; blue:
ssDNA and red: dsDNA (DNA concentration 1 pM)

The dsDNA mé shows a point of inflectiomithe sigmoidal profile, this defines the melting
temperature () and is representative of the thermal stability of the duplex. This indicates
that at temperatures below 53, the double stranded probe Imscessfully formed. As
expected no sigmoidal curve and therefore, no hybridisation was obtained from the ssDNA

sample.

SERS analysis was performed through additif dye labelledDNA or singledye 0.4 uM)

to a cuvette and then mixed with 0.1 M spermih& M PBS buffer, tridween buffer and

1.14 x 10 M silver EDTA reducednanoparticles (46 nm). EDTreduced silver
nanoparticles were used as previous studies have reported that whilstredragsl silver

colloid gives greateiISERS signal intensities, larger discrimination between samples is
obtained using a silver EDTA colloidal suspension. The silver nanoparticles were
prepared through reduction of the corresponding metal salt forming a negatively charged
EDTA layer on the nanoparticle surface. The negatively charged DNA backbone will be
electrostatically reglledfrom the metal surface layer, preventing adsorptionedminating

the possibility of obtaining significant SERS responses. réHdactionof charge repulsion

can be efficiently achieved through use of an excess volume of spermine added into the
sample mixturg(Figure 4.3) Studies have shown that sperminevag a dual purpose of
inducing maximum surface adsorption of oligonucleotides whilst also aggregating the
nanoparticle$? The amine group strongly interacts with polyanionic backbone, effectively
neutralising the charge and bridging between the two negatively charged species. This

successfully promotes DNA adsorption onto the metal surface.
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Figure 4.3: Structure of permine

The SERS samplesor TAMRA labelled ssDNA, dsDNA and TAMRA dye were then
analysed using 514.5 nm laser excitatimgording the SERS spectra within 1 minute of
colloid addition. 5 replicate samples were analysed &igure 4.4 shows thaverage

spectraobtained from the SERS analysis.
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Figure 4.4 SERS spectra of TAMRA labelled DNA and gia dye (final concentrain 3.6nM)
obtained using 514.5 nm laser excitation (1s, 6 mW, 20x obj); blue: single stranded TAMRA labelled
probe(T20), red: double stranded TAMRA labelled prd®d20+complement), green: TAMRA dye
label.

Distinctive TAMRA SERS peaks were obtained frowth the ssDNA and dsDNA with no
differences in peak position observed. However, dsDNA samples gave a significantly lower
signal intensity compared to sSSDNA. This indicates that through differences in structure and
electrostatic properties, sSDNA hash@her affinity for the silver surface than dsDNA.
These differences can be attributed to the rigid helical structure which encapsulates the bases
preventing electrostatic surface adsorption and complete coordination to the metal.
Therefore, a lower SERSIgnal intensity is obtained. On the other hand, the flexibility of
ssDNA permits uncoiling of strands enabling an increased number of the constituent bases to
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be exposed. This enhances the attraction of the DNA strands onto the nanoparticle surface

andgenerates a higher SERS signal intensity.

The TAMRA dye produced a broad fluorescent curve with no SERS peaks, this suggests that
any charge on the TAMRA dye is not sufficient to facilitatefaceabsorbance SERS
enhancement drops off rapidly withstance to the metal surface with more than 90f%
scatteing resulting from the first layer of adsorbed anafifé’ Beyond the SERS
enhancement distancehe quenching effect from the metalanoparticle surface is
diminished enablingfluorescence emissioto occur. Thereforethe single TAMRA dye

was hot helccloseenoughto the metahanopaticle to be identified by ERS. Within the

final reaction mixture, the pH of the solution was determined to be pH 8.3. Under these
experimental conditions the overall charge on the TAMRA dye molecule will be neutral.
Therefore, these results show that the surface attractioniiendby attachment of
nucleotides and not the TAMRA dye.

The results obtained in this section have shown that under these conditions, the electrostatic
adsorption of DNA onto EDTA reduced silver nanoparticles is driven through constituent
base groups ahthat more sensitive SERS detection will be obtained through detection of
TAMRA labelled DNA rather than released free dye. Previous studies have used this DNA
discrimination principle to evaluate the presence of target DNA through discrimination of
ssDNA and dsDNA'?*'% However, intheseassays substantial differences between ssDNA

and dsDNA at lower ancentrations cannot be obtained to clearly establish the presence of
target DNA. Consequently, as a result of smaller discriminations, the concentration range
over which sequence differences can be observed is limited. Therefore, a subsequent study
was carried out to investigate optimisation of the DNA affinity method to increase the

discrimination between ssDNA and dsDNA and thusstesitivity rangef the assay.
4.2 Method Optimisation

Various parameters of the experimental method werestigatedo determine the optimal
SERS detection conditions that gave the maximum increase in the discrimination between
ssDNA and dsDNA sequen&ERSintensities. Prior SERS experimental conditions were
employed from a previously established DNA disination assay to provide a basis for

125

optimisation.”> The SERS conditiongsed previoushand the order of addition are shown in
Table 4.2.
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Table 4.2:Initial SERS experimentalonditions used

Order of Addition Sample Added Volume (uL) Concentration (M)
1 ssDNA/dsDNA sample 5 0.4 to 0.0 10°
2 Spermine 20 0.1
3 PBS buffer 220 0.3
4 Tris-tween buffer 30 10 x 10°
5 EDTA-reduced silver colloid 275 1.4 x 10"

The colloidal nanoparticles play a primary role within the DNA discrimination assay that
fundamentally impacts on the SERS intensities obtained for the DNA sequences. Therefore,
this parameter was initially investigated.

4.2.1 Colloid Optimisation

Silver EDTA-reduced nanoparticles were used within this study as larger signal differences
between ssDNA and dsDNAad previouslybeen obtained compared to other colloid
suspension¥ It was very importantto ensure that the experimental conditions were
favourable, ensuring the greatest signal discriminations could be obtained. Consequently,

the pH and volume of colloid used were studied.
4.2.1.1 Colloidal pH

The pH of the colloidal sugmsionsof silver nanoparticlesan have a large impact on DNA
adsorption. Varying the pH of the reaction mixture can alter the electrostatic interactions of
the DNA strand onto the roughened metal surfac€onsequently to determine the
favourable pH ofthe solution, three samples of silver EDféduced colloid were pH
adjusted to either 7, 11 or 12, generating overall pH values in the final sample mixture of 6.8,
7.4 and 8.3 respectively. To determine whether the pH of the allisidpensionsould

affect the SERS responses, ssDNA and dsDNA with a final concentration of 0.45 nM, were
added tocolloidal suspensions witthreedifferent pH valuesand analysed by SERS. The
average intensity of the principle peak at 1650 evas calculatedrom 5 repliates samples

and used to determine the difference in intensity between single stranded and double
stranded oligonucleotides for each pH adjusted colloidal sample. The diffeeneen the
SERS intensity of sSDNA and dsDNA for each pH are plotted inr€igis The differences
between the ssDNA and dsDNA were calculated through subtraction of SERS intensity

values at 1650 cth However, the calculation of standard deviation could not be obtained in
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a similar way. mstead, to obtain the error within thesults the standard deviation values for

each sample were squared, added together and the square root of the sum was calculated
(Section 3.3, equation 3)1 This calculation ensured accurate standard deviation values
were obtained and was used throagh this study to calculate error bar values when
differences between ssDNA and dsDM&lueswerecalculated

The increase in pkvas shown to hava significant effect on the SERS responses with the
largest discrimination between ssDNA and dsDb&ngobtained wheithe sample reaction
mixture had gH of 8.3. Increasing the pH of the EDTA colloid generates a subsequent
increase in the difference in signal intensity between DNA sequences. This is thought to be
as a result ohnincreased charge density the EDTA nanoparticle surface arising from the

ionisable surface capping layer providing increased surface attraction at higher pH.
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Figure 4.5: (a) SERS intensity of ssDNAgreen)and dsDNA(purple)at 1650 crit and(b) difference
in SERS intensitypetween ssDNA and dsDN#f the 1650 cit peak(DNA concentratiord.45 nM)
using silver EDTA colloid generating final sample pH of 6.8, 7.4 an@Bt&ned using 514.5 nm
laser excitation (1s, 6 mW, 20x objError bars represent one standard deviatioB f05 replicate

samples.

4.2.1.2 Volume of Colloid

The maximum adsorption of DNA strands onto the nanoparticle surface during analysis is
essential to ensur@ptimum SERS responses. Thus, the volume of silver EDTA
nanoparticles used within each SERSIgsia sample was examined to determine whether
altering the available nanoparticle surface area would have an effect on DNA strand
discrimination. Theoretically, a large excess of nanoparticles within the reaction mixture

would consequentlygenerate a geter metal surface area accessible to the DNA strands.
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Therefore, the majority of sSDNA sequences cadsorb onto the surface, givingaximum

SERS signal intensities. Whereas, even with an excess of surface area the same
concentration of dsDNA would @& a markedly lower signal intensity due to the charge
screening effect from enclosing of the bases. This theory was tested through analysis of four
volumes of silver EDTAeduced colloid; 155 pL, 275 pL, 345 pL and 395 pL. The
previously published assaysed a colloid volume of 275 pL (Table 4.2). eféfore
volumes below and above thialuewerechosento gain an understanding of the effect of
nanoparticle volume on DNA adsorption. To keep the total sample volume at 5S@qL
Table 4.2 for sampleolumes and concentrations of other componeats) ensure the
concentration of DNA remained constant, the volume of PBS buffer was increased and

decreased appropriately as the nanoparticle volume varied.
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Figure 4.6 (a) SERSintensity of ssDNAQgreen)and dsDNA(purple)at 1650 crit and(b) difference
in SERS intensity between ssDNA and dsDbfAhe 1650 cii peak(final DNA concentréion 3.64
nM) using different volumes of EDTA silver collo@btained using 514.5 nm laser excitation (1s, 6

mW, 20x obj) Error bars represent one standard deviation for 5 x 5 replicate samples.

Resultspreviouslyobtained in Figure 4,5demonstratehat using colloid with a pH of 12

(pH 8.3 within final assaypave the largest intensity differences, thus, this colloid was
employed to evaluate the effect of colloid voluntagure 4.6 illustrates that increasing the
nanoparticle volume up to 345 pL generates an increase in the difference in intensity
between sigle and double stranded sampld8$e use of 345 pL of colloid gave the largest
discrimination. However, the highest volume of colloid investigated, 395 pL, gave
unexpectedly lower discriminatory resultg his trend has been shown within a previous
study, where diminished SERS signals were generated through increasing the volume of

colloid.™*® This resulted fromthe Raman scattered light becomiself-adsorbedas the
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nunber of hanopatrticlesignificantly increasedvhich reducedhe amount ofRaman scatter

reaching the detector.

The diminished SERS response within thistegnwas further investigated through a DNA
concentration studying using both ssDNA and dsDNA probes. Using 395 pL of colloid, five
concentrations of DNA within the nanomolar range were investigated since the SERS
method must be applicable over a rangecaficentrations. The intensities of single and
double stranded oligonucleotides versus DNA concentration are displayed in Figure 4.7.

Normalised SERS intensity at 1650
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Figure 4.7: Intensity ofssDNA and dsDNA using 395 pL pH 12EDTA silver colloid oer a
concentration range ®@NA; blue: dsDNAand red: ssDNAbtained using 514.5 nm laser excitation
(1s, 6 mW, 20x obj) Each point represents the mean of breplicates and error bars represeohe

standard deviation.

The results obtained using 395 pL of colloid shovegttic sSDNA intensities over the
concentration range analysed, indicating a reduction in the stability of the DNA samples.
Although lower than expected error bars were obtained from the idg@atedexperimens

could not reproduce these results a@ndonsistent and variablsignal intensities were
obtained Through the increase in colloid volume, the volume of PBS buffer was reduced to
maintain sample concentrations. However, the PBS buffer contains an essential supply of
monovalent ions necessaiy sustaining DNA stability and as the buffer volynand
consequentlgalt concentratigrwas reduced the results became uncertain. Consequently, to
stabilise the samples and obtain more accurate results, the concentration of NaCl within the

PBS bufferwas increasedhilst maintaining the overall volume of buffer.
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The initial experimental conditions used a 0.3 M PBS buffer that resulted in a final
concentration of 0.12 M NaCl within the SERS analysis mixture. The use of 0.3 M PBS
buffer enables stalislation of DNA sequences and has been widely utilised within DNA
analysishybridisationstudies. Therefore, the concentration of NaCl was increased, resulting
in a 1.65 M PBS buffer that would maintain a salt concentration of 0.3 M within the final
reacton mixture when reduced volumes of buffer were incorporated. The study carried out
in Figure 4.6 was repeated changing dhlyinitial concentration of PBS used, from 0.3 M

to 1.65 M. Similarly, the difference in intensity between ssDNA and dsDNA samgee
calculated from the SERS peak at 1650'emdplottedin Figure 4.8.
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Figure 4.8 (a) SERS intensity of ssDNA (green) and dsDNA (purple) at 1650 @ndifferencein
SERS intensity between ssDNA and dsDbf&he 1650 crit peak(DNA concentration 3.64 nM)
using 1.65 M PBS and different volumes of EDTA silver colloidained using 518.nm laser

excitation (1s, 6 mW, 20x obj)Each point represents the mean of Sreplicates and error bars

represent: one standard deviation.

The higher salt concentrationithin the PBS buffer produced the largelscriminatory
difference in intensity heveen ssDNA and dsDNA samples when udimg highest colloid
volume Compared to Figure 4.6, the new PBS buffer concentration prodoeoeu
differences when lower colloid volumes were used this could result from higher salt
concentrations causing colloid instability and aggregation. Howeverhigiest SERS
responses wer@btained from the use 0895 pL of colloid, therefore,PBS buffe

concentrationsverefurther investigated to ensure full optimisation.
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4.2.2 PBS Buffer Optimisation

The largest discrimination between ssDNA and dsDNA sequences was obtained through
increasing colloid volume whilst maintaining the salt concentration within the SERS
solution. The inclusion of higher salt concentrations has shown to be essential imgbtain
accurate and reproducible results. Consequently, a study was carried out to determine the
optimum concentration of salt used in the PBS buffer ensuring that the greatest SERS
intensity differences were obtained. The original experimental conditraptoged 0.3 M

PBS buffer, generating a final concentration of 0.12 M within the final reaction mixture.
Therefore, two concentrations of PBS buffer, 0.66 M and 1.65 M, were investigated
generating final concentrations of 0.12 M and 0.3 M respectively veldeling a lower
volumeo f 1 Owdthinghle final reaction mixture. SERS responses for both single and
double stranded samples were obtained using 395 uL of silver colloid and 100 uL of either
concentration of PBS. The difference between the samplethemgalculated over a range

of DNA concentrations (Figure 4.9).
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Figure 4.9 Difference in SERS intensity between ssDNA and dsifihe 1650 crif peak
comparingblue: 100 pL of 0.66 M PBS and red: 100 pL of 1.65 M PBS over a concentration range of
DNA obtained using 514.5 nm laser excitation (1s, 6 mW, 20x &ggh point represents the mean

of 5x 5replicates and error bars represeone standard deviation.

It was shown that botRBSconcentrations give comparable differences in SERSsities.

However, using the higher concentration of 1.65 M gives increased differences at lower
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DNA concentrationswith reduced error This is advantageous in developing a DNA
detection method as smaller volumes of DNA can be detected with greafielence and
was therefore chosen to be ds@thin the optimised experimental conditions.

Optimisation of experimental conditions has demonstrated that the largest SERS intensity
differences between ssDNA and dsDNA were obtained from the use of 395 pit ©P

EDTA reduced silver colloid and 100 pL of 1.65 M PBS buffer within the final SERS
analysis mixture. A comparative dilution study was then carried out evaluating the original
conditions against the optimised conditions (Figure 4.10).
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Figure 4.10: Difference in SERS intensity between ssDNA and dsififhe 1650 cni peak
comparing experimental conditions; redptimised and greehinitial experimental conditions
obtained using 514.5 nm laser excitation (1s, 6 mW, 20x @&gzgrh point represesithe mean of 5 5

replicates and error bars represeone standard deviation.

Significantly higherdifferences in SERS intensity between ssDNA and dsDNA sequences
were obtained through utilisation of the optimised experimental conditions over the
concentrations analysed. These results suggest traugh slighly alteing the
experimental conditions considerably higher SERS intensity differences over an extended
concentration rangavere achievedcompared to employment of the original conditions
Subsequently, this improved DNA discrimination method was employed to further

investigate the quantitative discrimination of sSDNA, dsDNA and a TAMRA dye.
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4.3 Quantitative SER®\nalysis of DNA Discrimination Principle

The determination of the quantitatidescrimination of SSDNA, dsDNA and a frEAMRA

dye label was achieved by analysing the SERS responses over a range of nanomolar
concentrations. The average intensity of the principle peak at 1650 w@s calculated and
plotted against concentration pooduce the linear concentration response shown in Figure
4.11.
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Figure 4.11 Dilution seriesof TAMRA labelled DNA and single dye at 1650 ¢mblue: single
stranded TAMRA labelled probe (T20); red: double stranded TAMRA labelled probe
(T20+complement)green: TAMRA labebbtained using 514.5 nm laser excitation (1s, 6 mW, 20x

obj). Each point represents the mean af%replicates and error bars represenne standard

deviation.

Through utilisation of the optimised SERS method, significant discrimination between each
sample at concentrations above 0.45 nM was observed. Linear responses were obtained for
ssDNA and dsDNA sequences, illustrating the quantitative nature of the SERS®SdM
Detection limits for the ssDNA and dsDNA were calculated by assigning the limiting signal
intensity to be three times the standard deviation of the background signal. The limit of
detection of the single stranded probe was calculated to be ovagrdtude lower than the
double stranded probe (Table 4.3), verifythg spectralobservations No SERS signal was
obtained from the dye molecule at asfythe chosemoncentration, therefore, the calculated

signal intensity was fundamentally negligilaled no limit of detection could be obtained.
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Table 4.3:Limits of detection (L.O.D) fosingleanddoublestrandedDNA

TAMRA labelled DNA probe L.0.D (mol dm?)
Single stranded 2.88 x 10"
Double stranded 1.15 x 10"

An understanding of thprinciple of DNA discrimination using differences in electrostatic
attractions to silver nanoparticles has been shown. The potential of this principle as a DNA
detection method has been demonstrated through significant discrimination intensities
between sDNA and dsDNA at concentrations above 0.45 nM. Results have also
importantly demonstrated that the TAMRA dye does not contain sufficient charge to be
adsorbed onto the metal surface and surface attraction is instead driven by attachment of
nucleotide bass. To further extend this theory, a study was carried out usiagaogous

probe incorporating negatively charged FAM dye compareo theneutralTAMRA dye.

4.4DNA Analysis of FAM sequences using SERS

The SERS responses of ssDNA and dsDNA praoesaining a covalently attachee(&nd
6-)-carboxyfluourescein (FAM dye were analysed using the optimised experimental
conditions. FAMis a SERS active fluorescent dyith an excitation maximum at 49

and an emission maximum at 521 .nfMhe dye cordinsa carboxylic acid and hydroxyl
group, which under experimental conditions will convey an overall negative charge on the

molecule.
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Figure 4.12 Structure and spectra of FAMbelled DNAobtained using 514.5 nm laser excitation
(20x obj., 1 seacc.)
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The distinctive FAM spectrum generated by SERShonstrates principle peak at 1636

cm* which was chosen for analysisThe DNA sequences used remained unchanged from
previous analysis of TAMRA sequences differing only in the dye attached ®éhe e nd o f
the DNA sequence, ensuring equivalent results could be determined (Table 4.4).

Table 4.4:FAM labelled DNA sequences and modifications

Name SequenB8é) (56 56 Modif
F20 pobe GGT TCA TAT AGT TAT AAT AA FAM
F20complement TTATTA TAA CTA TAT GAA CC -

The determination of the quantitative discrimination between ssDNA and dsDNA FAM
probes was achieved by analysing the SERS responses over a range of concenirhtons.
average intensity of the principle peak at 1636'awas calculated and plotted against
concentration to produce the linear concentration responses shown in Figure 4.13.
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Figure 4.13 Dilution seriesof FAM labelled DNA at 1636 cthcomparingblue: single sanded
FAM labelled probe (F20) aned: double strandeddM labelled probe (F20+conigmen) obtained
using 514.5 nm laser excitation (1s, 6 mW, 20x .oliiach point represents the meai® af5

replicates and error baase+ one standard deviation.

Linear responses wesgainobtained or ssDNA and dsDNA sequences with discrimination
between samples at concentrations above 1.8 nM. The detection limits for the ssDNA and
dsDNA were also calculated by assigning the limiting signal intensity to be three times the
standard deviation of theabkground signal (Table 4.5Comparabldimits of detection for

the single stranded and double stranded DNA probes were calculated with a slightly lower
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detection limit obtained from the ssDNA sequenddesesimilar detection limitsnay have
beenobtainedas a result of bbt probes generating similgiot slopes However, Figure
4.13 demonstrates thsignificantly distinctSERS intensities/ere obtained between ssDNA
and dsDNA samples This illustrates that discrimination between sampléms notbeen

compromised andlear signal discrimination was still obtained.

Table 4.5: Limits of detection (L.O.D) for double stranded and single stranded FAM labelled DNA

FAM labelled DNA probe L.O.D (M)
Single stranded 1.73 x 10"
Double stranded 3.46 x 10"

The results obtained from the quantitative SERS analysis of FAM and TAMRA probes
indicate that DNA sequences labelled with FAM generate reduced SERS responses. As
identical oligonucleotidesequenceswvere utilised and previous resulsive demonstrad

that nanoparticle adsorption is driven through the nucleobases, the differeseedtion

limits appears to be due to the difference in dyée Raman cross section of TAMRA and

FAM dyeswere analysed by comparing the SERS signal intensitiesing the same dye

concentrationanalysed under the same conditifiigure 4.14)
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Figure 4.14 SERS spectra of TAMRA (blue) and FAM (red) labelled DNA (concentration 3.6 nM)

analysed using 514.5 nm laser excitati®pectra taken under same conditions and concentration.

The SERS signals generated frahe TAMRA dye were higher in intensity than thEAM
label suggesting significant differences in the dye cross sectiénlargeg Raman cross
section on the TAMRA dyevill result in stronger SERS responses over the FAM dye and

therefore higher detectionitnits wouldbe achievablé
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Analysis of ssDNA and dsDNA sequesdacorporating either a TAMRA or FAM dye have
shown that surface attraction is heavily driven through the electrostatic attraction of the DNA
bases. Thus, the sequence composition of the attached nucleotide chain was investigated
using TAMRA labelled ssNA and dsDNA sequences.

4.5 Dependency of Sequence Composition

The understanding of surface adsorption and sequence aftinisyiver metal nanoparticle
surfacesis vitally important indeveloping aDNA discrimination methodased on silver
nanoparticles Therefore,since results have demonstrated a high dependence on the
oligonucleotide sequence directing surface adsorption, the base composition of the DNA
sequence was varied and analysed. The T20 probe used previously is composed of a nucleic
acid segence containing 20 % guanine (G) and cytosine (C) ba&ssdlemonstratedhis
sequence composition hawown distinctive difference between ssDNA, dsDNA and a
TAMRA dye. To gain an understanding of the dependence that the number of G and C
bases incorporated into the analysed sequence has, the GC content of the sequence was
increased and analysed usirthe optimised SERS conditions. Three synthetic
oligonucl eoti de -TAMRAdabel and acomsisting ohdithrerg20, 808® %

GC content were investigated to determine the base composition effettie SERS

responses (Table 4.6).

Table 4.6:DNA sequences &sl and corrggonding GC content

Name DNA Sequ-8mge ( 56 Modi f i GCcontent (%)
T20 probe GGT TCA TAT AGT TAT AAT AA TAMRA 20
T20 comp TTATTATAA CTA TAT GAACC - 20
T50 probe TTG GAC GCG CTG GCT AAT AA TAMRA 50
T50 comp TTATTA GCC AGC GCG TCC AA - 50
T80 probe TTG GAC GCG CTG GCG CCG CC TAMRA 80
T80 comp GGC GGC GCC AGC GCG TCC AA - 80

Initially, a concentration study using only single stranded probes was carried out to
determine the influence of varying the GC composition orattemrptionof singlestranded

DNA sequences.Evident differences were obtained between each of the single stranded
TAMRA labelled probs, with the highest signal intensity obtained from the 20 % GC
content samplesshown in Figure 48  Significantly reduced sighaintensities were

obtained from the T50 probe, with the lowest SERS response generated by the T80 probe.
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This indicates that the increasing number of guanine and cytosine bases within the target

DNA sequence is considerably reducing the SERS signakityebtained.
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Figure 4.15: Single stranded TAMRA labelled probes over a concentration range of &#aring
1650 cnt* peak purple: 20 % TAMRA labelled prob@20), green: 50 % TAMRA labelled probe
(T50), yellow: 80 % TAMRA labelled prob@80) obtained using 514.5 nm laser excitation (1s, 6

mW, 20x obj). Each point represents the meanobSeplicates and error bars represeone

standard deviation.

Theseresults imply that the reduction in surface affinity is due to formation afnskcy
structures through selfybridisation of sequencesd aweaker binding affinity of guanine
bases onto silvenanoparticlesurface Previous studies have shown that poly G DNA
sequenceform secondary structures through Hoogsteen base palfinfjsus, guanine rich
oligonucleotides are prone to saisociation, forming @etrads or guaninkairpins****!

These structures are not sufficiently flexible to allow the nucleobases to adsorb directly onto
the metal surface, reducing surface affinity and appreciably decreasing the SERS response.
However the fundamental aspect dfiis DNA discrimination methods obtaining the
greatest signal intensity differences between ssDNA and dsDNA samgless, an
experimental study was carried out investigating the difference in SERS intensity between

ssDNA anddsDNA probes containing 20 %, 50 % and 80 % GC content.
Initially, double stranded probes were prepared by hybridising single stranded probes with

their exact DNA complements. To ensure hybridisation had occurred succeddflly,

melting experimerstwerecarried out.
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Figure 4.16: UV melting curves obtained at 260 nfa) DNA sequences containing 50 % GC
content,(b) DNA sequences containing 80 % GC contbhie: ssDNA and red: dsDNA

The melting curves for the ssDNA and dsDNAmples for both the 50% and 80 % GC
content squences are shown in Figure 4.IBhe dsDNA melts show a point of inflection on
the sigmoidal profile, this defines the melting temperatugg OF the double stranded T50
probe and T80 probe (Table 4.7)his shows that the formation of double stranded samples
has been successfully achievedAs expected no sigmoidal curve and therefore no

hybridisation was obtained from the ssDNA sample.

Table 4.7:UV melting emperatures for T50 and T80 dsDNA probes

Name Predicted §,; (°C) Experimental Ty (°C)
T20 probe 50.0 53.0
T50 probe 67.7 70.0
T80 probe 80.14 80.0

The predictednelting temperatureshown in Table 4.7 for the 20, 50 and 80 % GC content
sequencesvere calcuhtedusing EndMemosoftware. These resultshowthat increasingly
high numbers of guanine and cytosine bagaserate higher melting temperatures through
increased hydrogen bonding between base pditss could also indicate thaecondary
structuresare formingwithin higher GCcontent sequencereducing the thermal stability of
the complementanduplex!*? After successful preparation of double stranded sequences,

SERS analysis was carried out on the ssDNA and dsDNA samples (Fighte 4.1
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Figure 4.17: (a) SERS intensity 020 % GC probasDNA @dark purple) and dsDNA (light purple),
50 % GC probasDNA dark greehand dsDNA (light green) and 80 % GC pras®NA dark
yellow) and dsDNA (light yellow)at 1650 crit (b) Difference in intensity of single and double

stranded TAMRA labelled probesmparing 1650 cthpeak purple: 20 % TAMRAprobe(T20),

green: 50 % TAMRA prob€r50), yellow: 80 % TAMRA probé€T80) obtained using 514.5 nm laser
excitation (1s, 6 mW, 20x obj)Each point represents the mean of Sreplicates and error bars

repregnt+ one standard deviation.

Significantly higher signatliscriminationbetween ssDNA and dsDNA were obtained from
sequences containing 20 % GC content. The 50 % GC content probes gave considerably
lower signal intensities. However, distinctivediscrimination was still obtained. No
discrimination betweae ssDNA and dsDNA sequences watstained from the 80 % GC
probes. These results strongly indicate that as the number of guanine and cytosine base pairs
increase within the oligonucleotide sequenthe surface affinity for silver nanoparticles is

reduced as a result of the formation of secondary structures.

The coordination and attraction of DNA nucleosides (dA, dT, dG and dC) to silver and gold
surfaces has been investigatél’* SERS spectra have enedll constituent bases,
nucleosides and nucleotides to be studied and the surface chemistries increasingly
understood?® Adenine complexes have shown divesgectra through altering pH and
concentratiot®”**®  This has generated multiple forms and varied structure orientations
which can be detected throudtstinctive SERS responsesstudies havalsoshown that dT

has a lower surface affitg than dA, dG and dC, this has been attributed to the lack of an
exocyclic amino group with only the oxygen of tpgrimidine ring implicated in mel

coordination (Figure 48).
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Figure 4.18 Deoxythymidine and deoxyadenosine coordination to gafibparticles*?

However, nucleobases are prevented from ibogpdo the nanoparticle surface through the
desired nucleoside orientations, due to the sugar phosphate backbone holding the structure in
a fixed conformatiori?’ Therefore, the heteroligonucleotidesequences used within this

study mimicDNA sequences and surface adsorption which would be seen within diagnostic
assays. Consequently, it has been demonstrated that sequence composition and experimental
conditions have an extremely influential effect on the electrostatic attraction of DNA
seuences to metal nanoparticles and careful consideration must be taken when designing

DNA affinity assays.
4.6 Application of DNABInding Affinity within Assay

A developed understanding of the DNA detection method based on differeticeafiimity

of SDNA and dsDNAfor silver nanoparticles has been illustrated within this study.
However, to demonstrate the applicability and versatility of this method, the optimised SERS
conditions were used within an established DNA detection SERS assay based on the
principle of DNA discriminatiort?® Within this assay, the presence of target DNA was
determined through the differentiation of rRoomplementary DNA (ssDNA) and
complementary DNA (dsDN) by the generation of distinctive SERS respon@égure

4.19). Samples containing target DNA will hybridise to the added complementary dye
labelled probe, forming a double stranded sequence. This rigid helical structure has a low
affinity for a silver nanoparticle and generates a lower SERS intensity. Whereas, in the
presence of nenomplementary DNA, no hybridisation will occur and the probe will remain

single stranded. The flexibility of the single stranded DNA allows it to be strongly adsorbed
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onto the nanoparticle surface, generating higher SERS signals. As the concentration of
target is increased the formation of dsDNA will also increase, resulting in further reduction
in the SERS signals. Meanwhile, further addition of fommplementary DNA h&no effect

on the dye probe and a constant SERS intensityaisitained These differences iBERS
intensities allow the existence of target DNA to be determined.

() (b)
Non Complementary Complementary

| |
R il 1T

No hybridisation Hybridisation

High SERRS l ‘ ) Low SERRS
o~ signal f signal

'
Silver Nanopatrticle Silver Nanopatrticle
Target absen_t Target present
Large SERRS signal

Small SERRS signal

Figure 4.19 Schematic of DNA affinity assaya) Non-complementary DNA cannot hybridise to the
dye labelled probe which remains single stranded and generates strong SERS responses.
(b) Complementary DNA will hybridise to labelled probe forming dsDNA which has a lower affinity
for nanoparticle surfaces agenerates weaker SERS respotfses

The detection assay was performed comparing the optimised SERS conditions with the
original experimental conditions to determine the discriminati@iween ssDNA and
dsDNA as a funadvn of concentration (Figure 4.20The T20 probe (20 % GC content) was
initially used for this comparison studyThe optimised conditions yielded significantly
higher differences between complementary and -cwmplemerdry sequences at
concentrations above 0.25 nM, with the highest signal discrimination of 7.4 times at 0.9 nM

using optimised conditions compared to a 1.4 times ubgriginal parameters.
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Figure 4.20 SERS intensityf T20 probe over concentratisangeblue: complementary anced:
noncomplementarPNA using 514.5 nm lasexxcitation (1s, 6 mW, 20x obfg) optimised SERS
conditions,(b) original SERS conditiongloints represent the mean ofx%b replicates and errarone

standard deviation.

The original DNA discrimination assay utilised45 % GC content probeontaining locked
nucleic acid (LNA) residueto determine the discrimination between ssDNA and dsDNA.
LNA residues generate greater discrimination between exact match and mismagicsesq
when used in the comparison of unmodified labelled DNA proddserefore, to enable a
higher accuracy comparison to be obtaieggeriments using the higher GC coritprnobes
(T50 and T80) werperformed using the original and optimised SERS candit within the
DNA detection assay (Figured.and 4.2).
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Figure 421: SERS intensityf T50 probe over concentration rarigjee: complementary anced:
noncomplementarPNA using 514.5 nm lasexxcitation (1s, 6 mW, 20x obfg) optimised SERS
conditions,(b) original SERS condition$oints represent the mean of% replicates and erratone

standard deviation.
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Sequences containing 50% guanine and cytosine bases (T50 sequences) demonstrated
discrimination between an exact mfatand control, with improved SERS differences
obtained when employing optimised experimental conditions (Figur&).4.Zurther
illustrating that the optimisation of experimental conditions has considerably improved
difference in SERS responses obtainedngiscomplementary and naomplementary
oligonucleotides.These resulthave also shown thate use of the optimised experimental
conditions have demonstrated significantly greater discriminabomparedo the previous

DNA affinity without the use or the expense of LNA residues.

Sequences containing higher proportions @E bases (T80 sequences) illustrated no
discrimination between complementary and -complementary target using either
experimental method. This indicates tBatjuences containing 80% or greater GC content
are unable to be utilised within DNA detection assays based on the principle of differing

surface affinity for silver nanoparticles.
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Figure 4.2: SERS intensityf T80 probe over concentration ranigleie: complementary anced:
nornrcomplementarfPNA using 514.5 nm lasexxcitation (1s, 6 mW, 20x ob{a) optimised SERS
conditions,(b) original SERS conditiondoints represent the mean ofx% replicates and errat one

standard deviation.

The results obtained from the study of #féect of oligonucleotide chain lengttisplayed

varying SERS intensitie®ver the sequence compositions analysedThe T20 probe
generated the lowest SERS intensities, however, this experiment wasngelfon a
separate day to the T50 and T80 experiments and is therefore not comparable due to daily
variability in the SERS instrumentation and different reagents and colloid used. The T50

and T80 experiments were carried out simultaneously and thepsforbe comparedThe
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optimised T50 results demonstrated higher signal intensities than the optimised T80 results,
whereas, the original T80 probe was shown to generated greater SERS intensity signals than
the T50 probe using the same conditions. Thiskely to be due to inconsisterand
fluctuating results produced by the T80 probe through-Begliridisation and weak surface
binding.

4.7 Chapter Conclusions

This study has illustrated an understanding of the principle of specific DNA detection
throudch differences in electrostatic interactions by SERS. SERS has been effectively utilised
to quantitatively discriminate between TAMRA labelled single stranded, double stranded
and a TAMRA dye molecule on silver nanopatrticles, with higher SERS intendisesved

for ssDNA compared to dsDNA. It was further demonstrated that surface attraction is driven
through the constituent bases and the dye contributes minimally to surface adsorption. These
results were obtained through the use of excess spermindy efféctively neutralised the
negative charge on the DNA backbone. A comparative study also analysed the affinity of
the DNA probes using a negatively charged FAM dye. Distinctive differences were also
obtained betweeRAM labelledssDNA and dsDNA sequeeas; however, the discrimination

and limits of detection obtained wesdightly lower than the calculated TAMRA results.
This indicates that the charge on the SERS active FAM dye may be reducing surface affinity
of the sequences compared to TAMRA labelktuenceghrough alteing the surface
orientationof the dyeor throughdifferences in the Raman cross sectiofhthe dyes

The optimisation othe experimental conditions enabled the development of a method that
allows discrimination of DNA to bestablished with greater confidence and at lower DNA
concentrations.Discrimination between single and double stranded sequencesbteased

down to 0.45 nM for the TAMRA labelled sequences and 1.8 nM for FAM labelled
sequencesThe compositiorof the kase sequence has proven to be highly influential on the
discrimination of target samples, with an increasing percentage of GC content within
oligonucleotides found to cause a decrease in surface affinity for silver nanoparticles. A
DNA detedion method ha been shown herghich through careful consideration of SERS

conditions and target sequence, can provide a simple and selective biological assay method.
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4.8 Further Work

To continuethis work and gain a greater understanding of the principle of adsonpit
labelledDNA onto nanopartie surfaces, an extended stuahuld be performed utilising a
variety of labels and DNA sequencesThis study has demonstrated that under these
experimental conditias identical DNA sequences containing either a TAMRA-&M dye

label generated differing SERS responses. Theredomgre comprehensive understanding
would prove beneficial when designing DNA detection assays, enabling customised systems
to be easily devised. The detection of multiple probe sequevittés one reaction mixture
adds complexity to the system and surface interagtibmsefore this studgould be further
extended toalso investigate thediffering affinities which dye labelled probes have for
nanoparticle surfacesithin SERS multiplex mixtures.This study has also demonstrated
through slight experimental optimisations aimcreasd discrimination at lower
oligonucleotide concentrationwas achieved Further optimisation would enable the
applicable concentratiominge to be extended detecting lower concentrations of DNA with a
greater confidence.
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5. Specific DNA Detect
TagMan Assay with SERS

The treatment ofclinical diseases and viruses progressing towards prev@m through
earlyintervention. To achieve this goal DNA detection methais continually improng

to enhance sensitivitgnd multiplexing to enable generation of rapahd accurateesults
Conventional methods for the detection of bactan#dctions are based azell culturing
methods which can be tedious and tisensuming. Generally, samples must undergo
incubation for up to 48 hours on a mixed flora agar culture before identification and level of
resistance can be measut&d?® This becomes problematic when detectihighly
infectious disease causipgthogens, such as viruses and baateriTraditional detection
methods carmpraong diagnosis times anthcilitate the spread of the infection. One such
pathogen responsible for severe nosocomial infect®omethicillin resistanStaphylococcus
aureus(MRSA). This multiresistant strain haan increased resistance to many types of
antibiotics, i nc | u dactangantibieticsihick dorisilerahly restiiaddls ot her
treatment®**>! Consequently, rapid and accurate detectiorsseetial for infection control.
Modern techniquehave been developed whichilise PCR combined with fluorescence
detection tarapidly reduceanalysis time. Francoiset al. demonstrated the rapid detection

of MRSA directly from clinical samples using fuorescence detection TagMassay
which deteced and identifed MRSA within less than 6 hours? This piovided substantial
benefis for infection control by enaiblg prompt and costffective implementation of

contact precautions.
5.1 TagMan Assay

The TagMan assajgee IntroductionSection 1.3.1.2has been the main focus of this study.
Conventional TagMa assays have been used for the detection of specific nucleic acid
sequence¥ The TagManassay utilises enzymatic probe cleavage to generatal sigghin

a realtime PCR assay. The accumulation of dye as a result of target amplification is
monitored through an increase in fluorescence sighlirris et al. designed a fluorogenic
probebased PCR assay for the detection of hepatitis C virus RNs&rinm and plasmid.

The assaymonitored the build upin fluorescencesignalfrom the dye labelledDNA probe

containinga FAM fluorophore and TAMRA quencher. This TagMan assay demonsizated
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rapid detection method witimcreased throughy which reduced thepportunity for false

positive results due to the elimination of secoodnd amplification.

The TagMan assay is higly effective and has many benefits including low geeR
manipulation, selectivitythrough specific binding eventend high sensitivity. However,

TagMan probes can show poor allelic bindargd inefficient fluorophore quenching which

will often result n high background signals, reducing assay sensitivityevious studies

have overcome some of these issues through the incorporation of modified probes which
reduce signal backgrourfdl. Nurmi et al. utilised terbium chelateas a reporter molecule

within a realtime TagSERS PCR ass&y.The fluorescence intensity of terbium chelate is

lowered through attachent toa single stranded DNAequencendincreasd when free in

solution. This observation was exploitedthinaT a g Man 56 e x o.nThechetaes e a s s
probespecificallybinds tothec o mp | ement ary target amplicon a
activity of the DNA polymerase enzyme enables digestion of the probe adtluoareleases

the chelate from the DNA sequencgeneratingan increased signal intensityhich

correlaesto the presence of target DNAThis assay removease need for efficient probe
quenching, therefore, low backgroundsvere obtained as well as a 106ad signal

amplification.

Another drawbak which significantly reduces assay productivity is the limiseduence
analyses due to fluorescence detection. Fluorescence detection generally pbodades
emissionbands which make multiple dye combinations difficult to differenti&terein, we
have investigated the benefits of coupling a TagManyaggth SERS detection to obtain

enhancedensitivitylimits and multiple analyte detection
5.2 TaQSERS Assay

The TagSERS assdas been developed to incorporate the advantages of SERS within an
efficient DNA detection TagMan assay The polymerase chain reaction (PCR) is an
essential component within the TagSERS assay and a detailed perspective of theamgction

modified componets must be introduced.
5.21 TagSERS Polymerase Chain ReactiorPCR)

The TaqSERS assay relies on PCR to simultaneously amplify the target sequence whilst

enzymatically digesting the hybridised prob&he standard fluorescent TagMan probe had
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to beredssignedwithin the TagSERS assay, to enable specific and intense SERS retgponse

be obtained. The pr ob etermiausdyeanitht acbioten desidug, r e p |
this was ftlowed by a 29 base sequence complementary to a specific region Wwéliarget

gene. Adjacent to the coding region, a hexaethylene glycol (l3g&er wa incorporated,

intended tgpreventthe further digestion of the probe by the enzyme. Finddiifpwed by
l0adenine bases -TAVMRAdysm(Bidquedl). by a 36

~

10 adenine
bases

spacer

Complementary
sequence

Figure 5.1: Schematic of TaQSERS prabe

Throughout each PCR cycle, the DNA primer and probe hybridise to specific regions of the
target sequencevithin amplifiable distance The binding of the primer enables the
thermostable enzyniehermus aquaticu@aq) polymerase to begin strand elongafieigure

5.2). The enzyme also contains a 56 to 36 e
obstructing TaqSERS probe, separating the attatA&RA and biotingroups

o Biotin o HEG-10A-TAMRA ‘ Taq Polymerase

!

(b)

© -

@ \{__/U | U | @ o

Figure 5.2: Schematic of TaQSERS PCRaqSERSrobecontaining biotirand TAMRA (a),
template(b) andprimers (c), (i) hybridisation ofprobe and primers to templa{é) Taq polymerase

enzyme simultaneously elongates primers and digests probe separating the biotin and TAMRA dye.
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The biotin residuevasincorporatednto the TagSERS prole enable any undigested probe

to be removed from the reaction mixture through addition optstv&in coated magnetic
beadqFigure 5.3) After PCR hd been carried oythe resultant supernatazontained fully

intact and digested TaqSERS probes. Streptavidin cosdetetic beadwere utilised to
remove any remaining intact probe to prevent the generation of false positive results.
Streptavidin is a tetrameric protein with four binding sitehjch have a very high binding
affinity for biotin (K,= 10> M™). Therefore, all biotin residues, whether single groups from
the digested probe or biotin remaining with the TagSERS probe, will bind strongly to the
beads and magnetically removed frore #fample mixture. This wash step leaves only the
TAMRA dye with attached DNA remaining in the supernatant solution for SERS analysis.

A -
_ - HEG- \.( )  TagSERS Streptavidin coated
¢ Biotin }' L I
10A-TAMRA probe magnetic bead

Q
“ -
‘} ! Addition of Removal of > SERS
magnetic beads beads by magnet

Figure 5.3 Schematic of removal of biotin group using streptavidin coated magnetic. beads
Streptavidin coated magtebeads are introduced to remove any undigested biotinylated probe and
free biotin. A magnet then removes beads from the system leaving TAMRA labelled 10 adenine

basesdn thesupernatant for SERS analysis.

The design of the probe ensures that aal@eni ne base Atail o remai
TAMRA dye after enzymatic digestion It was experimentally demonstrated that a DNA
sequence attached to the fluorophweigenerate significaty higher SERS signalf§® This

was shown irprevious chapter, where a greater signal was obtained frofalogkted DNA

than dye alonéChapter 4) SERS analysis was carried out garingthe SERS signal from

a TAMRA dye and a HEAOA-TAMRA sequence (Figure 4. Both samples were

analysed throug addition of 0.1 M spermine, distilled water and silver citratfuced
nanoparticles. The mixtures were analyssthg 514.5 nm laser excitatiorecording the

SERS spectra within 1 minute of colloid additidfive replicates of each concentration were

analysed 5 times and the average SERS intensity of the 165paak wasplotted against

concentration.
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Figure 54: SERSintensityof 1650 cni peakrecorded using 514.5 nm laser excitatjis, 6 m\W,
20x obj) blue: HEG10A-TAMRA, red: free TAMRA dye Error bars represetitone standard

deviation.

Resultsclearly show that under these conditionap SERS signals were obtained from the
TAMRA dye, whereas, high intensity SERS responses wereneltavhen analysing the
dye labelledDNA sequence. Conventional TagMan assays do not contain an enzyme
blocking group and thus the full probe sequence is digestlediing complete separation of
fluorophore and quenchenolecules However, his study hasdemonstrate that through
redesigning the probe to incorporateHEG group further progression of the enzynie
prevened Thisenabksa short oligonucleotidesequencéo remainattached tahe TAMRA
dye and generatelistinctive SERS responsesThese findings support results obtained in
Chapter 4, indicating thahetal surface attraction of thBNA is driven by the nucleotide
bases and not the TAMRA dye. This illustratest ttmore sensitive SERS detection can be
achieved through detection of TARA labelled DNA rather than released free dye.

The probe desigmlso remowes the need foefficient fluorescencequenchingwithin the
intact form. The conventionalagMan assaysesa quencheto avoid fluorescence being
emitted before enzymatic digestimccurs. Howeverguenching can be pgogeneraing
high backgroundgignals The TaqSERS probe removes this issue aasbay does not rely
on fluorescence signal quenrol but insteadbiotin was incaporated into the sequence,

allowing removal of excess probe using streptavidin coated magnetis. bead
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5.3 SERS Analysis of TaQSERS Assay

The TagSERS assay was employed for the detection of methicdBistantStaptylococcus
aureus(MRSA). Staphylococcus aureU$A) is a major pathogenmesponsible forsevere
nosocomialinfections Multiresistant strains oSA have emerged withan increased
resistance to many types of antibioficxluding methicillina n d  o-ladtae rantikiiotics.
The methicillin resistancgenewithin the strainis conferred through thmecAgene which
encodes the penicillibinding protein 2a (PBP2a) This proteincontains anactive site
which prevens theb i n d i fagtanonfoieties.Thus, acquisition of thenecAgene within
the SA chromosome, generates theethicillin resistance strain (MRSAY*" This has
considerably restrictethe treatmentof MRSA to the exclusive use of glycopeptidasd
oxazolidiones Consequently, rapid and accurate detection is essémtiadfection control

and to preventse oflastline antibiotics

Table 5.1 Oligonucleotide squences anchodifications

Name Sequen8é) (56 56 Modi f36Modi f
mecAProbe TGGAAGTTAGATTGGGATCATAGCGTCAT Biot HEG-10A-
iotin
TAMRA

MRSA Template TGGTCTTTCTGCATTCCTGGAATAATGACGCTA
TGATCCCAATCTAACTTCCACATACCATCTTCTT
TAACAAAATTAAATTGAACGTTGCGATCAATG

Forward Primer CATTGATCGCAACGTTCAATTT

Reverse Primer TGGTCTTTCTGCATTCCTGGA

The assay was carried ouising a synthetic MRSAoligonucleotide target sequence
containing 99 baseanda probe nucleic acid sequencentaining 29 bases whidorespond

to the mecAgene regiorwithin the MRSA strain (Tale 5.1)'** To perform the assay,
reagents were combined wi tedindetaihin s2@ién 361 PCR
Each sampleontained PR buffer (2.5¢ L MgCl, ( 1 e L) , dNTP nmmagxt ur e
polymeraseenzyme( 0. 5 ¢ L) , forward angd 0LNTeghBRS pr i me
probe ,08.)aMt Br get s e, u@ nEngdegdlo agotal volume of 25

eL with DEPRe&chiagSERS samplFearesponding sample containing SYBR

green was also prepareddnable the success of PCR todetermine through monitoring
sequencamplificaion. SYBR green is an intercalating dyfeat hasa low binding affinity

for single stranded DNA and biadh high yields to double stranded DNA. In réiahe

PCR, fluorescence from the dye is measured in each cycle to obtain an amplification curve,

the intensity of which is proportional to the amourit BCR product formedand
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consequently, the increase in probe digestiBYBR greensample contained all reagents
and volumes as the TagSERS assay with exceptidgheremoval of the TaqgSERS probe
and addition of (1/1080"dilution)o Conti®\assay, wighramdavithout
SYBR greenweresimultaneously performeasing a nonsense oligonucleotaea template
sequencewhich was non-complementary tahe TaqSERS probethus should generate
minimal to no SERS responseSamples were heatedarding to cycling conditions:

1 cycle 95 °C for 10 minutes
25cycles 94 °C for 30 seconds, 60 °C for 1 minute, 72 °C for 1 minute

1 cycle 72 °C for 5 minutes

Both positive and negative samples contaif$Y8R green were monitored throughout PCR

to determinethe success ofarget sequencamplification Figure 5.5 shows typical
amplification profiles obtained from monitoring tI8YBR green TagSERS assay sample
andnegative control.Both the TagSERS assay and negative control sampthoutSYBR

green underwent PCR heating, however, the samples were not monitored during PCR as no

information would have been gained.
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Figure 5.15: Realtime PCR cyclesf amplification of template DNA through miboring SYBR

green fluorescence; green: MRSA teatplsequence amairple: nonsense template sequence

The generation of a signdal curve in the TagSERS assay sample indicates the target DNA
has been amplified and therefore, suggests optimum probe digestion has occurred. As
expected no amplification othe nonsense controlvas generated After PCR was
determined to have besnccessfullyperformed, any undigested probe was removed through

a streptavidin bead waslIThis step was performed onbn samples which did not contain
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SYBR green dye as thiatercalatingdye may generateinterfering signalsduring SERS

analysis. Each 25 ¢eL of PCR product was combined
magnetic beads and left shaking for 30 minufEse beadsvith attached biotinylategrobe
werethenmagnetcally separated frorthe analysis mixture The removal of thentactprobe

enables SERS signals to be generated from the remaining TAMR#mhyed via digeston

of the TagSER®robe correlating to the presence of target amplic®ERS analsis was

cariied out utilising514.5 nm laser excitation with 1 second accumulati@igure 5.6).
Citratereduced silver nanoparticles were mixed withTA¢MRA labelledadenine sequence

and aggregated using spermine immediately prior to SERS analySiler citrate
nanoparticles were used in this study as it has been reportddwieatlimits of detection

and higher intensity signatsin be achievetf* '*°
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Figure 5.6. SERS spectra recorded using 514.5 nm laser excit@dtse mW, 20x objtontaining
blue: synthetic MRSA target and red: synthetic nonsense cdfitral probe concentratio.5 nM).

Error bars represertone standard deviation.

The esultsin Figure 5.6obtainedfrom the assay shoanly asmall difference between the
detedion of the MRSA sequence and a mmmplementary sequence at the prominent 1650
cm’* peak. This difference is not sufficient definitively show the presence die target
sequencewithin the sampleand significantly largediscriminaton would be expeted to
obtain definitive conclusions This minimal discriminationis dueto high signals from the
control, this could ba result ofinefficient captureof excess probwithin the bead washing
step orthrough poor digestion of the probe by the enzymbich would lower the assay

signal Consequently, both theories were investigated.
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5.3.1Streptavidin Bead Wash Optimisation

To ensure the maximum amount of biotinylated prolas removed from the supernatant
mixture priorto SERS analysis, a ttimesexcess ofstreptavidin coated magnetieadswas

initially utilised. A 1:1 binding capacity obeads was calculated to be 6.25 L to 25 uL of
PCR product containingiotinylated TaQgSERS prohe wi t h 19 ¢L of beads
times excess. In reality, each streptavidin protein has four binding sitetich further
increagsthe binding capacity of each beaHowever, results from Figure @demonstrate

that high negative control signals were generated usinghtbégl volume Therefore, e
TagSERS assayas repeatedhcorporating increasingolumes of beads.Three different
amounts ofxcess beads were investigated; 3 times (19 uL), 10 times (63 yL) and 15 times
(94 uL) wereeachadded to 25 pL of PCR product after TagSERS PCTRe samples were
analysedby SERS using 514.5 nm laser excitation after the biotinylated probe had been
magnetically removed from the supernatant through the streptavidin bead wash. The
differencein SERS intensity of the 1650 &npeak betweerMRSA target sample and
nonsense cdrol could then be calculated and the efficiency of increased bead volumes

assessed (Figure®.
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Figure 5.7: SERSintensities of 1650 cthTAMRA peakrecordedusing 514.5 nm laser excitation
(1s, 6 mW, 20x objtomparing differences betwebtue: synthetic MRSA target and red: synthetic
nonsense contraising increasing volunsof streptavidin coated magnetic beagor bars represent

+one standard deviation.

The differencesbtained betweethe MRSA targetand control sampledllustrate that no

significantincrease in theemoval of the TagSERBrobe wa achievedy increasing the
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volume of beads employedA 3 times excess oftreptavidinbeads provide a greater

captuing efficiency than a 15imes excessThis demonstrates that aifes excess of beads

is providing efficient proberemoval. Largerintensitydifferences were obtained from results

in Figure 5.7 than the assay performed in Figure 5.6. Howewerxpeimental parameters
were altered and a 3 times excess of beads sed, thereforethese smaltlifferences are
likely to be due to daily variances in the efficiency of P& SERS analysisA noticeable
SERS signal remains within the nonsense continglrefore theefficiency of theenzymatic

digestion of the probe wasvestigated.

5.3.2 Enzyme Optimisation

The enzyme used within the TagSERS assay was TégvBNA polymerase(MercK), a
chemically modified enzymevhich is inactive at ambient temperatureThe enzyme is
activated by heatg to 95 °C providing specifiamplification with minimum generation of
nonspecific products. To enable analysis of the enzymecamparablehot stat DNA

polymerase enzyme was utiliseHot®StarTaqDNA polymerasgQiager) is an alternative

chemically modified enzymeith similar enzymatic propertiesBoth polymerase enzymes

alsocont ai n 56 to 306

exonucl

ease activity

hybridised to the target sequencéwo simultaneas assays were performed incorporating

each enzyme The SEFR intensities from the MRSA target and the {womplementary

controlweredeterminedand the differences intensitycalculatedFigure 58).
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Figure 5.8: SERSintensities of 1650 cthTAMRA peakrecorded using 514.5 nm laser excitation
(1s, 6 mW, 20x0bj) comparing differences betwebtue: synthetic MRSA target and red: synthetic

nonsense contralsing NovaTaq antot®StarTaqg® DNA polymeraseError bars represeatone
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The useof the Hot®Star Taq enzymegeneratedalmost twice thediscrimination between
samplescomparedo utilisation ofthe Novaagenzyme. The discrimination generated by
the NovaTlaqenzymewassimilar to results obtained from the same assay in Figure 5.6, with
the smalldifferences due to thdaily variations inthe efficiency of PCR. These results
illustrate thatthe low discriminatiorpreviously obtainedbetween samplesan be enhanced
through replacing the polymerase emey The Hot®Star Tag enzyme generated lower
SERS signals within the control sample aslvas higher responses within the MRSA
sample. This was thought to be as a result of incregzedbe digestionby the enzyme
Thus, to gain a further understandingtlog activity of theHot®StarTag DNA polymerase

enzyme analysis othe enzymatic digestion of the prolvas investigated
5.3.3 Enzyme Digest

An enzyme digest experiment was carried out on the TagSERStprestablistthe success

of probedigestion within the assayTwo samples were prepared wihzyme added to one
sample and onlgorrespondindguffer added to the otherBoth contained PCR buffer and

the TagSERS probe at the same volumes and concentrations usedthadtRCR assay.

This experiment contained no template sequamckno PCR wasepformed Both samples
wereactivated through heating for 10 minutes at 95 °C and then heat@@jC for 2 hours,

which was the optimal temperature for the enzyuivity andthe approximatdime taken

to carry out the full TagSERPCR reaction. Afteheating, both samples were washed with
three times excess of streptavidin coated magnetic beads, before removing the supernatant
for SERS analysis.

Figure 59 shows the SERS intensity at 1650 tof samples with and without enzyme

addition. Samplesontaining the enzyme gave higher intensity signals than samples without
enzyme, indicating that the polymerase enzyme was able to successfully digest the probe and
generate increased SERS responses through the build up of releasedadyever, this

resut also indicates thahe probe is beindigestedoy the enzyme when free in solution and

not hybridised to the target sequenddne Hot®StarTaqgDNA polymerase enzyme contains

a 506 exonuclease activity which should diges
the complementary target sequence. However, the strong exonuclease activity of the enzyme

appears to indiscriminately digest a smallume of the free probe.
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Figure 59: SERSintensities of 1650 cthTAMRA peakrecorded using 514.5 nm laser excitatfs,
6 mW, 20x obj)analysing digestion of the prolparple containingHot®StarTagDNA polymerase

andgreen omitting Hot®StarTag DNA polymerase. Error bars represermtne standard deviation.

Thisresult also suggesthatthe bead removal step is not 100 % efficigume to he presence

of the TAMRA signal within thei No E n gaynphee 0Weak but distinctive TAMRA
spectra were generated despite use ofa 3 times excess of beadich was previously
shown to produce sufficiergrobe removal This indicates that not all biotstreptavidin
interactions are occurrinp remove excegsrobe,regardless of the volume of beaatided
The PCR mixture contains large quantities ofpgducts template, primers aridns, which
could compete with the biotinylated probe for the bsadace. This could result in free
binding sites beingolbstuct ed by the probe as well as

mixture.

This study has demonstrated thatc@mbination of bothnonspecific enzymatic probe
cleavageand reduced efficiency of the bead removal step appear to beaben for the
unwantedbackgroundsignal in the negative controHowever, the weak signals obtained in
Figure 59 demonstrate that this a minimal effecwhich in the presence of strong SERS
responsedrom the target assayould become negligible. Thut definitively show the
presence of target oligonucleotidbe signal intensity obtained from the full assayst be

significantlyenhanced¢ompared to the control signal
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The TaqgSERS assay was repeatedripmmating theHot®StarTag DNA polymerase enzym

as results in Figure 5.8 have shown greater signal differences between the target assay and
negative control Synthetic MRSA template was utilised as the target sequence and a
nonsense controbf noncomplementary DNA. Afterthe streptavidinbead washhad
removed the undigested proi®8ERS analysis was performed te resultingsupernatant
sample through addition of silver citrate nanoparticles and analyseay 514.5 nm laser

wavelength The average spectganerated are shown in Figuré®.
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Figure 5.10: SERS spectra recorded using 514.5 nm laser excit@tg® mwW, 20x objrontaining
blue: synthetic MRSA target and red: synthetic nonsense cdfitralprobeconcentratior6.5 nM).
Assay was performed using Hot® Star DNA polymeraSeror bars represetitone standard

deviation.

The spectra obtained demonstdateat only inthe presence of MRSA target wergense
characteristic  TAMRA responsesobserved, with considerably wealer SERS signals
generated by the nonsense contrd\. noticeable sigal intensity difference of 6.3vas
observedbetween samplesrom the principle spectral band at 1650 “cm This wa
significantly improved fronthe initial assay results obtained from Figur&.5The SERS
signals obtained were dependant on the final concentration of digested probe remaining
within the sample after PCR had been performBoerefore, a novel assay combining SERS
detection with a conventional TagMan DNA detection assay has beehsbg@bvhich can

determine the presence of specific target DNA.
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5.4 Quantification of TaQSERS Assay

To demonstrate the potential of the TagSERS assay as a diagnostic analysis method, the
sensitivity of the assay had to be determine@linical samplesoften contain minimal
amounts of target DNA In light of this, itis essential fodiagnosticassays tde able to
detect low concentrations of oligonucleotid€hus, he limit of detection of th@aqSERS
assay wasalculated tadetermine thdowestconcentration ofarget MRSAwhich could be
positively identified The use of PCR within the assay has the advantagmhafncing
sensitivity by amplification ofow concentrations ofargetDNA. However,asPCRis an
exponential reactiongbtairing detection limits for the assagan bedifficult. Different
initial concentrations of templateill produce similar levels of DNA amplificatiamrough
increasinghe number of PCR cyclegerformed This result in comparabldevels of target

amplification,probe digeson andundistinguishable SERS intensities.
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Figure 5.11: Realtime PCR cycles with varyinigitial DNA template concentrationsAmplification

was monitorediia fluorescence emission of SYBR green.

To overcome this issuend enable limit of detection to be calculated, the number of PCR
cycles performed was fixedThe TaqgSERS assay wagrformedemploying decreasing
initial concentrations of synthetic MRSA target (19, 12, 6, 1 and 0.2 p@pd)it was
determinedhat the highestemplate concentratiolnad fully amplifiedby 23 cycles (Figure
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5.11). Therefore, the ssay was carried outith the number of cycles fixed @8, enabing

all concentrations of the template to begmplification whilst maintaining discrimination
betwe@ each concentrationThe samples were then analysed by SERS to establish the limit
of detection, four replicates of each concentration were analysed 5 times and the average
SERS intensity of the 1650 ¢hpeak wasplotted against concentratioRigure 512).
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Figure 5.12: Limit of detection of TaqSERS assaging SERSanalysed using 514.5 nm laser
excitation (1sp mW, 20x obj)and average intensity of TAMRA peak at 1650'gtotted Each

point represents the meansffeplicates and error bars represeonhe standard deviation.

A quantitative linear response was obtained for the SERS resudltthe gradient of the line
was used to calculate the limits of detection by assigning the limiting signal intensity to be
three times the standard deviation of the background signhE limit of detection of the
TagSERS assay using SERS analysis was calculated to b¢Talilé¢ 5.2. This detection

limit demonstrates the potential of tlassayas adiagnostic methd which canaccurately

detectiow concentrationsf DNA.

Table 5.2:Limit of detection (L.O.D.) of TaqSERS assay for MRSA template using

SERS andluorescence

Detection Method L.O.D (g pLh L.O.D (mol dnm')
SERS 6.0 x 10 7 x 10"
Fluorescence 6.6 x 10" 7.5 x 10
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The same samples were also analysed using fluorescence analysis to enable comparison of
detection methods (Figure 8)1 Each sample concentration was analysed using a
MX3005P fluorescence system utilising a TAMRA filter $856 nm X80 M em). A

similar responsavas obtainedrom the fluorescence resulisd the limit of detection was
calculated in the same way as the SERS concentration sty limit of detection using
fluorescence was calculated to be 75 fMible 5.2) over a magniude higher than using

SERS detection. Through the use of SERS, increased sensitivity has been achieved over its
fluorescence counterpamemonstrating one of the main benefits of SERS as a detection
technique
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Figure 5.13: Limit of detection of TaqSERS assay using fluorescelstection analysed using
TAMRA filter set (556 nm ex/580 nm engnd average fluorescence intensity whkxtedfor each
concentration. Each point represents the mean of 5 replicates and errepbessnt: one standard

deviation.
5.5 Specificity of TaQSERS Assay

The TaqSERS assay has so far shown highly sensitive detection of clinically relevant
samples of MRSA.However,to obtain meaningful results, clinical diagnostic assays must
be able to sprfically detect target sequenceReal dinical samplesare complexmixtures

of bodily fluids whichcontainunknown quantities afnolecules proteins cell organelless

well as vast concentrations génomic DNA Therefore analysis methods must be able to
discriminately detected target sequences within these complex mixtditesefore, the
TagSERSassaywas investjated to show itselectivity via the detection of Imically

relevant samplesf the mecAgene within a genomic MRSA strairGenomicsequenceof
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MRSA containing themecAgenewere cultured from the bacteriataphylococcusureus
(SA) strain (NCTC 8325)obtained from the national health protection agency culture
collection(HPACC SalisburylJK). A SA strainwasemployed as a controlThe SAstrain
does not contain the methicilliresistangene and no amplification should occur in this case.
Therefore, thanecAprobeshould not be digested amdll be removed from the reaction
during thestreptavidin bead washktep. Figure 5.4, shows the SERS intensity of the target
MRSA and control SA sequences as well as the spectral responses.
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Figure 5.14: SERS spectra recorded using 514.5 nm laser excitdtif mW, 20x obj)containing
blue: genomic MRSA target and red: genomic SA coningert contains raw SERS spectioth
used template concentration of 1.2 X"4§ mL™* Each bar represents 4 x 5 replicates amdréars+

one standard deviation

A clear distinctionbetween the full assay using target MRSA amelSA control samples
wasobtained, with a 7.8mesdifference obtaiadat 1650 cnT. These results demonstrate
the selectivity of the TaqSERS asssgce specificamplification andhybridisationof the
mecATaqSERSprobe was observedbetween similagenomic strains The higher SERS
responses obtained from samples containing MRSA sitndinate preferentiabinding of
the probewith consequentlyincreased digestion and sigrialild-up. The weak control
signal can be attributed tthe nonspecific digestion of the probe and inefficigmobe

removal, agliscussedn section5.3.
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To further demonstrate themplification and subsequent probe hybridisatithin the
TagSERS assaygel electrophoresigvas undertaken using the PCR products frorMRSA

and SA samples.A microfluidic-based gel platfornfAgilent 2100 bioanalyzgrenabled
sizing and quantificatio of PCR productdhrough generation o&n electroplerogram
Marker samples were also incorpted into the gel to enable sizing of the DNA sequence
samples. Results are shown in Figussbmarker bandsare depicted by green and purple
peaks at 15 and 1500 bases respectively.
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Figure 5.15: Electropterogram and quantitative data (@) MRSA and(b) SA PCR product Green

and purple circles highlight lower and upper marker peaks

An intense peak present withime MRSA electopheogram shows specific amplificatiad

the mecAgeneregion within the MRSA strainhas occued Quantitative analysis also
indicated that the generated PCR product was approximately 104 ¢xasesponding to the
template amplification region No product peaks were obtained from the SA control
supporting the SERS resulisdillustratingno ampification of the control has taken place
These results also demonstrate efficient PCR has been accomplished within the TagSERS

assay.
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5.5.1 Specific Detection of SA usingemA-SA Probe

The TaqSERS assayas also used as a method for the detectérihe SA strain using

another TaqgSERS probe To enable distinguishable sequence detection, a different
fluorophore dye5-(and 6)-carboxyfluourescein (FA)Y) was i ncor porated oni
the probe Figure 5.8, shows the structure of the FAM dyewasll as the generated SERS

spectraobtained using 514.5 nexcitation wavelength
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Figure 5.16: SERS spectra recorded using 514.5 nm laser excitgtiof mW, 20x obj)of femA-SA
probe containing FAMfi{nal DNA concentratior6.5 nM).

The probe also containel DNA sequence complementary to tfemASA region. The
femASAgene was chosen as it is contained within both MRSA and SA strains, therefore the
TagSERS assay could differentially determine the presence of &othltaneously ira
multiplex. Probe and primesequences utilised for detection of teenASAgene are shown

in Table 5.3

Table 5.3 femAi SAoligonucleotide squences ancghodifications
Name Sequen8é) (56 56 Modi f36Modi fi «

femASAProbe TCATTTCACGCAAACTGTTGGCCACTATG Biotin HEG-10A-FAM
Forward Primer TGCCTTTACAGATAGCATGCCA -

Reverse Primer AGTAAGTAAGCAAGCTGCAATGACC -

The TagSERS assay was performed utilising the FAM lab&ledSAprobe primersand

genomic SA sequence as templatenonsense sequence, which was-nomplementary to
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anyregion within theSA template, was similarly employed as a control. SERS analysis was
carried outusing 514.5 nm laser excitation with 1 second accumulationThe average
intensity of the principle peak at 1636 tmas plotted in Figure 571
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Figure 5.17: SERS spectra recorded using 514.5 nm laser excitgts, 6 mW, 20x obj)containing
blue:genomicSA targetred: nonsense controlnsert contains raw SERS spectioth used
template concentration of 1.2 x 1%y mL™. Each bar represents 4 x 5 replicates anor darst one

standard deviation

Distinctive FAM spectrawere obtainedfrom SERS analysis of both the SA target and
nonsense control. Howeveignificantly strongersignalintensities were obtanedfrom the
SA target samplewith a 3.2 times difference. fese results have showtimat significant
differencesn intensitycanbe generated from the assaiilising thefemASA probeaswell
asthe mecAprobe,demonstrahg the versatility of the TaQSERS assagonsequently, as
the detection of both probes was shown to be succesasfiliiple sequence detection was

investigatedby SERS analysis
5.6 Multiple Strain Detection

Conventional DNAdetectionmethods ar@ften performed using fluorescence spectroscopy
ard quantitative PCR. Fluorescence detectionffers many advantagescluding a large
number of available dye labelsnd low sensitivity with single molecule detection
achievablé'**® Spatial multiplex analysis dNA has been shown through use of array

based fluorescenc&’ however, multiple analyte deteati is limiteddue tothe generatin of
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broad overlapping spectra, reducing the number of fluoroghbedled oligonucleotides that
can be analysed at one timBERSis consideredo bea powerful analytical techniqueith
the potential to simultaneouslgiscriminate between several targefBhe spectra generated
by SERS analysis produce sharp, narrow bands distinatligjue to specific molecules.
Therefore, molecubr identification and structural assignments che madeeasily with
minimal peak overlap™ Commercially available fluorescent labelave been widely
utilised in SEFS analysisdue to the quenching dfuorescence emission by the metal

surface®

SERS analysis was performeding aTAMRA labelled mecAprobeand a FAM labelled
femA-SA probe before performingthe TagSERS assay tdetermine the multiplexing
potental of both probes Citratereduced silver nanoparticles were mixed with the-dye
labelled probes and aggregated using spermine immediately prior to SERS analysis. A laser
excitation wavelength of 518 nm was utilised to generate strong responses from both dyes.
The duplex spectra obtained from combination of the TAMRA and FAM probes as well as

the individual spectra for each dye is shown in Figur8.5.1
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Figure 5.18: SERS spectra recorded usbity.5 nm laser excitatiafls, 6 mW, 20x objshowing(a)
TAMRA spectra,(b) TAMRA and FAM duplexspectra(c) FAM spectra. Distinctive TAMRA peak
at 1220 critand FAM pealat 1170 crit shown within multiplex spectra

The discrimination of both TAMRA and FAM peaks can be clearly identified by eye, with

numerous peaks unique to each dye within the duplex mixture. In this study, the TAMRA
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peak at 1220 cthand FAM peak at 1170 chwere chosen to give distinguishableke for
multiplex analysis and data interpretatioff.he ease oSERSdiscriminationbetween the
mecAand femASA probe enabledthe TagSERS assap be performedwith the aim of
multiple strain discrimination Equalconcentratios of both probe and primersvere added
to the PCR mixturs, with the addition ofdifferenttemplatesequencesThe template DNA
used 60 ng/puL ofienomic MRSAor SA and anornrcomplementary nonsense sequewes
usedas a control After PCR and a streptavidin bead washstep was caried out the
sample mixtures weranalysed by SERS$hrough addition of silver nanoparticles and

spermine

The intention of the multipx TagSERS assay was to obtdintinctive SERS spectra from
each sample. Re presence of both thmecAand femA-SA regions within the MRSA
sequenceshould generata duplexspectraas a result of hybridisation of tHBAMRA and
FAM probes. GenomicSA contains only thdemA-SA gene thus through mecA probe
removalin the bead washing step,pagedominately AM spectrawould be expected The
nonsense sequence was Jftomplementary to both probe sequenaad should produce
minimal SERS responses from either dyeherefore, if MRSA was present a signal from
both TAMRA and FAM would be observed, whereas, if 8&s present, only FAM signal
should be observeddowever,the SERS spectmat the three sample mixturesFigure 5.9,

demonstratednexpected ragts.
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Figure 5.19: SERS spectra recorded using 514.5 nm laser excitdt®i mW, 20x objontaining
blue: genomic MRSA targeted: genomic SA contrpreen: nonsense sequengk samples contain

bothmecAandfemA-SAprobes. Each spectra was generated from 4 x 5 replicate samples
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Analysis of the spectraby eye shows that dominant peaks corresponding to both the
TAMRA and FAM dye labels were obtained ail threesampls. Previous results have
demonstrated that due géocombination ohonspecific probe digestioby the polymerase
enzyme and incomplete emoval of uncleavedprobe through the biotistreptavidin
interaction a low intensity multiplex signal would be expected within the nonsense control
The SA sampléacks themethicillin resistant region, tihefore, theTAMRA labelled mecA
probe should mduceminimal intensity signalsvithin a FAM dominated spectra as a result
of specific hybridisation of the FAM labelledemASA probe. However, results
demonstratethe presence ohtenseFAM and TAMRA peaks within the SA sample.

Consequently,distinctive spectrafrom each template could not beésually obtaired

however therelative intensityof the peakswithin the spectra variebetween samplesThis

can beclearly seenin Figure 5.19 when comparing the TAMRA peak 628 cm* and the

FAM peak 645 cmi'. The spectra obtained from analysis of genomic SA sample
demonstrated an increase in peak height ratio between the peaks compared to the MRSA
samplepeaks The reduction in the height of the TAMRA peak within the SA spectra
appears to show less TAMRA labelled probe has remained within the supernatant and
distinguishes the generated spectra from MRSA spectral responBb&s trend was
demonstrated throughbthe spectra, including peak ratioETAMRA and FAM peaks at

1220 cntand 1170 ci as well asl650 cnitt and 1636 cr.

To determine whether these small differences could be resolved to discriminate each
template samplehemometric analysis was perfoed on the data.Principle component
analysis (PCA) wassedto convert the SERS analysis data into a set of linearly uncorrelated
variables, i.e. principle components. This method uses orthogonal linear transformation to
convert data sets into a newocdinate system such that the greatest variance in the data
comes to lie on the first coordinate, principle component 1 and the second greatest on the
second coordinate, principle component 2 and so on. Two principle components were
calculated from the da sets, with principle component 1 giving the largest possible

variance.

Loading plots for the principle components were calculated and demonstrate the variances in
spectral data through correspondence to positive and negative correlations (Figure 5.20
The peaks above 0 show a positive correlation for the allocated principle component and

peaks below 0 demonstrate a negative correlation.
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Figure 5.20: (a) Loading plots for principle component§RC1)and 2(PC2) illustrating the positive
andnegative correlations of each componamt(b) Comparison of peaks in PC1 and raw SERS

multiplex spectra

Amalgamatingprinciple components 1 and @eneratd a dataplot which combired points
with similar loadings(Figure 5.2). This enabledany samplediscriminationdue tothe
varying ofrelativepeakheightsto be clearly determined.
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Both principle components were plottéd Figure 5.21, illustrating distinctive variances
within each data set. eRults illustrate that each template sang@eeratedimilar principle
componentvaluesand the MRSA, SA andhonsense template samples canebgently
grouped togetherThis data analysis method has shown that multiple strain detection within
the TaqgSERS assay is achievabi®ugh use of chemometric analysis

5.7 Quantitative Detectiorof Multiple Probes

Quantitative SERS analysis was performed on riecAand femASA probes within the
duplex spectra The detection limit for each probe within thaultiplex was determined
through decreased concentrationssbkyial dilutions with DEPC wateanddetermination of

the intensityof specificdye peaks Figure 5.2, illustrates a typical SERS spectra obtained
using 514.5 nm laser excitation tife TAMRA and FAMduplex. Previous analysisused
thedominant1650 cnt TAMRA peak(mecAprobe)and 1636 cii FAM peak (femASA for
quantification however, within the duplex spectra these peaks are difficult to differentiate
Therefore, @tinct peaks folTAMRA at 1220 cm* and FAM at1170 cm* were used for

multiple probeanalysis.
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Figure 5.21: SERS spectra of TAMRAL220 cnt) and FAM(1170 cnt) duplexobtained using
514.5 nmlaser excitatiorfls, 6 mW, 20x obj)with correspondinglye peakgcombinedfinal probe

concentration 6.4 nM)

A multiplex concentration studyas performed byremixing equal concentrations of the
mecAandfemASAprobes To the probe mixture).1 M spermine, water and silver citrate

reducedcolloid were added to enable strong SERS detectiéor eachdata point, the
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concentratios of both probes were decreasedvith the ratio of probes to each other always
being 1:1. Each sample wasalysed 5 timedo obtainthe average intensity for the
determinedpeak for each dye The average SERS intensities weptetted againsprobe

concentratiorasshown in kgure 5.2.
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Figure 5.22: Dilution series of multiplexvith the SERS peak intensity bfue: TAMRA dye(1220
cm™); red: FAM dye (1170cm™) plotted against DNA probe concentratiobtained using 514.5 nm
laser excitatiorfls, 6 mW, 20x obj)Represent mean of 5 x 5 replicates and error barge standard

deviation.

Previous studies have demonstrated linear responses frorndividual detection of
TAMRA and FAM labelled oligonucleotides using silver citrate nanoparticles and
SERS™'% This study has also demonstrated the generation of lissponses using silver

EDTA nanoparticles from the individual SERS analysis of TAMRA and FAM labelled DNA

sequences (see Chapter%).

The FAM labelledfemASA probe generated a linear plot over the analysed concentration
range as expected. However, the TAMRA labelleglcAprobe produced a curved plot
(Figure 5.23plue plo). This curvedTAMRA plot was consistentlpbtained througlSERS
analysis of thecombinedmecA and femASA probes. Whereas, BRS analysisof the
individual TAMRA labelled mecAprobe over the same concentration range generated a

linear response (Figure 3.reen plo}.
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Figure 5.23: SERS plots o220cm* TAMRA peakagainst DNA probe concentratiolue:
TAMRA /FAM duplex, green: individual TAMRA probebtained using 514.5 ntaser excitation

(1s, 6 mW, 20x obj)Pointsrepresent mean of»65 replicates and error batone standard deviation.

The results obtained in Figure 3.2nd 5.3, indicak that at concentrations belown® the
TAMRA signal from the mecAprobe is reduced at lower concentrati@ssa result of the
presence of the FAM labellemASA probe. However, as the probe concentration is
increased above nM the signal intensity from the TAMRA labelled probesignificantly
enhancedwithin the duplexin comparison to theesponses from the individual TAMRA
probe This demonstrates that tvetistinct adsorptiomprocesses are occurrinigpending on

the probeconcentration.To gain an understanding of this interaction and the resultant SERS

responses, further investigatioias performed.

Initially, the SERS spectrageneratedfrom the probe dilution study were analysedo
establish any spectral changes over the concentration range. Redidédel that a
correspondinglecrease imackgroundluorescence as well &AMRA signalwas obtained
as the probe concentration decreasétliis can be observed frothe spectral background
between 1650 an2i250 cnt in Figure 5.24as the multiplex probe concentration is reduced
thebaselineand TAMRA signals diminish
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Figure 5.24: SERS spectra aghecAandfemASAprobe duplex over concentration rargeained
using 514.5 nntaser excitatior{ls, 6 mW, 20x obj) The raw spctrashownwere not baseli;

corrected

To clearly highlight his observationtwo points, 1000and 1700 cri, on the spectré
baseline were plotted and are showirrigure 5.25.The plots generatedemonstratehat at

probe concentrations below 4 nM, the spectral baselines and probe concentration increases
linearly at both 100 and 1700 c. However, as the concentration of probes incretise
generation oenhancedluorescenceat 1700 crit, which can be attributed tthe TAMRA

dye becomesevident Interaction of dye labelled oligonucleotides close to a metal surface
will result in eitherfluorescence quenching or electromagnetic enhancement. The quenching
processgenerallyoccurswithin 5 -10 nm of the planar metal surface, whereas enhanced
fluorescence can be generated at tens of nanometers from the Sirfaiberefore, hese
resultssuggesthatas the DNA concentratios increasedbove 4 nM multi layers of probe

are coveing the nanoparticle surface. tr&ng SERS signalérom the TAMRA dye are
generatedrom the layer directly adsorbed onto the surfaocd enhanced fluorescende
producedfrom subsequent probe layevehich lie further from the metal surfaceThis
suggestghatat higherprobe concentratiammonolayer coverage of the nanoparticle surface
has been achievegdreferentially enhancinthe SERS responsdsom the TAMRA labelled

probe
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Figure 5.25 SERSIintensitiesof the background signal oafiecAandfemASAprobe duplex over
concentration rangat blue: 1700 cfhand red: 1000 cthobtained using 514.5 ntaser excitation
(1s, 6 mW, 20x obj)

One theory which may explain thesssults is that the probes are formimixed clustes
prior to adsorption onto the nanoparticle surfathe use of excess spermine in the analysis
mixture reduces the charge on the DNA enabling probe interadctomscur  The results
suggest thecluste formation preferentially positions the FAM probe onto the surface
enablingstrong SERS responsesilst inhibiting the a@sorption of the TAMRA probe. This
would account for the low TAMRA SERS and fluorescence responses obtadtioseever,

an increase inthe probe concentration focageorganisation of thenixed cluster layers
allowing the TAMRA closer to the enhancing surfadéis results in higher TAMRA SERS
responses and production of enhanced fluorescdrmm the TAMRA dye to be
observed®***® Clusterformationwould enablecomparatively even surface coverage at low
probe concentrationsThis would account for distinctive FAM spectra being observed at

DNA concentrations below monolayer coverage of the nanoparticle surface.

To gain a further understanding of the probe interactiseguentiabnalysisof the probes
was investigated The study of multiple probes has so fanalysedsequencesvhich had
been premixed prior to SERf&tection Howeverthe preferential surface adsorption of the
probes wasanalysedby incorporating the individual probes separately into the SERS
analysis mixure The primary probe was initially analysby additionof aggregatedilver
nanoparticleand collection of the SERS spectra at 0 min@tes0). After initial spectral

collection thesecond probe weasdded Spectra werthencollected at 5 minte intervals for
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25 minuteg(t = 57 25). Two concentrations afachprobe were analyse®.5 nM and 1.3
nM. These were chosen to enable analysis of interactions atehdshof the curved

TAMRA plot in Figure 5.22 Figure 5.B illustrates the SERS spea& generated from
analysis othemecAandfemASAprobesat concentrations of 1.3 nMNhereas, Figure 572

demonstrates the spectral responses for the higher concentration of probe, &&rrédch

concentration two data setwe shown one was obtagd through initially adding the
TAMRA probe and the other by initially adding the FAM probe.

t=10 > t=10
> =)
3 %
g =
t=15 t=15
t=20 t=20
t=25 t=25
T T T T 1 T T T T d
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
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Figure 5.26: SERS plotover 25 minutes containing 1.3 nM @) TAMRA probeadded initially(b)
FAM probeadded initially t = 0 mins contained onlyrimary probe, t = 5 mins onwards contained
both probe®btained using 514.5 ntaser excitatior{1s, 6 mW, 20x obj)

Analysis of the probes at the lower concentration of 1.3 nM, illustrated that the initial
addition of the TAMRA labelled probe generatgéidtinctive spectra at 0 minutéBigure
5.26(a)). However, when the FAM labelled probe waddedthe TAMRA sign& was
completely replaced biyAM spectra, illustrated bgistinctive FAMpeaks at 1636, 1319 and
1170 cnt. The FAM spectralominated in all subsequent spectra within tihee study

This suggests th FAM probeis inhibiting TAMRA signal emissionby displacing the
TAMRA probe from the surface. Conversely, whenf#dM probe wa added to the SERS
analysis mixture firstclear FAM spectrawere obtained(Figure 5.8(b)). After addition of
themecAprobe distinctive TAMRA peaks can be visualised within the duplex rgfecin t
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= 5 minutes Theappearancef the TAMRA peak at 220 cm™* andthe shoulder peak at
1650 cni from 5 minutes onwardslearly demonstrates thpresence of thenecAprobe.
Although, tese distinctive TAMRA peaks increase iimensity over timeduplex spectra
from both probesvereconsistentlyobservedver the study

@)
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Figure 5.27: SERS plotover 25 minutes containing 6.5 nM @) TAMRA probe added initiallyb)
FAM probe added initiallyt = 0 mins contained only primary probe, t = 5 mins onwards contained
both probe®btained using 514.5 ntaser excitatior{1s, 6 mW, 20x obj)

Analysis of the probe responses the higher concentratiorof 6.5 nM, illustrated that
TAMRA signals were significantly stronger compared to results for lower probe
concentrations When the TAMRA labelled probe wainitially addedto the silver
nanoparitles a characteristic TAMRApectra was obtaindBigure 5.27(a)).After addition

of thefemASA probeno clear or distinctivd-AM peals within the spectrawere observed
after 25 minutes Whereas, lsaracteristic TAMRA peakwere increasinglybservedvhen

the FAM probe wasaddedfirst (Figure 5.Z(b)). Strong TAMRA peaks at 1220 and 1650
cm* can be clearly visualised aftetecAprobe addition from the 5 minute SERS spectra.
Over time the intensity of these distinctive TAMRA peaks increasadgesng that at

higher concentrationgreferentiabinding of themecATAMRA probe ha®ccurred
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These results hawtefied standard SERS&eory, in that thexpectedinear SERSesponses
from the adsorption ofabelled oligonucleotideonto silver nanoparticlesurfaceswas not
obtained The collected data strongly implies that an interaction between the probeis
occurring within this systemto generate the spectra obtainedAt higher probe
concentrations acenplex multilayer appears tdave formed, whiclchanges therientation

of probeson the nanoparticle surface. The probes are driven to attach to the metal surface
through attachment of the nucleobases, therefomeincrease irprobe concentrationwill
generate a shift in thgacking of the surface adsorbed sequences. This appears torresult i
closer stacking of the probes, possibly fabricatingegpendiculaprobealignmenton the
surface This would arrangehe TAMRA label in an orientation which generates exbdn
SERS reponses When lower concentrations of the probe wpresentit is assumed tha

the nanoparticle surface had belomonolayer coveragend would enable equal surface
binding of the probes. However, FAM responses overwhelmed the spectra obtained with
only weak TAMRA signals observedPreviously, TAMRA labelled otjonucleotides have
demonstratetinear responseat submonolayer concentrations (below bdol dm?®), with a
degree of curvature introducedto the concentration plot as the DNA concentration is
increased® These results suggests thatobe interaction is occurring at lower
concentrationswhich is preferentially enhancing tleAM signals whilst inhibiting the
TAMRA probe, through diminished SERS responses.

The three possible interactions which could be occurringpal&-DNA, DNA-dye or dye
dyeinteractions The interaction of the bases within the tiBlA sequences was shown to
be highly unlikely byanalysing the DNA sequences utilisingngputational analysifom
integrated DNA technologies (IDTFigure 5.38).

The mecAprobe generates one possible secondary structure through formation of a small
loop within the sequence, however, sufficient strgffanded regions remain free to promote
surface adsorption. Likewise, tRemASAprobe produces two similar secondary structures
which are likely to result in negligible hindrance to the surface adsorption. Minimal
formation of secondary structure tith each probe as well as interaction between individual

sequences was determined (IDT analysis).
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Figure 5.28: Secondary structuséormed with(a) mecAprobe,(b) and(c) femASAprobe

Therefore probeinteraction appeas to be directed through the dye labeRrevious studies

have demonstrated the interactionT!dMRA and FAM dye labelled sequencebirough
FRET.*® An energy transfer occurs from the emission of energy from the FAM dye which is
quenched throughbsorption byhe TAMRA dye. This mechanism is strongly dependant on

the distance between the dyes, therefore the dyes must be held within close proximity to
generate this strong interactionHowever, within this system the results obtain do not
suggest a FRET interaction betweendlyes. The signal from the FAM dye is not inhibited
which would be expected from a FRET interaction, theretorgaina fuller understanding

of probe interactions in this system further investigatiosuld be required to obtaia

confident conclusion.

An alternative proposal for the unexpected TAMRA response within the multiplex sample is
throughintrinsic difference irRamanintensities characterised by Ran@nss section of the
dyes. Previously, the cross sectiontbe Raman active dgehavebean determined?®’ In the
1980s, Pettignest al. and Hildebrandet al independently reported the Raman cross section
of rhodamie 6G at submonolayer coverage on aggregated silver colloid to be on the order
of 10% cn? per moleculé®'*® However, determining the cross section of a molecule can be
rigorous as a number of factors and calculation have to be considered to prazhise pr

solutions™®°

Analysis of individual TAMRA and FAM dyeat the same concentration and

using the same SERS reagents and instrumentation, demonstrated higher intensity responses
for the TAMRA label (Figure 4.14) However,within this systenFAM signal intensities
dominated at lower concentrations and appeared to displace the TAMRA probe from the

nanoparticle surface Therefore, it seemetthat the Raman intensities from either dye may
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contribute to the obtained results but iuidikely thatthis effect would fully elucidatethe

results.

These results havdllustrated a fresh perspective adime detection of labelled
oligonucleotides Thedata obtained strongly suggest iateraction between the TAMRA
labelled mecA probe and FAM labelledemASA probe is occurring through a dye
interaction, which significantly affecthie SERS responses generated. Interastonthis
scaleare extremely difficult to monitoand analysehowever SERShas enabled an insight
into this process to be proposedioimprove the obtained conclusions further investigation

must be undertaken.
5.8 ChapterConclusion

A novel DNA detection methodias developedhroughadaptinga TagMan assato give
SERSdetectionwhich hasenhanedthe sensitivitywhilst maintaining thesdectivity of the

assay. Quantitative SERS responses were obtained from the TagSERS assay showing
increased sensitivity over comparabligofescence analysis by ovaen order of magnitude.
Significantly distinct SERS signals weobtained from the deteoti of themecAandfemA

SA genefrom two different genomic straig, methicillin resistantStaphylococcus aureus
(MRSA) and Staphylococcus aureu$SA), when compared to a contradequence
Incorporation of SERS analysis generates the potential for multiple target strains to be
detected due to the molecularly specific narrow spectral bands obtairtesl.assay has
demonstrated the selective detection of both probes within a siagkgion mixture.
Principle component analysis (PCA&habledindividual genomic strains to be differentially
detectedvia specific hybridisation of the TAMRA labelleshecAprobe and FAM labelled
femASA probe. These results show the applicability that the TagSERsay has to be

utilisedfor detection of multiplelinical samplesn situ.

The SERSanalysis of thecombined TAMRA labellednecAand FAM labelled femASA
probes demonstratathexpectedesults. The data indicates that in the presence of the FAM
probe the TAMRA probe is being inhibitegihd under some circumstances completely
displaced from the surfaceHowever, this effect reverses as the concentration of probe
increases.It appearstat he formation of a complex multilayer forces probe rearrangement
to occur, significantly enhancing the SERS responses from the TAMRA labhls
interaction effects the SERStensityobtained from individual probes, which may account

for the presence ofmecAprobesignalswithin SA and nonsense sampleben performing
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the multiplex TaqSERSassay. Results suggest that when both probes are incorporated at a
concentration of 6.5 nMhe TAMRA peaksdominatethe spectra.Therefore repeating th
multiplex assay using lower probeconcentratioa might enable distinctive strain

discrimination to be established without the need for chemometric analysis.

5.9 Further Work

Surface enhanced Raman scattering (SER$gction of DNA sequencesing thenovel
TagSERSassaycan be developed further by advancing the detection of multiple sequences
simultaneously. The ultimate aim of this study would be to demonstrate the diagnostic
application of the TaqgSERS assay through real clisaalpes Therefore,the multiplexing
capabilities of SERS should be further exploited to extend the humber of detectable disease
strains. The TagSERS assay has demonstrate the successful detection of MRSA and SA
strains, therefore, this could be extended to triplex detecfaStaphylococcus epidermis

(SE) through addition of mASEprobe. However, careful ensideration would need to be
given to the design and dye incorporation of the probe.

This study has demonstratétte complex interactionsvhich occur within SERS analysis
mixtures. Interactions on this scale are extremely difficult to fully understand, however,
SERS has enabled an insight into this process to be gaihednvestigate this furthema
study should be performed increasihg probe concentration range studie@nable a full
overview of the process to be obtainedio achievea greater insight into the interaction,
modified probes would be implementétto the assay. Modified probes which did not
contain dye labels wouldchable verification bprobe interactions being directdttoughthe

dye labels This work should be continued tompare the SERS responséained through
altering probe design to narrow tipessiblyof a dyedye or dyeDNA interaction It is
unlikely that an absolute understanding of this concept will be attained. However, further
work will enable confident proposal of a working theognabling a highly valuable
understanding of DNA detection by SERSbe achieved
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o . Detecti on SaufbsDMAt®ers
using SERS

The detection of specific oligonucleotithrget sequenseutilising surface arrays has rapidly
evolved in recent yeafd. DNA surface detection techniques are routinely used for the
identification of specific nucleic acid sequences, generating large quantities of DNA analysis
information, unparalleled within solution based method3ne such methods is tHaNA
microarray which hasenabled large quantities of unlabelled DNA to be detected through
molecular specific hybridisatiott***'®? The orderly and systematiarrangement ofarge
numbes of oligonucleotides o a solid substratenablesselective deteimin through the
principle of DNA hybridisation(Section1.4.2. Single stranded target DNA sequences are
immobilised on a solid surface, generally glass, plastic or silicon supplortthis study
epoxysilane coated glags/lon andnitrocellulosemembranes were investigated as potential
immobilisation substrates through bulk spottafgarget sequenceddowever, educing the

size of the biosensor arragtd the lowmicron and nanoste can be valuable, providing
lower detection limits for more efficient disease screeniRgcently,nanoscale fabrication

has been achieved through Eipn Nanolithography (DPN). The DPN technique was first
reported by Mirkiret al.in 1999°® This technique utilised the selssembly of alkanethiols

on a gold surface through covalent chemisorptions to successfully pattern nanoscale features
of 1-octadecanethiol (ODT) and dBercaptohexadecanoic acidM). Throughout the last
decadeDPN of alkanethiolshasbeen used for the immobilisation of biomolecules, proving

to bean effective combinational nanopatterning and analysis technique.

To enable detection of the surface immobilised DNA, atray isprobed withdye labelled
DNA sequences. dbelled sequences that amomplementary to #h target strand will
hybridise and aréxed to the surfagavhereadDNA strands which are necomplementary

will be washed from the surfaceThis leavesonly complementary labelled DNA to be
detected.Traditionally, surface array detection methodsdetected througholorimetricor
fluorescenceanalysis. Colorimetric analysis is a rapid and simple detection method enabling
the distinction of biomoleculethrough perceiveddifferences in the colour of different
samples.Tatonet al. developeda DNA arraywhich analysed two different DNA targetvia

a two-colour labdling systen’®® 50 and 100 nm diameter gold nanoparticlesre
functionalsed with two differenttarget sequences and immobitsevithin a three

component sandwich assaginga DNA probe and the DNAargets to be detectedsreen
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light was observed when 50 rgold particles were attached to the surfasel orange light
was observed onlyfrom the attaciment of 100 nm particles. This successfully allowed
oligonucleotide distinctions to be observed. However, this method tedi@gily upon
individual perception and may become increasingly difficult as the numbdrediabelled
sequencewithin one samplgrows.

The use of fluorescence for both qualitative and quantitative analysis extends to numerous
biological research a@nues including cell imagining}'® biomolecule detection

8167 and protein/sugar pathway monitorittf. Albeldaet al.used fluorescent dyes to

assa
discriminate DNA sequences based on comparative interf§itiés.this method, the DNA
sequences &re labelled with distinctive dyes which genedaten-overlappingfluorescemh
spectra. The labelled oligonucleotidgsre mixed and hybridised tthe DNA on thearray
surface The quantity of binding of each probe was dependent on the expressiorf kieel o
targeted disease enabling specific detection. Thischlmur system has been used by
Agilent technologies tcselectively determine the presence of DN/ASpatial multiplex
analysis of DNA has been shown through use of array based fluore§¥encmiever,
multiple analyte detection is limitedue tothe intrinsic spectrungenerated byluorescent
dyesbeingbroad andkasily obscuringompeting signals. Consequentlye numbenf dyes

that can belistinguishedwvithin one sanple is restricted

Surface enhanced Raman scattering offers many advantages over these more popular
techniques, including low sensitivity, molecularly specific identification and multiple analyte
detection. Caoet. al. used a threeomponent sandwichssay in a microarray format to
detect multiple target DNA sequences from a solid substrate sotfa@eld nanoparticles

were maodified with Cy 3labelled alkylthiolcapped oligonucleotides and were used as a
probe to monitor the presence of specific target DNEFhesefunctionalised nanoparticle
conjugates were immobilised onto an array surface using a split probe hybridéyaitiem.
Captured dye labelled particles could then be detected through facilitation of a silver coating
promoting SERS signals from the dye. Six different DNA targets with different Raman
reporter molecules were distinguished with a 20 femtomolar lidebection obtained.

This approach gives 8ERSreadout representative of the target ateafyresent and is often

used as diagnosticanalysis toal

The aim of this study was to develop a membrane assay which utilised SERS for the

detection of unmodied target DNA sequencassinga simple and cost effective platform.
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This body of work investigated thaetection of clinically relevant sequencesnudthicillin
resistanceStaphylococcusaureus IMRSA) to demonstrate the applicability of theethod as
a diagnosis technique and demonstrate #uwantages over thaif fluorescence and

colorimetricanalysis
6.1 DNA Probe DetectiorAssay

A DNA detection assaypased on Southern blot analysis aamdNA microarrayswas
designed to enable the detection of target DNA through SERS analysisas§aeutilised
the complementaritypf DNA to detect unlabelled and unmodifisgéquencedound to a
substrate surface through hybridisation of a dye labelled DNA prébechenatic of the
surface assautilised within this studyis given in Figure 6.1and a detailed experimental

procedure is outlined in Section 3.7.2.

Target

No Target 5‘\\\ \
Nonsense N N\ Buffer \\
g N _— ;
O\ D

Washing
SPOTTING
BLOCKING
g
Buffer Washing ' N
(—” *,\u: (.g ¢
and Addition of O
SilverNanopatrticles
SERS ANALYSIS \;{) PROBE ADDITION

Figure 6.1: Schematic detailing the sequential steps involved in DNA deteatiface assay on solid
subgrate. Spotting target DNA applied to membranBlockingi blocking agent applied to prevent
nonspecific bindng to the surfaceProbeAddition - complementary probe added to the surface
bind to target DNA, SER8nalysisi silver citratenanoparticles added to enable detection of the

SERS dye labelled probe. A no target andsense control were simultaneously performvaith

altered only in the spotting step.
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A bulk sampleof 20 uM target DNA (0.2 uL) was spottedhto the solid substratsurface
functionality used within this study included epoxysilane glass and nitrocellulose
membrane). Thesequences were fixed through WYbsslinking and baking at high
temperaturegapproximately 80°C). Conventional microarray assays utilise splible
systems which require two specific hybridisation stepswéVer, thistudy aimed toeduce

the complexity of the assay through investigatagone step hybridisation bgirectly
attaching the capturrgetsequence to the surfacéComprehensive v&hing steps were
carried out to removenyg DNA which was notboundto the substrate.An incubation
chamber wasised duringhe surface assay, to enabfmtially separatassay4o becarried

out simultaneouslyn the surfacevithout the mixing of reagest This is highly beneficial

as multiple samples can be analysed from the same surface witlirget sequence
contamination invalidating resultsA blocking agent was then applied to the substrate
surface at 50C for 60 minutes. This step was to prevent-spacific binding by blocking
regions which did not contain bound target DNMost common hybridisation assays use
long chain sequences, such as salmon or herring sperm DNA to block the surface or long
chainethanolamine moleculé&'’® To enable detection of the unmodified target sequence,
a complerentary dye labelled probe was added. The probe was suspended in 0.3 M PBS
buffer and was applied to each sample area while heating @ #& 18 hours. Through
selective hybridisation the probe bitb the immobilised surface DNA, whilst unbound
probewas removed from the surface by a final washing steporder to carry ouSERS
analysis of the fluorescent dysilver citratereduced nanoparticlesere appliedenabling

distinctivespectra to be generated arsiablishing the presence of the targst?D

To ensure the generated signals were obththrough selectivesequence hybridisation,
negative ontrol sample were performed in parallelThe two controls consisted affino
targed area wierebya blank area of the surfabad no DNA applied ithe initial spotting
step and @inonsensesequenceontrolin which a separatspotwasapplied withDNA non
complementaryo the detecting SERS prabd& he further assagteps remained identical to
the target assayThroughout this studysampleareas Wl be referredto as target, no target

and nonsense.
6.11 Surface Detection Assayfrom Epoxysilane Glass

Initially, the chosensurface substrate fdne detection of unmodified DN#vasepoxysilane
coatedglass. Theglassslide was coatedwith a multi-purpose epoxysilane layer which

covalently bind biomoleculesapplied to the surface The surface epoxy groups enable
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aminomodified nucleic acids as well ammodified DNA sequences to bidth similar
efficiencyvia the exocyclic amino groups dhe basesr through thénydroxyl groups othe
sugarphosphate backbondhe fquencsused throughhis studyare shown in Table 6.1.

Table 6.1 Oligonucleotide sequences anddifications
Name Sequens8é) (56 56 Modi fi

Probe GGTTCATATAGTTATAATAA TAMRA ITC
Conjugate sequence  GGTTCATATAGTTATAATAA Thioctic Acid(HEG),
Target TTATTATAACTATATGAACC
Nonsense CAATGTGAAAGGCTGGTTA

5-(and6)-carboxytetramethylrhodamindsothiocynate (TAMRA ITC) labelled DNA
sequences were applied to the surface to enable SERS detection. Psawilbes have
demonstrated strong SERS responses can be obtained through incorporation of TRBARA
using 532 nm laser excitatidff. The surface assay was performed analysing target, no
target and nonsense sample regidrResults were generated through multiple SERS maps of
replicate areas within each sampl&he total sample area was approximately 6 x 6 mm,
therefore to obtain an as@te overview of the entir@giona minimum offour SERS maps
within each sample sputere obtained Each map took an averagesifOspectra ovefl00 x

100 umareaand the spectral averageas calculated anglotted (Figure 6.2).This data
collection nethod waaitilised throughouthis studyto generate SERS spectepresentative

of the analysed areas of interest

TAMRA ITC generates distinctive SERS spectra with the principle peak positioned at 1650
cm®. However, aalysis of the glass slide showed minimal TAMRIC signals withinthe

target sample with no SER&ak obtained within theoatrol spectra The extremely weak
SERS spectra and higituorescencebackground signalsppear to begenerated due to
increaseddistances between the dyabelled DNA probeand the nanoparticle surface.
SERS enhancement drops off rapidly with distance to the metal surface with more than 90 %
of scattering resulting from the first layer of adsorbed andlyté. Beyond the SERS
enhancement distance,reducel SERSsignal isobtained from the dyand fluorescence

quenching provided by the roughened mptaticlesis diminished.
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Figure 6.2: SERS spectra of epoxysilane coated glass slide containing TAWRBAabelled probe
recorded using 532 nm laser excitation (10 x obj., 0.1 sec.ldge:)target DNA, redno target DNA,

green: nonsendeNA.

Therefore these results suggest that the dye labeahable to adsorb onto the nanoparticle
surface ande identified by SERS.To overcome thisa new approach wasvestigated
through incorporaing the dye labelled probe and metal nanoparticle withie epecies.

This was achiewkthrough synthesis of dye labelled DNA conjugates.
6.2 Functionalised Nanoparticlefreparation andCharacterisation

The surface plasmon of silver and gold nanoparticles lie within the visible wavelength region
and havebeenshown to be ideal substrates for SERS analysis. Much research has now
focused on thedetection and analysis of DNAvia utilisation of functionalised
nanoparticle$* '™ 2 These systems consist of metal nanoparticles coupledabdified

target sequencesand distinct Raman reporter molecylenabling selective and distinct
detection to be achieved DNA functionalised nanoparticles are often prepavia
attachment othiol modified DNA sequences. Modification of nanoparticlesvith DNA

and Raman labelsffers severaldistinct advantage$or diagnostic applications These
include SERSsignalenhancementandresistance to photobleaching and quenchilug to

the close proximity of the SERS active dye to the nanoparticle surfdse the narrow and
specific spectra gersted by SER3abelsenablemultiple dye functionalised nanopiates

to specifically detect a number of target sequences withisamele.

In this study DNA conjugates were prepared by adsorbing the thiol modified DNA sequence

onto bare silver citrateeduced nanoparticlesThe DNA sequenceised within the probe
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detection assawas redesigned, incorporatiaghreehexaethylenalycol (HEG) molecule
anda50 t hiocti c aci Slvergnanopamicleg (#0anin) veere @rephxial.
citrate reduction of silver nitratémethod describeth section3.1.1) The silverparticles
adsorbexcess citrate anions, renderiagnegatively chargegdurface layemwhich stabilises

the nanoparticleagainst irreversible aggregatioihe thioctic acid slphur atomsstrongly

bind through covalent bonding to the silver nanoparticle surface, enabling effective and
direct attachment of theucleic acid sequenceThe protocolutilises agradual salt ageing
process in the presence of excess oligonucleotide, to encourage increased surface coverage
of the DNA strands. The sodium chloride effectively screens the electrostatic charge
repulsion between neighbouring seques and reduces secondary interactions between the
oligonucleotides. The three HEG groupswere sed as spacer moleculessembhg the
subsequenDNA sequence into a perpendicular direction from the nanoparticle suiface.
orientation allows furthemolecule attachment to the surface as well as providing accessible

sequences for DNA hybridisatidf?

Following DNA attachment, the SERS actin®leculewasadsorbed onto theanopatrticle
surface. Throughout tis study, 3 distinct molecules were employed to obtain SERS
responses;5-(and6)-carboxytetramethylrhodaminesothiocynate (TAMRA ITC), 3,5
dimethoxy4-( Gaaobenzotriazoylphenylamine (GM19) and mercaptopyridine (MPY)

Each molecule generates distinctive SERS spectra and contains a surface seeking group
which chemisorbsonto the metal surfaceia thiol or amine bonding. The structure and

SERS spectra of each dye are shown in Figue 6.

The TAMRA isothiocynate dyéas been specifically modified through attachment of the
strong surface seeking group containing a sulphur and nitrogen atom. Both molecules have a
high binding affinity for the nanoparticle surface, generating strong dye attachment and
SERS responsesiffure 6.3(a)). Characteristic TAMRAC spectra generate a prominent

peak at 1650 cth

The specifically designed GM19 dye strongly adsorbs onto silver nanoparticles tkineugh
benzotriazole (BT) moiety. The molecule directly complexes to the metabparticle
through displacement of the citrate layer and is essentially irreversibly attached in a fixed
conformation:®* GM19 contains an azo dye that acts as a chromophore generating
characteristic SERS spectra with the principlekpatatained at 1370 ch{Figure 6.3(b))
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Mercaptopyridine (MPY) is a small molecule which is highly suited for SERS analysis
result of generating strong SERS signals and enabling straightforward nanoparticle
functionalisatiorvia the thiol group MPY consists of a pyridine ring system with a terminal
thiol group. The thiol group enables strong surface adsorption, whilst the aromatic ring
provides hjh SERS responsdgigure 6.3(c)) Strong intensity peaks were generated at
1005 and 1095 cin
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Figure 6.3 (a) TAMRA ITC structure and spectra obtained using 532 nm laser excitation (10 x obj.,
0.1 sec. acc.)b) GM19 structureand spectra obtained using 532 nm laser excitation (10 x obj., 0.1
sec. acc.)(c) MPY structure and spectra obtained using 785 nm laser (10 x obj., 0.1 sec. acc.) from

substrate surface.

6.2.1 Wavelength and Dye Combinations

A study was performed analysing the SERS spectra generated from the combinations of each
dye utilised within thestudy and the three available wavelengths; 532, 633 and 785 nm.
This experiment was performed through applying samples of each dye labelled conjugate;
TAMRA ITC, GM19 and MPY,onto a substrate surface and analysing the sample spots

using each laser exations. Figure 6.4 illustrates the SERS spectra for each dye and

wavelength combination.
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Figure 6.4: SERS spectra of dye labelled conjugdssTAMRA ITC, (b) GM19, (c) MPY recorded
with blue: 532 nm(@.1 sec. acclO x obj), red: 633 nm(.1 secacc., 10 x ob) andgreen:785nm
(0.5 sec. acdlO x obj) laser excitation wavelength

Analysis of the TAMRAITC dye generated the strongest signals using 532 nm excitation
wavelength, whereas, minimal SERS responses were obtained from the highengtirgel

of 633 and 785 nm. This was expected as TAMIRE possesses an excitation maximum

at 565 nm and analysis with the closely resonant 532 nm excitation wavelength will enhance
signal responses. GM19 has an excitation maximu#3mnm and similarlygenerated the
highest intensity peaks using 532 nm laser, however, strong and distinct peaks were also
obtained through analysis of conjugates using 633 nm laser excitation. No significant SERS
peaks from the GM19 dye were utilising 785 nm wavelengthe drhall molecule MPY
generated similar intensity SERS responses when analysed by each laser wavelength. This

demonstrates the versatility of MPY as a SERS reporter molecule.

The successfyireparatiorof each batch dfunctionalised nanoparticlonjugatesverethen

charaterised by UWvisible analysis, gel electrophoresis and SERS spectroscopy.
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6.22 UV-visible Analysisof Functionalised Nanopatrticles

The optical propeties of nanoparticles haveeen widely exploitedo detect biomolecular
events througlthanges irthe plasmon resonance band in éixéinctionspectrun?>* UV-
visible analysishas also beentilised in determining thdunctionalisation of nanoparticles
by theposition of the characteristic plasmon resonance .b#trisas been demonstrated that
nanoparticle functionalisation with DNA results im acrease inparticle size as well as
changes irthe refractive index of the mediurarsounding the nanoparticles. Tigsesrise

to a shift in the plasmon resonant UV-visible analysisvas performed on each batch of
dye labelled nanoparticle conjugsitevith bare silver drate nanoparticleemployedas a
comparison The conjugates were diluted in 0.3 M PBS and the bare nanoparticles were
diluted in distilled wateras PBS buffer induced particle aggregatiomhe absorbance
spectraweregenerated bynonitoling the 2007 800 nmregion. The bhsorbance maximum
for each sampleis shown in Table 6.2 in addition tthe calculated nanoparticle
concentration. The nanoparticl&eoncentration was calculated using the Bemmbertlaw

(section 3.7.1lequation 3.2

Table 6.2 Absorbance maximum and concentratiofbafesilver nanoparticles ardiye labelledDNA
conjugates

Name Absorbance Maximum Nanoparticle Concentration (pM)
Bare silver nanoparticles 407 49
TAMRA ITC labelled DNA conjugate 412 19
GM19 labelled DNAconjugates 404 22
MPY labelled DNA conjugates 406 6

In this study, @inctionalisation of the nanoparticle wihdifferentDNA conjugatesesulted

in a redshift of 5nm for the TAMRAITC labelled conjugates and blue shifts3odnd 1 nm

for GM19 and MPY conjugatesompared with the unmodified bare nanoparticles.
decrease in intensity of the extinction spectra for all three conjugate batches were obtained,
however, no broadening of the peaks was observed indicating no particle aggrégati
occurred. This provides a good indication that the thiolated DNA has successfully adsorbed
onto the nanoparticle surface in each bat€he attaciment of the thiol modified DNA to

the nanoparticlevas furthewverified by gel electrophoresis.
6.2.3 Gel Electrophoresisof Functionalised Nanoparticles

Gel electrophoresis is a commonly used method for the analysis and separation of DNA

fragments.A voltage applied across the systenableDNA to migrate through the gel as a
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result of the overalhegative charge on the phosphate backboRgis model can also be

applied to DNAfunctionalisechanoparticles’

Figure 6.5: Image of agarose gel containing bare silver nanopestidAMRAITC, GM19 and MPY

labelled DNA conjugatesThe presence of blue and pib&andsis due to loading buffer

The attachment of DNA strands to the surface generates a strong electrastatit the
conjugates through the g@roviding an indication of the successful attachment of DNA to
bare nanoparticleghrough particle mobility Four nanoparticle samples were run in a 1 %
agarose gel; barsilver nanoparticles, TAMRA ITC labelled DNA conjigates, GM19
labelled DNA conjugates and MPY labelled DNA conjugat&be gel image in Figure &.
showsthat the bare silver nanoparticlesvhaemainedwithin the loading well and not
moved through the gelWhereasthe mobility of functionalisedDNA nanoparticlesanbe
seen by the igtinctive brown colouration from all threeatbhes of silver nanoparticle
conjugates. The loading buffer(Bioline) contairs bromophenol bluend cresol red dyes
which migrate at different rates depending on the comagah of agarose gel used and
generae distinctive blue and mk bands on the gel This allows DNA migration to be
monitored as well as aiding the uptake of samples into the loading wells through increasing
sample density This result coupled with UWisible analysis of theonjugates strongly
suggests the attachment of the DMAthe nanopatrticlelsas been successfuConsequently
the success of the dye attachment to the DNA labelled nanopamiakesnvestigate
through SERS analysis.
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6.24 SERSAnalysis of Functionalised Nanopatrticles

The attachment of th&®amanactive moleculeso the metal nanoparticle surfaceas
analysedvia SERS responses. The molecuigsre attached to thesilver nanoparticle
surfacebetween thdéooundDNA sequenceby chemisorptions ofitherthiol or nitro groups
Any unattachedSERS labelwas removed from the conjugate samplby centrifuging
(preparation method in section A)/ A bulk spot(0.2 pL) of the stock concentration of
each dye labelled conjugate was applied to a solid surface sulastdatmalysed using 532
nm laser excitatiofor the TAMRA ITC andGM19 conjugatesand 785 nm laser excitation
for the MPY labelled DNA conjugates

Intensity

‘ GM19

‘ MPY

500 750 1000 1250 1500 1750 2000
Raman Shift (cn?)

Figure 6.6: SERS spectra ddNA silver conjugates labelled withiue TAMRA ITC (532 nm 0.1
sec. acg, red:GM19(532nm, 0.1 sec. actandgreen:MPY (785 nm 0.5 sec. actall analysis used
10 x obj

During analysis the laseadiationgenerates an electric field at the metal surfadsch is
inversely proportional to distance, therefore the magnitude of SERS enhancement drops off
rapidly with increasing distancef the analyte fronthe surface. Therefore, only surface
boundmoleculeswill generate distinct and enhanced signals. The SERS spectra oliained
Figure 6.6demonstratesuccessful dye attachment through the generation of high intensity
SERS spectra from each functionalised nanoparticle using the selected excitation waveleng
for each label.
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Characterisation ofhe three batches of DNA nanoparticle conjugatesing UV-visible
absorption, gel electrophoresis and SERS analysis have demonstrated successful
functionalisationThese conjugates have the potentialutiisationwithin a surface assdg

detect unlabelled DNA by SERSHowever, to ensure that maximum SERS responses were
obtained from the nanoparticle conjugates, a study was carried out varying the volume of dye
added to the DNA labelleganoparticles

6.25 Dye Optimisation

The optimumamountof dye on the surface is essential to obtain the maximum possible
SERS responses within the assay. Insufficient dye produces weak signals and a large dye
excess can over saturate the particles, causing destabilisaticag@medjation. Thus, the
optimum dyeamountwas determined by SERS analysis of five different ciyecentrations

adsorbed onto DNA functionalised nanopatrticles.

According to standard protocols developed &dtachment ofmonothiol labels to DNA

conjugats, the additionof 500 €L of SERSataoonhcenwration wfouMéoc ul e
the DNA functionalised nanoparticles (with
suggested®’> TAMRA isothiocynatedye(1 pM)was added t o 500atelL DNA
volumes of 125, 250, 375,500 and &5 uL. The conjugates were centrifuged to remove any
unattached dye antthe fully functionalised nanoparticlesere applied to asolid substrate

surfaceand analysedsing532 nm laser excitatiowith 0.1 second accumulation times

25000 -
20000 - I
15000 - {

10000 -

SERS intensity
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Figure 6.7: Volume ofl  ¢TRMRA isothiocynatedye addedo 500 uL of26 pM DNA labelled

nanoparticle®btained using 532 nm laser eation (10 x obj.,0.1sec. acq.
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The average intensityf the principle peak at 1650 &mvas calculated and plotted for each
dye concentratior(Figure 67). Thedye volume o650 0 OL  aénerdted thdVigreatest
SERS signalssupportingpreviousfindings.  Utilisation of a higher dye volume shows
slightly reduced signal intensities indicating that the nanoparticle surfagebesaturated
with dye. Therefore, from these results conjugates were prepared through addGidh@f ¢ L
of dye to DNAfunctionalsednanoparticles.

This study has so far demonsatthe successful preparationtbfee dye labelled DNA
conjugates and ensured strong SERS responses would be generated from each batch through
optimum dye adsorption. Eheforethe functionalised naparticleswere incorporateéhto

a surface detection assay.
6.3 Functionalised NanoparticleDetectionusing Surface Assay

A surface detection assay was performed using DNA nanoparticle conjugates with an
adsorbed TAMRA isothiocynate dye. The conjugatarggement enables complementary
hybridisation of the nanoparticle DNA to the surface adsorbed target DNA. This binding
event can subsequently be detected by chaistite8ERS responses (Figure)6.8

Target

No Target
Nonsense

Figure 6.8: Schematic of DNA detection surfaassay on solid substrate using nanoparticle

conjugates

In the first instance, the assay waarformed on an epoxysila coated glass slideith

TAMRA ITC labelledDNA conjugates. The glassirface wagoated with a mukpurpose
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epoxysilane layer whichovalently binds biomoleculeandhassuccessfullybeen employed

as a detecting substrat@!’” The assay was performed as per the previous method (Bectio
6.1 and 3.7.2 whereby target, no target and nonsense DNA were applied to the surface.
The surface was blocked usindexterion® Block E which contained ethanolamine
molecules activated through addition of hydrochloric acid to block the activity of the surface
epoxy graips. The TAMRA ITC labelled DNA conjugates were applied during the
hybridisation stego enable sequencspecific detection to be established’AMRA ITC
labelled DNA conjugates were suspended in PBS buffer and applied to the glass surface
while heating a5 °C for 18 hours. Multiple SERS spectra wgeghered through mapping

a minimum of fourareaswithin each samplepoton the glass slidesing an excitation
wavelength of 532 nmEach map took an average of S)éectra oved 00 x 100 pmarea

and thespectral averageas calculated anplottedin Figure 6.9.
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Figure 6.9: SERSspectraof epoxysilane coated glass slide containiddMRA ITC labelledDNA
conjugatesecorded using 532 nm laser excitation (10 x obj., 0.1 sec; blue) target DNA, red: no
target DNA, green: nonsense target DNBach spectrum was calculated from an average of 4

replicate SERS mapsghich wererepresentative of sample area.

Significantly more intenseand distinct TAMRA ITC peaks were achieved tlugh the
employment of nanoparticle conjugates for sequence detemiiemthe use of FAMRA

ITC labelled detection probeand subsequent application of nanopartiqlEgure 6.2)
Analysis of the target DNA region generated considerably higher interfSRG &sponses

than both control samples. The discrimination in signal indicates that an increased number

of conjugates are binding to the target DNA sample. However, noticeable dye peaks were
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obtained from control samples, suggesting -speacific bindingof the conjugats to the
surface is occurringit a significantly reduced level. These results ewlthie distinctive
detection of target DNAfrom an epoxysilane coated glass slidehe positive results
obtained from the surface assay indicate the pakntial for DNA analysis. Therefore, the
assay was repeatedlltiple timesto optimise the method and determine the reproducibility.

Further surfaceassays were performezh the epoxysilane glass sl@desing the method
demonstrated in this sectioand variable resultswere generated Several results
demonstratedno difference between the target sample and controldmigure 610

demonstrates typical spectra generated demonstrating minimal differences between the target

assay and contrals
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Figure 6.10: SERS spectra of epoxysilane coated gtasgainingTAMRA ITC labelledDNA
conjugatesecorded using 532 nm laser excitation (10 x obj., 0.1 sec; be) target DNA, red: no
target green: nonsensdcach spectrum was calculated from an average of 4 replicate SERS maps

which wererepresentative of sample area.

These results indicate that thglass surface has not been adequately blocked by the
ethanolamine molecules anelactivity of thefree epoxy goupson the surfacés facilitating
the attachmenof the functionalised conjugate$o overcome this issuether substrate

detection surfacesith reduced surface reactivityere investigated.

6.3.1 Surface Comparison

DNA detection surface assays havdisgid numerous solid substrates including glass, plastic

and membrane$®”® Two of the most commonly used membrane substrates are nylon and
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nitrocellulose surfaces which are compostuleedimensional matricesof synthetic
polymess and cellulose strands respectivel\Both surfaces form ahteedimensional
microporous structure whichwill bind biomoleculesat a lower affinity than epoxysilane
surfaces. Both surfaces havpreviously been usesuccessfly for DNA detectionusing
blotting methods?*'®® A comparison study was performed on both platforms to determine
whether distinctive SERS signals from the nanopatrticle conjugates could be abtained

Analysis was performedy directly spottingTAMRA ITC labelled DNA conjugates onto
each substrate surfac®lultiple SERS spectra wegatheredusing 532 nm laser excitation
and mapping fourl00 x 100 pumsurface regions withithe target, no target ambnsense
samples Theaverage speatm from eachsamplewas plottedn Figure 6.11 The spectrum
illustrates that detection from the nylon and nitrocellulose membrane substrates generate
characteristicTAMRA ITC peaks with sirtar intensities. However,the peak intensities
obtained from theTAMRA ITC functionalised nanoparticles on these membrane surfaces
demonstrated significantly lower signals thlinstrated from detection of the epoxysilane
coated surfacé¢Figure 6.9 and 6.90 The reducedintensity of the SERS peaks from the
membrane surfaces may indic#tat due to the differences in surfateucture of the glass

and membrane substratéise conjugates arenore widelyspreadandmay be adsorbed into

the porousnembrane.
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Figure 6.11: SERS spectraf TAMRA ITC labelled DNA conjugateecorded using 532 nm laser
excitation (10 x obj., 0.1 sec. acor) blue:nylon, green: nitrocelluloseEach spectrum was

calculated from an average of 4 replicate SERS mégich wererepresentative afample area.
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Furthermore, e substrate employed for DNA analysis is requireddosimpleto use
handleandvisualisethe sample spots faanalyse Thiswasinvestigatedor each membrane

by mapping the edge of the target spot and obtaining a definitive circular shape in which
signal is only generated from areas inside the target spot. Therefore, the edge of each sample
spot was analysed and false colour imageseratedising the intensjt of the 1650 crm

peak (Figure 6.12 A distinctive spot edge was obtained from the functionalised
nanoparticles applietb the nitrocellulose membrane and strong characteristic SERS spectra
were generated. Weéreas, the spot edge on the nylon surfaoed difficult to locate
demonstratinga more challenging analysigould be obtained The nitrocellulose surface is

a three dimensional microporous membrane attached to a glass slide, whereas, nylon
membrane used where not attached to a rigid surfébis may have influenced the degree

of conjugate spreading through the substrate a result the nitrocellulose membrane was

shown to be more practical and wWagher investigated by performirafull surface assay.

Figure 6.12: False colour maps of 1650 &rpeak on(a) nylon, (b) nitrocellulosemembranebtained
using 532 nm laser excitation (10 x obj., 0.1 sec. addgps werel 2 0 x Udsidg0 2¢ ng m

resolution
6.4 Surface Assay on Nitrocellulose Membrane

The nitrocellulose membrane was utilised to perforrauaface assagmployingthe same
experimentakonditions asised forthe epoxysilane slidassay(Section 6.2.5) Similarly,
complementary DNAused as théarget anchoncomplementary DNAused asa honsese
control were applied to the separate nitrocellulose regidrislankarea was also utilis€fdr
the no target control SERS mapping analysigsing 532 nm laser excitation and a 0.1
second accumulation tinweas carried out within each sample region tredaverage spectra

of target, no targednd nonsense areas are showfigure 6.3.
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Figure 6.13: SERS spectra of nitrocellulose membranatainingTAMRA ITC labelled DNA
conjugatesecorded using 532 nm laser excitation (10 x obj., 0.1 sec; bue) target DNA, red: no
target DNA, green: nonsense target DNBach spectrum was calculated from an average of 4

replicate SERS maps representative of sample area.

The averagepectra obtained from each sample generated similar intensity peakatimglic

that no specific hybridisation of the conjugates to the target sequence adsorbed onto the
membrane surface had occurreld. actuality, the conjugates appear to be-specifically

bound to the membranepnsequentlygenerating SERS responseBhis is likely to bedue

to a combination ofnadequate blocking of the membrane and poor sequence hybridisation.
Enhanced background signals wailsoobtained from each sampi¢hich may obscurehe

SERS signals. This could lie toa background signal adihed from the membrane or
fluorescence emission from tA&AMRA ITC dye. The experimentatonditions usedh this
assaywere favourable for analysis from an epoxysilane glass surface. Therefore, the method
had to be modified and optimised for detectiom @ nitrocellulose membrane surface.
Consequently, the blocking and hybridisation stgpre investigated.

6.4.1 Optimisation of Surface AssayBlocking Step

The nanoparticle conjugates are designed to becsethined SERS active species which
canindividually generate strong SERS signals withigneed for activation. It is for this
reason, that an efficient blocking step is essential to reduce thgproific binding of the

dye labelled DNA conjugates to the surface and ensure SERS sighalshamgroduced
through sequence specifitiybridisation to immobilisal target sequences Previously,
Nexterion® Bock E had been employed to prevent unwanted binding on the surface

(Section 6.1 and 3.7.2 This blocking solution utilises amine moleculekigh have been
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activated through addition of water and HCI, to cap the epoxy groups on the glass slide and
prevent unwanted DNA binding. However, using this blocking agent on the porous
membrane surface may not proveidficientor indeedanysurface bleking. Consequently,

a membrane blocking agent was investigatSihgle stranded DNA fragmentsf between

587 to 831 base paie commonly utilisel to block surfaces reducing theon-specific
binding of probes tomembranesurfaces'’®*® Salmon testes DNAs a long chain
oligonucleotideroutinely usedas a blocking reagent within membrane assays, including
Southern blots'®® and was therefore employed within an comparison assay

Simultaneais surfaceassays were penfmed comparing both blockinagents Nexterion®

Block E and salmon testes DNAn a nitrocellulose membraneBoth assays contained

target no target and nonsense control samples and the full expeslnssgay was
performed as per section 3.7.2n incubation chamber was applied during development of

the surface assay, to enable separate membrane regions to be analysed without the mixing of
reagents.Within the blocking step, both blockiragentswere applied to the surface for 60
minuteswhile heaing at50 °C. All sample areas were then applied WiAMRA ITC

labelled DNA nanoparticle conjugates at°@sfor 18 hours.

Salmon Nexterion
Testes DNA Block

Target
No Target

(o)
Ig Nonsense
«—F

6 mm

Figure 6.14: Nitrocellulose membrane applied witiAMRA ITC labelled DNA conjugatewith
eithersalmon testes DNAr Nexterion® BlockE.

Figure 6.8 shows an image of the nitrocellulose membrane after the dssdywashing
step had beenperformed The discolourationof the membrane squaregere produced
through the addition of functionalised nanoparticles duringhiyteridisation step. Clear

differences between each blocking agent can be visually distinguished from the membrane,
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with distinctly darker areas obtained from use of Nexteri@&h@k E within the assay. This
demonstratethatinefficient surface blockingf the membranéasincreased the amounf
nonspecific conjugate binding. Comparably, the same assay performed using ssdtasn
DNA block generated considerably lighter sample regions, suggesting a reduction in

unwanted nanoparticle binding througlereased surface blocking.

The sample regions were also analysed by SERS mapping asilager excitation
wavelength 0532 nm. The average spectra of the target, no target and nonsense sample
areas were calculated and plotted in Figuré.6.3ERS spetra showed high background
signals with low peaks from both blocking agents. The SERS spectra olftailed assay

using Nexterion® Bck E generated more distinct peaks, however, no discrimination
between samples was achieved. This indicatesathagh level of nonspecific binding of
functionalised nanoparticles is occurring through inefficient surface blocking. The use of
salmon DNA produced minimal SERS intensities, with only weak responses obtained from

the target sample.
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Figure 6.15: SERS spectra of nitrocellulose membrane contaifiAyIRA ITC labelled DNA
conjugatesecorded using 532 nm laser excitation (10 x obj., 0.1 sec.aa@igd with(a) salmon
testes DNA (b) Nexterior® Block E; blue: target DNAred: no target, green: nonsengeach
spectrum was calculated from an average of 4 replicate SERS~habswererepresentative of

sample area.

Figure 6.4 and 6.15show that preferential membrane blocking is obtained using salmon
testesDNA as a blockior the nitrocellulose membrane. Consequently, salmon testes DNA
was used as the blocking reagent for nitrocellulose surface assay. However, to be able to
distinctively determine the presence of target DNA, the SERS responses obtained must be

significanty enhanced to dominate over the membrane background signals generated. This
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can be achieved by increasing the number of conjugates hybridised BN#heon the

membrane surface
6.4.2 Optimisation of Hybridisation Step

The hybridisation of the complementary tartgetheconjugate oligonucleotides was initially
investigated in order tensure sequencecific hybridisationoccurredand determine the
optimum temperatue for this event This was attained through perfongi afluorescent

DNA melt The intercalating dye, SYBR greehas a low binding affiity for single
stranded DNA, generating low fluorescence emission. However, tharign high yields

to double stranded DNA which significantly increases the flummese producedThis can

be monitored bynspection ofluorescencemission using a filter set wikB2nm excitation
and516nmemission Consequentlythe target sequence and conjugate D¥éfuencevere
analysedprior to adsorption onto the silver rigrarticles The probes were
in PBS buffer,routinely used for DNA hybridisations. This was also the chosen buffer for
conjugate hybridisation within the surface assay. An intercalating dye, SYBR Green, was

additionally included into the mixture. SYBR Green strongly binds to double stranded DNA

and fluoresces at low temperatures, however as the temperature is increased the strands

denature to single sequences and the dye fluorescence decreases. Monitoring of this process

enables the temperature of sequence denaturation to be determined.
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Figure 6.16: Fluorescent melising SYBR greenf unmodified target DNA and conjugate DNA

sequence

The fluorescencwvas continually monitoredrom 407 90 °C and asigmoidalmelting curve

was obtained(Figure 6.5), demonstrating the successful hybridisation of the target and
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conjugate sequenc@.he melting temperatungas determined to be 6C, thus temperatures

below thiswill be favourably driven tavardssequence hybridisation

The DNA melting experiment dewnstrated hybridisation of complementary DNA
sequences diluted in PBS buffer. PBS buffer contains a suitable volume of salt ions to
ensure sequence stability and promote DNA hybridisation within solution assays. However,
use of PBS buffer within the hyldisation step of the surface assay, demonstrated poor
conjugate binding through the generation of weak SERS responses and high background
signals(Figure6.13 and 6.5). Additionally, to achieve these low signals, the hybridisation
step had to be perfoed for over 18 hourat 45°C. Consequently, to generate stronger
SERS spectra in a vastly reduced time, an alternative to PBS as a hybridisation buffer was
investigated.

6.4.2.1Hybridisation Buffer Optimisation

PerfectHyb Plus buffer (Sigmaldrich,UK), is an alternative hybridisation solution
recommended for use in surface DNA hybridisations. The buffer has been specifically
optimised for sequence hybridisation on membrane surfaces and is able to generate high
signatlto-noise ratios using significdgtreduced hybridisation times. The PerfectHyb Plus
buffer was employed as a replacement to PBS and the nanoparticle conjugates were
premixed with Perfect Hyb Plus buffer before application to the membrane. The assay
hybridisation time was also reducetbrh 18 to 2 hoursand performed aB0 °C as

recommend byhe bufferapplication guidelines.

The performance of the assay utilising the new optimised buffer, showed significantly
improved SERS responsésigure 6.17) Distinct SERS peaks were obtainiedthe target
samplewith lower intensity signals. This could result from a lower number of conjugates
binding nonspecifically to the surface and the generated spectra representative of selective
strand hybridisation. Nonsense samples generatenly menbrane backgroundgignals
whereasthe no target control illustrated significant regions of-spacific binding of the
functionalised nanoparticles, generating high intensity SERS signal. Therefore, further

investigation into hybridisation times below @urs wascarried out
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Figure 6.17: SERS spectra of nitrocellulose membrapatainingTAMRA ITC labelled DNA
conjugates with PerfectHyb Plus buffer wa hour hybridisation timeecorded using 532 nm laser
excitation (10 x obj., 0.1 sec. acdjue: target DNA, red: no targejreen: nonsese. Each spectrum

was calculated from an average of 4 replicate SERS which wererepresentativef sample area.
6.4.2.2 Hybridisation Time Optimisation

The change of hybridisation buffer has enabled mmemti SERS responses with reduced
backgroundsignals to be achieved whilstilising a considerably lower hybridisation time.
However,a 2 hour hybridisation generated no discrimination between the target and no
target control. Consequently, reduced hgigation times were investigated to determine the
time at which complementary DNA hybridisation would occur prior to the surface
attachment of nospecifically bound conjugates. A simultaneous surface detection assay
was performed (use of an incubatioraniber enabled individual assays to be performed on
the same surface without the possibility of sample miximgorporating the decreasing
hybridisation times of 60, 30, 20, 10 and 5 minutes. During the hybridisation sis{RA

ITC labelled silver nanoparticle DNA conjugates were applied into each sepagaip of

the nitrocelulose membrane and heated3& °C. The averageintensity of the principle
SERS peak at 1650 ¢hwas plotted for target, no target and nonsense samplestteve

range ofhybridisation times is shown in Figure 8.1
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Figure 6.18: SERS intensity 0f.650 cni peakobtained using 532 nm laser excitation (10 x obj., 0.1
sec.acc.)of TAMRA ITC labelled DNA conjugatesn nitrocellulose membrane assay using
PerfectHyb Plus buffesverarange ofhybridisation tims; blue target DNA, red: no targegreen

nonsense

The largest discrimination between the target sample and the assay controls was obtained
when a 60 minute hybridisation time was employed withim surface detection method.
Hybridisation times of 20, 10 and 5 minutes, illustrated no significant discrimination
between the target and controlsAt these faster hybridisation times the ratio of
discrimination of signal between targeiample and controls does not linearly or
exponentially increase.Target sequences appear still to dailablefor hybridisationat

these timestherefore the membrane surface is fudly saturatedwith conjugates This
indicates that signal is generated througinspecific binding of the conjugates to the
surface. However, hybridisation times of 3@nd 60 minutes demonstrated significantly
increased target intensities compared to control signals. These results appear to indicate
utilisation of 60 minute hybrigation times will promote specific conjugate hybridisation.

The assay was repeated using the optimised blocking and hybridisatioimd¢ongorating

the PerfectHyb bufferwith results similarly demonstrating large signal differenoesveen

target and catrols (Figure 6.9). The principle peak in the target spectra at 1650 wais
calculated to be.7 times greatr than the no target peak an8l4btimes greater than the

nonsense control.
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Figure 6.19: SERS intensity of 1650 chpeak obtained using 532 nm laser excitation (10 x obj., 0.1
sec. acc.) oTAMRA ITC labelled DNA conjugates on nitrocellulose membrane; blue: target DNA,
red: no target, green: nonsensesert contains average signal intensity of 1650 peak, each bra

represents 4 replica®ERS mapsand error bars one standard deviation

Theseresults have demonstrated that the optimised conditions for a SERS based DNA
surface assay should be performed on a nitrocellulose membrane, using salmon testes DNA
as a bloking agent along with a 6finute hybridisation step at 3@« using PerfectHyb

buffer.

6.5Dye and Wavelength Investigation

The experimental conditions utilised for the detection of unlabelled DNA from a membrane
surface have been optimised, enabling significantly enhanced SERS responses to be
generated. The surface assay has so far been perforotdising TAMRA ITC and DNA
functionalised silvemanoparticle conjugates. However, the versatility of the assay was
investigated through detection of other SERS active labsisg the laser excitation
wavelengths, 633 and 785 nnTwo distinct SERS active moleculésM19 and thesmall
molecule mercaptopyridine (MPYhave previously been showmgenerate strong signals at

633 and 785 nm respectively (Figure 6.4herefore, these dyesere incorporated onto

DNA functionalisedsilver nanoparticlesand analysed within the surfacgembraneassay

usingthesdongerexcitation wavelengths.
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6.5.1 Nitrocellulose Surface Assay using GM19 Conjugates

GM19 dyestronglyadsorls onto silver nanopartickthroughthe benzotriazole (BTinoiety
andcontains an azo dye that acts as a chromopiemeratingcharacteristicSERSspectra

with the principle peak obtaineat 1370 crit. The functionalisedconjugates generated
distinctive SERS signals when applied to a nitrocellulose membranersaigsed using 633

nm laser excitation (Figuré.4). Therefore,a DNA surface detection assay was performed
utilising GM19 conjugates and thaptimised experimental conditiondetermined from use

of TAMRA ITC labelled conjugatesThe average spectra of target, no target and nonsense
sample areas were calated and plotted in Figui®@20 The principle peak in the target
spectra at 1370 chrwas calculated to be 2.8 times greater than the no target peak and 6.2
times greater than theonsense control. This indicates the detection of unmodified target
DNA on a nitrocellulose is possible through SERS detection of hybridised DNA labelled
nanoparticles utilising 633 nm laser excitatidrhe spectral background obtained is likely to
be due to the use of 633 nm laser excitation generating background sigmalthfe

nitrocellulose membrane.
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Figure 6.20: SERS spectra of nitrocellulose membrane containing GM19 labelled dilixx
conjugatesecorded using 633 nm laser excitatiaf % obj., 0.1 sec. ac¢.blue: target DNA, red: no
target, green: nonsenstsert contains average sigmatensity of 13D cm* peak, each bar

represents 4 replicateaps and error bars one standard deviation
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6.5.2 Nitrocellulose Surface Assay using MPY Conjugates

MercaptopyridindMPY) is a small molecule whictonsists of a pyridine ring system with a
terminal thiol group.The thiol group enables strong surface adsorption, whigsatomatic
ring generates stron§ERSresponsesvith prominent peaks at 1005 and 1095'cnThe
moleculewas shown to generatetense spectrghrough adsorption onto the metal surface
usingan exciting laser line at85 nmfrom a nitrocellulose membrar&igure 6.4. The
surface detection assay waerformed under optimised experimental conditiamsdising the
MPY silver DNA conjgates within the hybridisation step to enable the detection of
unmodified surface boundsequence. The average SERS spectra for each sample was
collected from themembrane substratend analysed using 785 laser excitatiand a 0.5

second accumulation tin€igure 6.2}.

400 4

4800
300

4600 - 200 -

100 -
T T T =5

Target No target Nonsense

4400 -

SERS intensity of 1095 cm peak

SERS intensity

4200 -

4000 - A A -

3800 T T T T
400 900 1400 1900 2400

Raman Shift (cm?)

Figure 6.21: SERS spectra of nitrocellulose membrane containing silver MPY labelled DNA
conjugatesecorded using 785 nm laser excitation (10x obj., 0.5 sec; btue) target DNA, red: no
target, gren: nonsenselnsert contains average signal intensity of 1093 peak, each bar

represents 4 replicateaps and error bars one standard deviation

The successful detection of the target sequence was achieved through binding of the MPY
conjugatesand analys with 785 nm laser excitation. Characteristic MPY spectra obtained
from the target sample area illustrated significantly increased intensity signals compared to
the control samples. Theighest intensitypeak in the target spectra at 1095”cwas
calculated to be 2.4 times greater than the no target peak and 22.5 times greater than the

nonsense control.
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The nitrocellulose membrane was fixed onto a glass slide, enabling easier surface analysis.
However, abroad background peait approximatly 1400 crit was generated in all sample
spectra which can baattributedto signals from thelasssurface Analysis of the surface
using785 nm excitation wavelengtiasgeneratedSERS signals from the membrane surface

as well as the glass support elid However, the glass peaks do not obscure the MPY
identification peaks.

This study has illustrated the successful detection of unlabelled DNA from a nitrocellulose
surface using three distinct functionalised nanoparticles and diffesent laser excitation
wavelengths. Subsequently, th@ext step was to determine thetectionlimits from a

nitrocellulose surfacef the three conjugatasingSERS analysis of a dilution series.
6.5.3 DNA Dilution Series for Functionalised Nanopatrticles

To determine the detection limits for the conjugates the full surface assay was not carried
out, insteadhe conjugates were diluted in PBS buffed applied to the membrane surface.
Five regions of each sample area were SERS mapped and the average cpabined to
determine the intensity of the principle peak for each Iab&MRA ITC at 1650 crit,

GM19 at 1370 cicm and MPY at 1095 cm The signal intensity was plotted against
nanoparticle concentration to obtain a linear response for each dfatohjugates (Figure

6.22. Inherently, the synthesis of nanoparticle conjugates can make the controlled
concentration of batches extremely difficult. The three batches utilised were comprised of
differing stock concentrations and as a result diffecemicentratiorranges were analysed.
However, each batch of nanoparticle conjugates demonstrated linear responses over a
concentration range and the detection limits were calculated by assigning the limiting signal
intensity to be three times the standdeViation of the background signallhe limits of

detection are shown in Table 6.3.

Table 6.3: Limit of detection of nanoparticle conjugates from nitrocellulose membrane

Conjugate Label Limit of Detection of Nanoparticle Conjugates (M)
TAMRA ITC 2.4x 10"
GM19 8.3 x 10*°
MPY 3.9x 10"
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Figure 6.22 Dilution seriesof silver nanoparticle conjugate) blue: TAMRA ITC 1650 cnifpeak
(532 nm, 0.1s10x obj), (b) red: GM19 1370 cni'peak (633 nm, 0.14,0x obj), (c) green:MPY 1095
cni'peak (785m, 0.5s,10x ob)).

Similar limits of detection were obtained for each batch of functionalised nanopantitties
limits below picomolar concentration evidently achieved. GWL9 conjugates generated a
slightly higher detection limit, probably duettte use of the off resonant 633 nm excitation
wavelength.

This study has demonstrated the successful detection of dye functionalised DNA
nanoparticles through use of optimised experimental SERS conditibimstefore, it was

useful to demonstrate tregpplication of the assay as a diagnostic detection mettad.
application of a nitrocellulose surface assay was analysed through the diagnostic detection of
methicillin-resistantStaphylococcus aureUdRSA) via selective hybridisation of DNA

functionali®d nanoparticle conjugates.

6.6 Nitrocellulose Surface Assay for the Detection bfethicillin -Resistant
Staphylococcus AureugVIRSA)

The aim of this study was to develop a membrane assay which utilised SERS for the
detection of unmodified target DNA seques from a simple and cost effective platior

The detection of sequences corresponding®SA were analysed to demonstrate the
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applicability of the method as a diagnosis techniqgue. MRSA sequences have been
previously used within this thesis and arscdissed in detaith Section 5.2.3. The sequences
immobilised on the nitrocellulose surface (target) and adsorbed onto the nanoparticle surface
(conjugate) are shown in Table 6.4

Table 6.4: MRSA oligonucleotide sequences anadifications

SequencdlName Sequen8é) (56 56 Modi fi
Conjugate TGGAAGTTAGATTGGGATCATAGCGTCAT Thioctic Acid-(HEG)s
Target ATGACGCTATGATCCCAATCTAACCTTCCA -

A fluorescent DNA melt was initially performeih order to idetity the optimal temperature

to achieve successful hybridisation between the MRSA conjugate and target sequences.
Both the target and conjugate seguencies wer €
90 °C. The addition of the intercalating dye SYBR Green enabled monitoringaofds
hybridisation.
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Figure 6.23: Fluorescent melising SYBR Greeonf unmodified MRSA target DNA and conjugate
MRSA sequence

A sigmoidal melting curve demonstrates successful hybridisation of the complementary
MRSA sequences was obtained (Figure8p.2ZI'he temperature at which the DNA sequences
hybridise was determined to be 78. This temperature was higher than that of the
hybridisation of the original sequences, due to the longer sequence being analysed.
However, the hybridisation temperature utilised within the surface ass&p &€ will

nevertheless promote sequence rdibation.
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The detection of an unlabelled MRSA sequeffrten the nitrocellulose membrane was
performed using the optimised assay conditiongnitially, TAMRA ITC labelled
nanoparticles incorporating the complementary MRSA sequence were utilised toinketer
the presence of the target oligonucleotidiéhe average intensity of the 1650 tipeak for
target, no target and nonsense samples was generated through S&RS aof the
membrane surfaggigure 6.24.
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Figure 6.24 SERSintensity of 1650 cthTAMRA ITC peak for target, no target and nonsense
samples from MRSA detection surface asshtained using 532 nm laser excitation (10 x obj., 0.1

sec. acc.) Each bar represents 4 replicataps and error bars one standard deviation

The no target sample gave unexpectedly high intensity signals, with the target and nonsense
regions generating similarly loweesponses These results suggest that the blocking step
has not sufficiently blocked the surfadacreasing theamountof nonspecific conjugate

binding The high no target signappears to result from inefficient surfabéocking
Whereasthe target and nonsense samples genelawast intensity signalglue to intrinsic
blocking of the surfacdrom the presence of the targanhd nonsense sequenag®tted on

the membrane during the first assay step

TAMRA ITC labelled nanoparticles have demonstrated varying degrees of successful
reproducibility within the surfacéetection assay. Much work has besaried outinto
optimising anddevelopingthe assay procedure and although great improvements have been
observedthe accurate reproducibility of the method remains the fundanfenta Initial
promising results from the use of MPY conjugates were achieved ssiggesoverall
improved consistencgSection 6.2 and 6.5.2)Previous results have demonstrated that the

use of the small molecule mercaptopyridine as a Raman reportsitver nanoparticle
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conjugates generated comparable limits of detectiorand low backgund signals
Consequentlya batch offunctionalisedsilver nanoparticlewere prepared incorporating the
MRSA conjugatesequenc@and MPY molecule.

6.6.1 Detection of MRSA using MPY functionalised DNA nanopatrticles

The initial detection of MRSA using the surface assay 8AMRA ITC labelled DNA
conjugates demotrsited a reduction in the efficiency of the membrane blocking(Bigpre
6.24). Consequentlythe surfaceblocking stepusing the MPY conjugatesasinvesigated.
DNA detection surface assays, such as Southern blotting methods, oftenhitiikig
agents diluted in volumes shline sodium citrateSSQ buffer to obtain the greatest surface
blockage. The SSC buffer contains essential salt ions which emnanceDNA stability and
surface attachmenfThus, three blocking conditions were analysed; 100 % block (which had
been used previously with the optimised experimental conditions), 50 % block plus 50 % 5x
SSC buffer and 10 % block plus 90 % 5x SSC luffeo further ensure adequate blocking
of the menrane surface had been achievea: time taken for the blocking step was also
increased to hours at 50 °Gpreviously a 1 houblockingtime was used) The blocking
agent used throughout was salmon tefiB\. The SERSintensitiesfor each blocking
parameteweregenerated and the average intensity of the 1095pemkwas plotted agast
blocking conditions This is shown as a 3D bar chart in Figur2s6.
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Figure 6.25: SERS intensitpf the 1095 cni peak of MPY labelled DNA conjugates on
nitrocellulose membrane assay using different blocking conditisimg 785 nm laser excitatior1@ x

obj., 0.5 sec. acg.plue: target DNA, red: no targegfreen: nonsense.
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Results generated from use of 100 % block as well as 50 % block and 50 % buffer
demonstrated successful target sequence detection. However, stronger target DNA SERS
responses and weaker control signals were obtained when applied vaithoarbxture of

block and SSC buffer, inditag that the highest blocking wabtained. The use of 10 %

block in 90 % SSC buffer, clearly demonstrated minimal surface blocking has been
achievedas a high SERS signal intensity wasnd within the no targt control assay. The

raw spectra for the target, no target and nonsense samples generated using 50 % block and

50 % buffer mixtures shown in Figure 6@
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Figure 6.26: SERS spectraf nitrocellulose membrane containing MPY labelled DNA conjugates
recorded using 785 nm laser excitation (10x obj.,0.5 sec; &bee} target DNA, red: no target
green: nonsensensert contains average signal intensity of 1093 peak, each bar represents 4

replicate maps and error barsne standard deviation.

The successful detection of unmodified labelled DNA from the membrane surface through
SERS detection has been showhhese results have demonstrated that a combination of
increased blocking times, altered blocking conditions and the use ofddRjMgateswhich

is analysed at the higher excitation wavelength of 785 mms improved thespectral
response®btained through increasdybridisation of the DNA conjugates to the surface

adsorbed DN/AsequenceThis specific binding event was analysed further.
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6.6.2 Specific Hybridisation of MRSA Conjugates

To confirm that the MRSA nanoparticle conjugates were selectively hybridising to the
immobilised surface target DNA and were not bound to the membrane by embedding in the
porous substrate, a depth profile SERS map was carried out on thewrrsseg The ability

to bind molecules to a membrane substrate, watsiring functionalityand accessibilitys

highly beneficialin understanghg surface interactions. Irvinet al demonstrated the
absorbingstructure ofa nitrocellulose matrixwas key in retaiing the activity of surface

bound proteind®® In this study, 88D volume image was obtainedagh the gathering of

multiple SERS maps at different depths through the target rg@igure 6.27. The

individual SERS maps were then stacked to generate a volume image of the cross section of
the membrane. The approximate depth of the nitrocellutesabrane is 101 4 e m, t hus
depth analysis was carried out by scanning 1

were then complied into a volume image through use of Image J software.

Figure 6.27: False colour volumémage of cross section of nitrocellulose membrainisvo different
angles. The signal was generated froml®@5 cm* MPY peak using/85 nm laser excitatiofl0x

obj., 0.5 ®c.acc)wi t h aesolutiom m

The generatedolume image othe membrane illustrates that the strongest SERS signals
wereobtained from the surface layers of the nitrocellulose membrane. This suggests that the
nanoparticle conjugates amnet fully penetated into the membrane but are being heddr

the surfacedyer. However, todemonstrate conjugate immobilisation is occurring through
DNA hybridisation, the selectity of the assajad to bedetermined

This was achieved through preparationwb tbatches ofunctionalisednanoparticle with

eachsetincorpaating different SERS active molecules a@NA sequencg the original

conjugate sequence and the MRSA conjugate sequeistésequentddition of both
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conjugates tothe nitrocellulose membranecontaining immobilised target MRSA

oligonucleotide should bindonly thenanoparticlegontaining complementary MRSA DNA.
Whilst, conjugatescontaining the norwomplementarysequencesvill be washed from the
substrateproducing no SERS responséshis selectivebinding evenwill generate specific

SERS pectra fromthe hybridised conjugates.
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Figure 6.28: SERS spectraf nitrocellulose membrane containinglividual silver TAMRA ITC,
GM19, MPY labelled DNA conjugateand multiplex region containing all three conjugatxsorded
using532nm laser excitatioi10x obj.,0.1 s acc timg Blue (TAMRA ITC) and red (GM19) squares

within the multiple spectra illustrate distinctive peaks for each #adse colour imagesith
corresponding dye peak were generated fronmthkiplex nitrocellulse sample arezontaining all 3

conj uga tresatutio.2 e m

Initially, distinct peaks for each label within a mixture had to be determined. Combinations
of the threefunctionalised nanoparticles containing the SERS active dy&sIRA ITC,
GM19 and MPY were analysed 532, 633 and 785 nm excitatimavelengthsio determine

which conjugates and excitation wavelength would generate the strongest peakshfor
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labels. Optimal SERS signals resulted from batches of silver nanoparticlegpdmaing
TAMRA ITC and GM19 dyes using 532 nmagtation wavelength (Figure 6.28 This
combination generated the highest intensity and most distinct peaks fafdéhehwo dyes.

Clear peaks for th€AMRA ITC dye at 1650 crhand GM19 at 1370 cirerabled accurate
detection of theresence of either nanoparticle conjugates from the membrane surface. No
peaks from the MPY molecule were obtainesing 532 nm laser excitatioliom the

multiplex spectra

Two batches of silver nanoparticle conjugatesitaining different DNA and dye were
prepared. One batch incorporated the MRSA conjugate sequence and the TAMRA
isothiocynate dye adsorbed onto the surface, whilst the other was functionalised with the

original conjugate sequence and GM19 dye.

A surface assay was performed immobilising MRSA target DNA onto the substrate. During
the hybridisation step equal concentrations of each dye labelled conjugatpremized

and thenapplied to the membrane surface The original conjugate DNA is nen
complementary to the target MRSA sequence and was utilised as a control, therefore, no
signals should be obtained from the surface assay. SERS analysis was then carried out by
mapping the sample region and generating false colour images correspondindistirtbe
spectral peaks of each dye labelled conjugate. A typical map generated from the sampl
region is shown in Figure 6.28lustrating the same analysed membrane region evaluating
both the 1650 and 1370 &rpeaks.
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Figure 6.29: SERS spectra dfitrocellulose membrane containitayget MRSA DNArecorded using
532 nm laseexcitation (10x obj., 0.1 s acc time)th (a) addition of complementartfJAMRA ITC

functionalised nanoparticles afig) noncomplementary GM19 functionalised nanoparticles
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Brighter pixels within the false colour images indicate stronger signal intensities of the
principle peak. The abundance and intensity of TAMRA ITC signalsobtained were
significantly higher compared to thpeakscorresponding to the GM19 labelled pagates
within an identical sample regiqfigure 6.29(a)) The weak GM19 signals obtained can be
attributed to a limited level of nespecific surface bindinghowever, the spectra also
demonstrates a signal contribution from T&MRA ITC dye (Figure 629(b)). Distinctive
peaks at 1650 and 1505 ¢nshow the presence 3AMRA ITC labelled conjugatewhich

have bound to the target MRSA through complementary hybridisation.

The selective binding of tiEAMRA ITC labelled MRSADNA nanoparticle conjugates has
been demonstrated through the specific DNA hybridisation events on the membrane surface.
To investigatethe further selectivity andpotential of this surface assay as a clinical

diagnostic methodanalternativeof swabbingsamples ontthe membrane was analysed.
6.6.3 Application of Surface Assay throughDNA Swabbing

The potential of a diagnostic SERS surface assay has been demonstrated through the
selective detection of complementary nanoparticle conjugates from a nittegelsurface.

In the work so farbulk spots of the target DNA sequence (0.2 wyiere pipetted onto the
membrane, producing large diffuse areas of DNA sample. Therefore, to further demonstrate
the specific detection ability of the assay, the target DNA was applied to the surface in a
distinctive shape.

Figure 6.30 Swa b b i n gntoonftrocéliXase memhkne slide with enlarged whitight image of

target DNA applied to surface after full assay
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This would allowthe functionalised nanoparticlés selectivéy hybridise to the membrane

and be visualised through reproducing a SER® of the shape.This is beneficial in
demonstrating the successful and specific detection of target DNA with greater confidence.
Within the assay, the MRSA target oligonucleotides were applied to the tip of a cotton wool
swap and applied to the nitroagbse membnae in a cross shape (Figure §.30

The use of the Nexterion® LE buffer for spotting the target Diw&xpectedly allowed the
sample shapes to be visualised throughout the study, however, the initial coverage of the
unmodified target DNA ontthe membrandy SERScould not be determined. Therefore, a
preliminary experiment was performed by swabbing a cross of SERS active nanoparticle
conjugates onto a nitrocellulose surface and mapping the eatmglesarea.  This would
establish a proof ofoncept to ensure the DNA conjugates could be detected when shaped
onto the membrane. THBNA was applied tothe surface in a distinctive cross shape

approximately 5 x 5 mm

The Witec Alpha 300 R confocal microscopeedthroughout this studySection 33.1.2)

enabled highly sensitive analyses and contained three laser excitation wavelengths; 532, 633
and 785 nm, allowing comparable dye and wavelength combisdtiobe investigated.
However, the instrumentatiowas limited to Raman mappingnall micron sized areas,
approximate y 1 0 0 xvhich & 0nly @ emall fixed region ¢fie6 x 6 mm membrane
square. Therefore to obtain full sample analysis tHgamaninstrumentation had to be
altered. A RenishavinVia Raman Microscope (Section 313) was utilised to enable a
representation of the sample square to be generated through accumulative white light images
of the membrane. This instrumentutilised a streamline mapping systeproviding the
capability torapidly map largeareas through caulative image capture. The full sample
areacould then be mapped using SERS This study utilisedhte MPY labelled DNA
nanoparticle anda 785 nm excitation wavelengthThe MPY labelwas utilised as results

had previously demonstrategiffective results using thisabel and wavelength combination
(Section 6.6.1) The conjugatesvere applied tdhe membrane by cotton wool swabbing

onto the surface in a cross shape and analysed by SERS (Fidire 6.3
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Figure 6.31: SERSfalse colour mapf the 1006 cmi*peak ofMPY DNA silver nanoparticle
conjugateswabbed onto nitrocellulose membrananfi X 0  sobtangdeusing 785 nm laser

excitation (10 x obj., 0.5 sec. acc.)

A false colour image of the MPY conjugates swapped directly onto the nitrocellulose surface
area was obtainedAnalysis of the conjugates using the Renistiavia Raman instrument
generatedlistinctive MPY peaksvith the most intenseeak obtained at 10a8n™. A clear

cross shape can be visualised from the surface with strong MPY spectral peaks obtained
from areas on the cross with no SERS responses from regions off the cross. This indicates
that sufficient surface coverage can be obtained and alsond&ates that a distinct cross

shape can be achieved from the pomitrecellulosemembrane.

A full detection assay was then performed using previously @&t experimental
conditions withthe unmodifiedtargetMRSA sequence applied througlvabbinginstead of
bulk spotting. The samples were againlegobin a cross shape wemonstrateaccurate
detection of the target DNAControl samples of ao target and nonsensegionwerealso

analysedthe nonsense DNA was swabbed onto the surface in astrage The complete
membranesample regioswere SERSmappedand he averagepeakheightat 1005 crit was

calculated Thisgeneratd false colour image of each sample ardghlightedthe strongest
regonscorrespondingo theMPY peak (Figure &2).
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Figure 6.32 (a) SERSfalse colour and white light images of 1005 faakof MPY DNA silver
nanoparticle conjugates lsyabbngii X6 ont o ni t r o c e lobtankdoss@785memb r an e
laser excitation (10 x obj., 0.5 sec. ac6kRSfalse colour image of MPY conjugate peak at

1005 cnt* (b) no target(c) nonsense

The false colour images generated from the control regions genb/at&ERS responses,
with the weak signals generated attributech tminimalamountof nonspecific binding of
the nanoparticle conjugates to the membrandowever, significantly strorey MPY
responses were obtainé@m the target areaThe generatethrgetmapillustratesareas in
which the MPY conjugate have bound andoatiine of a cross shape corresponding to the
white light image. However comparing this imagéo the distinct cross images obtained
from the direct swabbing of nanoparticle conjugatas the membrane (Figure )3 it can

be seen that a mordistorted cross shapewas obtained. This could be as a result of
incomplete coverage of the target sequenceraddced sequence hybridisatiefficiency

due to the random orientation of the tarD&A which reducestrandaccessibility.
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This investigation has demonstrate@ progression of thesurface assay through the
application of target DNA to the SERS substrate using a cotton wool sBaabbing
techniquesre often utilised toetect DNAsampledrom surfacestherefore, this application
methodhasbeen highly advantageous in shavg an initial step to developing a practical
DNA detectiontechnique.

6.7 Chapter Conclusion

This study has demonstrated inite&dperiments showing thgotental of a surface assay for

the detection of unlabelled and unmodified DNA sequences by SERS. Intensive
optimisation has progressed the technique from producing weak SERS responses, high
background signals and poor discrimination between controls, to limration of
significant and specific detection of clinically relevant sequences. However, to develop the
method into aeliableclinical detection assay, further optimisation and developmeist be

carried out to obtaimccurate and reproducible restithat are consistently obtained every

time.

Functionalised nanoparticles were utilised to demonstrate the successful detection of
unmodified DNA from both epoxysilane and nitrocellulose substrates. Silver cidieed
nanoparticles were successyulfunctionalised through chemisorption of specific DNA
sequences and SERS actiwelecules. This enabled strong and distinct SERS responses to
be obtained from three separate batches UBAGYRA ITC, GM19 and MPYmolecules
Hybridisation of these labellieDNA conjugates to complementary target DNA immobilised

onto solid surfaces has successfully been shown by SERS.

MRSA related sequencelBave been successful detectédm nitrocellulose membrane
surface. This was demonstrated through spedifimjugate hybridisation afomplementary
sequencg on the membrane surface. Distinctive false colour maps relating to the MPY
spectra have also showdistinctive crossshapes can be definitivelygproduced by the
sdective hybridisationand SERS analysisThese promising resultBustrate applicatios

for DNA surfacedetectiormethodologies
The early stages of a promising SERS detection assay have been illustrated within this study,

however, significant work istill necessary to unearth the full potential of this method and

ensure accurate results are consistently achieved.
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6.8 Further Work

Thereproducibility of the assay is a major problem. Early work has demonstrated variability
in the detection oTAMRA ITC labelled DNA conjugates with the high energy 532 nm laser
excitation wavelength. However, the latter stages of this investigation have shown
improvement through use of mercaptopyridine (MPY) functionalised nanoparticles and
detection using 785 nm lasekcitation wavelength. Throughout this study, results have
demonstrated that the assay shows high promise when performed successfully. Therefore,
research must aim to investigate and improve the reproducibility through further
investigation of the MPY etection system. This would enable accurate results to be

consistently obtained and allow the full potential of the aséy investigated.

Reducing the size of the surface array into thedmaron and nanoscale would prove to be
highly valuable inproviding lower detection limits for more efficient disease screening.
Therefore, work could be carried out to produce nanoscale fabrication througemip
Nanolithography (DPN).The assay has demonstrated the potential of selective detection and
throudh SERS analysis distinctive fingerprint spectra have been obtained. This is a huge
advantage for the detection of multiple sequences on one substrate. Therefore, this work
could be expanded tovestigate thedetecton of multiple genomic strains from igically
biological samples. In the future, the ultimate aim of this assay would be to enable large
numbers of clinically relevant sequences to be detected for one sample. Potentially,
numerous diagnostic tests could be performed on one clinicallsamsipng one substrate
slide and SERS analysis. This work could be progressed to develop a DNA detection
method able to work successfully and efficiently on a cost effective substrate such as filter

paper.
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7 . Concl usi ons

Silver nanoparticles are commonly utilised as an enhancing substrate for the detection of
DNA by SERS. The beneficial qualitiesuch asincreased scattering efficiencies and
favourable coincidence of the surface plasmons ersdlser hanoparticleto gereratestrong

signal responsewithin the visible wavelength regionThis has allowed a large number of
SERS active labels to be attached to target sequencdseapdcificallydetected by SERS

as shown throughout this studyrhis technique has alstiown to ke an essential analytical

tool for providing an understanding of the principle of DNA adsorption onto nanoparticle
surfaces The adsorption of DNA onto silver nanoparticles has been shown to be driven
through attachment of nucleobases ahd attacment of the TAMRA dye contributed
minimally to surface adsorptionThis observation can be exploited to differential detect
target DNA through differences in affinity of ssDNA and dsDNA onto the metal surface.
However, he interactiors at the nanopartielsurface interface have shown todmmplex

and elaborateinvolving numerousunidentified processes andnteractions. This was
highlighted through investigating the interaction between TAMRA and FAM labelled DNA
probes within a multiplex sample. Unextegt but significant results, suggest that over a
concentration gradient the signal responses from the TAMRA probe are edtabitower
concentrations but are significantly enhancesl the DNA concentration is increased
Results appear to indicate thabbpe interactions are preferentially orientating sequences
onto the enhancing surface withrther work needed to thoroughly evaluate fiecess
However, SERS has enabled an insight into the complex surface chemistry of DNA and

nanoparticles.

This sudy has demonstrated the use iWes nanoparticles to successfully develapo
distinct method for the specifiadetection of DNA These methods have targeted specific
clinical sequencesof methicillin resistant Staphylococcus aursu(MRSA) within a
diagnostic detection assay and have demonstrated the ability to discriminate against non
complementary sequence¥he TaqSERS assaymbined the benefits of a TagMan assay
with SERS detection to develop a highly sensitive, selective and adaptable detexthod.

The assayvas shown to generate detectiogehomic MRSA and SAequences withigh
sequencespecifigty andlow levels of sensitivity Successful strain discrimination within a

duplex assay hashown the potential fdurther advancing thdetectionof multiple targets
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Nanoparticle labelling is an attractive method for identifying DNA sequences and has shown
to be a successful method for the indirect detection of unlabelled DNA from solid substrate
surfaces. Specific hybridisation of ®lv nanoparticles functionalised with thioctic acid
labelled sequences and Raman reporter molecules have dextezhthe presence of MRSA
sequencesn nitrocellulose and epoxysilane coated surfacHse versatility of SERS was
demonstrated througthe gemration of srong and distinct SERS responsesing three
SERS active moleculesTAMRA ITC, GM19 and MPY and three laser excitation
wavelengths; 532, 633 and 785 .nrithe specific detection of nanoparticle conjugates on
membrane substrates has been demonstrated thrpugferential hybridisation of
complementary DNA labelled nanoparticles and the reptamuof a distinctive cross shape

by SERS mapping.

Overall theeffectivenes andversatility of SERS as a DNA detection method has been
demonstrated throughout this study. SERS has shown the potential as a viable DNA analysis
method within two diverse detection strategé®l an increased understanding into DNA

surface interaatinshas alsdeendemonstratethrough the utilisation of SERS.
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Developments m specific DNA detection assays have been shown to be increasingly beneficial for
molecular diagnostics and biological research. Many approaches use optical spectroscopy as an assay
detection method and, owing to the sensi
Raman scattering (SERS) spectroscopy has become a competitively exploited technique. This study
utilises SERS to demonstrate differences in affinity of dye labelled DNA through differences n
electrostatic interactions with silver nanoparticles. Results show clear differences n the SER S intensity
obtained from single stranded DNA, double stranded DNA and a free dye label and demonstrate
surface attraction 18 driven through electrostatic charges on the nucleotides and not the SERS dye. It

ity and molecular specificity offered, surface enhanced

at lower DNA concentrations can be achieved.

Introduction
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specific narrow spectral bands.®

The use of SERS to detect DNA allows sdective disarimina-
tion to be achieved through the development of innovative
assays. Distmetive SERS signals have been obtamed from
constituent DNA bases ™ however, the detection of unlabelled
oligonucleotides generally produces non-sequence specific SERS
signals. Thus, to achieve enhanced and discriminative SERS
signals from a DNA sequence, a suitable dye label containing
a chromophore has to be incorporated. To achieve surface
enhancement, adsorption of the DNA labelled oligonucleotide
onto a roughened metal surface, generally provided by a metallic

DNA detection of specific sequences has become increasingly
mmportant in the diagnosis and treatment of genetic diseases and
infections. Therefore, research into new DNA detection methods
1s contmually evolving to design techniques which are highly
selective and sensitive. Currently, specific DNA detection
methodologes predominantly utilise the quantitative polymerase
chain reaction (gPCR) and fluorescence based detection
systems.? An alternative optical detection technique is surface
enhanced Raman scattering (SERS) spectroscopy, which has
been shown te give improved sensitivity’ and multiplexing
capabilities**® due to the spectra obtained providing molecularly

=Centre for Molecular Nanometrology, WestCHEM, Depariment of Pure
and Applied Chemistry, University of Strathclyde, 295 Catherdral St
Glasgow, GI IXL, UK. Esmail: Karen foulds@sirathacuk; Tel: +44

(0141 548 2507
*Dstl Porton Down, Salisbury, Wiltshire, SP4 0J0Q, UK

+ Electronic supplementary information (ESI) available: Fig. SI: DNA

discrimination assay. See DOI: 10.103%/c2an35112a

has been further demonstrated that, through optimisation of experimental conditions and careful
consideration of sequence composition, a DNA detection method with increased sam ple discrimination

nanoparticle suspension, 8 needed. Colloidal suspensions of
silver and gold nanoparticles are most commonly used as SERS
surfaces due to their ease of preparation and surface plasmon
lying within the visible wavelength region providing further
signal enhancement. The nanoparticles can be readily prepared
by reduction of the corresponding metal salt using a reducing
agent such as citrate,” EDTA ™ hydroxylamine™ and borohy-
dride.® This forms an overall net negative charge on the surface
which will prevent the adsorption of DNA due to the electro-
static repulsion with the negatively char ged phosphate backbone.
This repulsion can be significantly reduced by the use of an
aggregating agent, such as spermme hydrochloride® or poly-L-
lysine," which interacts strongly with the DNA backbone neu-
tralisimg the negative charge. The facilitation of surface adsorp-
ton is essential to achieve effective SERS as increasing the
distance of the analyte from the surface will result in a diminished

SERS signal. The addition of an aggregating agent also reduces
the stability of the colloid, allowing partially controlled forma-
tion of nanoparticle aggregates. The formation of nanoparticle
clusters creates hotspots at the particle junctions which, when
irradiated with a laser exdtation frequency close to the absorp-
tion maximum of the label and surface plasmon of the metal,
create an intense molecularly specific vibrational spectra.®
SERS has been established as an analytical technique for
qualitative and quantitative detection of DNA."'® Single
stranded DNA (ssDNA) is predommnantly employed within
SERS detection assays due to its high surface affinity for metallic
surfaces.'™™ Partial uncoiling of the sequence facilitates exposure
of the DNA bases which will strongly adsorb onto the negatively
charged silver nanoparticle.” Consequently, the detection of dye
labelled ssDNA aggregated with spermine, will result mn strong
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and distinct SER S signals."® Highly sensitive SER S spectroscopy
has been used to obtain quantitative behaviour and limits of
detection of various labelled ssDNA oligonucleotides, generating
distinctive SERS spectra for mdividual sequences.™* Single
stranded DNA has alko been used within signal amplification
assays to detect DNA through accumulation of SERS signal. The
use of enzyme digestion in these assays frequently results in
isolated SERS-active dyes within the sample, however when
ssDNA remains attached to the dye, surface adsorption is aided
and a more intense signal is observed.® Conversely, numerous
assays, induding molecular beacons® and scorpion probes,®
detect target sequences through use of a specific hybridisation
event, thus, the sample mixtures will contain both smgle and
double stranded (dsDNA). One approach to discriminate
between ssDNA and dsDNA s through their differing propen-
sities to adsorb onto silver and gold nanoparticle surfaces. This
observation was first reported by Li and Rothberg showmng, by
colorimetric detection, that single stranded DNA has a stronger
affimty to gold nanopartides than double stranded DNA
SERS molecular diagnostic assays have also been used to show
the potential application of specific DNA detection through
differing electrostatic properties of DNA sequences ** Specifi-
cally designed primers also have been utilised within a SERS
assay which exploits the differing affinity of DNA structures in
order to detect specific oligonuclotide sequences of interest.®
The principle of these assays is based on the strong ekectrostatic
attraction that the constituent bases have for the nanoparticle
surface, ssDNA has greater number of exposed bases, therefore
an increased signal intensity 1 generated. The employment of
a DNA disarimination methodology as a specific detection assay
offers many advantages induding high reproducibility, specific
detection and simple application. However, the existing method
contains inherent weaknesses as often the dsarimination between
ssDNA and dsDNA is not large, therefore a reliable conclusion
may not be drawn. This also mfluences the concentration range
over which the method is applicable and it can be limited as
a result of reduced discrimination between ssDNA and dsDNA
at lower concentrations.

The principke of DNA detection through differing electrostatic
properties of ssDNA and dsDNA has already been demon-
strated *** here we use SERS 1o provide a clearer understanding
of the concept and illustrate improvements to significantly
increase discrimination and consequently, detection at lower
DNA concentrations. Furthermore, the effect that the SERS dye
and the sequence composition has on surface adsorption of the
oligonucleotide was investigated.

Experimental section
Colloid preparation

EDTA silver colloid was prepared by adding EDTA (0.095 g) 1o
2.0 L of distlled water. The solution was heated on a hotplate
and prior to boiling NaOH (0.32 g) was added. At 100 °C, silver
nitrate (0.088 g) was added and the solution was boiled for 15
minutes before cooling. The resulting colloid was analysed by
UV-vis spectroscopy and the 4., was found to be 412 nm and
the full width half-height (FWHH) was measured to be 77 nm.
The nanoparticles were characterised to be approximately

spherical with a diameter of 46 nm and the concentration of the
colloid was caleulated to be 1.14 x 107" mol dm*. Prior to use
the pH of the colloid was adjusted to 12 using 1 M NaCl
Chemicals for the preparation of silver colloid were purchased
from Sigma Aldrich.

Buffers

1.65 M phosphate buffered saline (PBS) was prepared by
combining 60 mM of sodium dihydrogen phosphate and 60 mM
of disodum hydrogen phosphate buffer then adding 83 mL of
phosphate buffer (10 mM, pH 7) and 82.5 mL of NaCl(0.3 M)
made up to 500 mL.

Trs-tween buffer was prepared usmg 10 mM tris(hydrox-
ymethyl) aminomethane hydrochloride (Tris-HCI), 100 mM
NaCl and 0.05% Tween 20 and was made up to a volume of
100 mL. The pH of the solution was adjusted to 7.4 using 1 M
NaCl.

Oligonucleotides

Oligonucleotides were purchased from ATDbio Lid. and MWG
Operon on 1 pmol and 0.01 pmol scale respectively with HPLC
purification (Table 1 and 3). Single TAMRA dye was depro-
tected from a 3 TAMRA CPG column from Link technologies,
which had been treated with 3% trichloroacetic acid/DCM and
concentrated ammonium hydroxide solution.

DNA hybridisation

All DNA hybridisations were carried out using a Mimeycler
PTC-150 system. An aliquot of the oligonucleotide probe and
complementary sequence (500 pL, 1 pM) were added to a PCR
tube and incubated m 0.3 M PBS. The temperature was rased to
95 °C for 2 mmutes and slowly cooled 1 °C min~" to 25°C. This
was also carried out using probe and dye with no complement
sequence, excess 0.3 M PBS buffer was added to keep concen-
trations censistent. Dilution series were carried out for each
sample by diluting in 0.3 M PBS.

SERS analysis

In a disposable cuvette DN ASdye (5 pL, X pM, where X ranges
from 0.4 to 0.02 pM) was added. To this, an aqueous solution of
spermine hydrochloride (20 pL, 0.1 M), PBS solution (100 uL,
1.65 M) and Tris-tween buffer (30 pL, pH 7.4) was added.
Fmmally the mixture was diluted by addition of silver EDTA
reduced colloid (395 pL, pH 12). The sample was thoroughly
mixed and the SERS spectra were recorded within 1 minute of
collod addition on a Renshaw model 100 probe system with
514.5 nm laser excitation (1 = 15,6 mW, 20 obj). The spectra
were baseline corrected using Grams software. 5 replicate anal-
yses of 5 replicate samples at each concentration were analysed.
A dilution series was carried out to obtain the limit of detection
of labelled oligonucleotide. The equation of the hnear line was
used to calculate the detections limits. The limit was estimated to
be 3 times the standard deviation of the blank divided by the
slope of the linear line.
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Table 1 DNA sequence and modification information

Name Sequence (¥-3') §'-Label GC content

T20 probe GGTTCATATAGTTATAATAA TAMRA 2004
T20 comp TTATTATAACTATATGAACC — 200

Results and discussion

Herein we demonstrate through the use of SERS, the differences
m affinity of dye labelled ssDNA, dsDNA and a dye label
adsorbed onto silver nanoparticles, as well as the effect that this
has on the resultant SERS signal. A SERS active dye was
incorporated into the DNA sequence to obtain enhanced signals,
therefore, the dye label with no DNA was also analysed to
investigate its role in surface adsorption. DNA detection was
carried out using a synthetic oligonucleotide probe, consisting of
20 bases and a § TAMRA label. A TAMRA label modification
was used to identify the sequence since previous studies have
shown TAMRA labelled oligonucleotides can be effectively
detected by SERS** A single stranded T20 probe containing
a low GC content (20%) was used to evaluate the difference in
electrostatic interaction of ssDNA (T20 probe), dsDNA (T20
probeand T20 comp) and a SERS-active TAMRA dye (Table 1).
The modified TAMR A labelled probes were either mixed with an
exact complementary sequence or excess buffer and hybridised in
0.3 M PBS, resulting in three distinct samples; ssDNA and
dsDNA and single TAMRA dye which had been deprotected
from a 3 TAMRA CPG column. The DNA/dye samples were
added to a cuvette and mixed with 0.1 M spermine hydrochloride
to aggregate and aid adsorption of the DNA to the nano-
particles. Silver EDTA-reduced colloid was added to the sample
mixture providing the metal surface for DNA adsorption. The
SERS spectra were recorded within 1 minute of colloid addition
using 514.5 nm laser excitation.

Characteristic TAMRA signals were obtained from both the
ssDNA and dsDNA (Fig. 1) with no differences m peak position
obtamed between ssDNA and dsDNA spectra. However, dsDNA
samples give a markedly lower intensity signal as expected. This is

10000
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Fig. 1 SERS spectra of TAMRA labelled DNA and single dye
(concentration of 3.6 nM) obtained using 514.5 nm laser excitation (1 s, 6
mW, 20 ohj): blue - single stranded TAMR A labelled probe (T20); red
— double stranded TAMRA labelled probe (T20 + complement), green —
TAMRA dye label.

likely to be a result of the varying affinities which single and
double stranded DNA sequences have for metal nanoparticle
surfaces due to differences m structure and electrostatic properties
(Fig. 2). The essential differences arise as the flexible structure of
ssDNA permits strands to uncoil, exposing the bases which are
electrostatically attracted to the surface. Thus, ssDNA has a high
affinity for the nanoparticle surface adsorbing strongly onto the
metal generating a high SERS mtensity. In contrast, dsDNA
forms a stable double helix structure which encloses the bases.
Consequently, due to the rigid dsDNA structure, surface
adsorption will be mhibited and a lower SERS signal will be
obtained from the sample. The repulsion between the negatively
charged DNA backbone and negatively charged metal surface 1s
effectively eliminated through addition of excess spermine
hydrochloride. The amine interacts strongly with the polyanionic
backbone, effidently neutralising the charge, indicating that
surface attraction is directed through electrostatic mteractions
between the bases and nanoparticle surface. The presence of
a fluorescence background with the omission of SERS signal from
the dye molecule indicates that the TAMRA dye is not adsorbed
sufficiently close enough to the metal surface to be identified by
SERS. This further demonstrates that surface attraction is driven
by attachment of nucleotides and not the TAMRA dye. Thisisin
agreement with previous studies, ™7 showing that, following
enzyme digestion, that more sensitive SERS detection can be
achieved through detection of TAMRA labelled DN A rather than
released free dye. From these observations, DNA assays can be
designed to detect the presence of specific target sequences
through hybridisation and differences m SERS intensity of
ssDNA and dsDNA.

Previous studies have utilised SERS to discriminate between
ssDNA and dsDNA. MacAskill et al, exploited SE(R)RS to
ascertain the presence of target DNA oligonucleotides in
a homogeneous multiplexed assay. Within the study three dyes
(TAMRA, FAM and HEX) were used to show differences in
affinity of ssDNA and dsDNA. Discrimination between the three
dye labelled oligonucleotides were obtained, however, a funda-
mental understanding of DNA adsorption onto the surface was
not determined. This study focuses on the concept of oligonu-
cleotide adsorption onto silver nanoparticles through changes in
SERS signals and has so far shown clear distinctions between

(a) Laser (b) Laser

High SERS
intensiny mtemabey

@/

Single Stranded DNA
High SERS intensity

Double Strunded DNA
Lo SERS intensity

Fig. 2 DNA affinity principle: (a) single stranded DNA is strongly
adsorbed onto the silver nanoparticle surface producing a high SERS
intensity; (b) double stranded DNA is further from the nanoparticle
surface producing low SERS intensity.

This journal is @ The Royal Sodety of Chemistry 2012

Analyst, 2012, 137, 20632068 | 2065

168



of Strathelvde on 15 January 2013
Published on 21 March 2012 on http:// pubs.rsc.org | doi: 10. 1033 C2AN3S112A

5
&
£
Z
3
E
Z
=1

WView Article Online

ssDNA, dsDNA and free TAMRA dye. However, this assay
system can only be applied when distinct intensity differences
between ssDNA and dsDNA samples are observed. Thus, the
experimental conditions were optimised (o obtain quantitative
results with maximum disarimination between ssDNA and
dsDNA sequences. Previous experimental conditions utihsed
within an established DNA discrimination assay,” were used as
the basis to compare the initial experimental conditions and
conditions after optimisation.

Assay optimisation

Toestablish the largest discrimination in SER S intensity between
ssDNA and dsDNA, a study was carried out altering various
experimental parameters to determine optimum conditions.
Analysis of the silver EDTA colloid illustrated that increased
discrimination between ssDNA and dsDNA was obtained when
the pH of the final SERS mixture was increased to pH 83
through increasing the pH of the silver colloidal suspension (pH
12). Whereas, application of the initial experimental conditions
using a final SERS mixture of pH 7, gave a lower SERS
disermination (Fig 3(a)). The difference in observations is most
likely as a result of an mereased charge density on the EDTA
nanoparticle surface from the ionisable surface capping layer
providing increased surface attraction at higher pH. The volume
of colloid used within the SERS analysis was increased from
275 pL to 395 pL (Fig. 3(b)) providing a larger accessible
nanoparticle surface area for enhanced DNA adsorption and
greater signal discrimination. To maintain the final concentra-
tion and obtain comparable results the volumes were kept
constant through the reduction of the volume of PBS buffer
added as the volume of colloid was mereased. However, to ensure
DNA stability within the mixture, the concentration of NaCl
within the PBS buffer was mcreased to achieve an overall
concentration of 1.65 M within the PBS buffer. Initial experi-
mental conditions used 0.3 M PBS giving a NaCl concentration

E
< (a) (b} (©
3
4
3
e«
4
ES
23
= 2
-1
I
g
a8
1
pH? pHED 275pl WSl X0pLat 100l at
0im M
pH of silver colloid Valume of EDTA Concentration and Volume
colloid of PBS

Fig. 3 Initial experimental conditions (black) and optimised experi-
mental conditions (grey): (a) pH of EDTA silver colloid; (b} volume of
EDTA colloid; (c) volume and concentration of NaCl within PBS buffer.
All graphs compare the difference in SERS intensity between ssDNA and
dsDNA (concentration of 3.6 nM) at 1650 cm-". Each point represents
the difference between the mean of 5 replicates and the error bars
represent + one standard deviation.

of 0.12 M within the final reaction mixture, which can facilitate
DNA hybridisation, however lower NaCl concentrations will
serve to decrease DNA duplex stability. The addition of an
mereased NaCl concentration in 1.65 M PBS provided a final
reaction concentration of 0.3 M, which will facilitate DNA
hybridisation with greater DNA duplex stability. Results have
shown that an increased concentration of NaCl within the PBS
buffer gives significantly higher ssDNA and dsDNA discrnimi-
nation than using 0.3 M PBS (Fig. 3(c)). Thus, indicating that
a higher concentration of salt results n higher DNA stability,
aggregation and charge screening, therefore surface adsorption
and signal mtensity s mproved.

The fully optimised conditions were applied over a range of
DNA concentrations to evaluate the signal intensity against the
mnitial conditions. Differences in SERS intensity between ssDNA
and dsDNA were plotted over a range of six DNA concentra-
tions, Fig. 4, demonstrating optimisation of the DNA discrimi-
nation method gave an overall higher SERS mtensity difference
over an extended concentration range. It has further been
demonstrated that the degree of reproducibility 1s improved,
whilst maintaining sequence discrimination, though imple-
mentation of the combmned enhanced SERS parameters illus-
trated in the reduction of the error bars between Fig 4 to Fig. 3.
These observations clearly indicate the discrimination between
ssDNA and dsDNA has significantly increased through method
optimisation and subsequently an improved DNA discrimma-
ton detection method was obtained. The optmised SERS
conditions were applied within a concentration study to deter-
mine the quantitative differences i affinity between dye labelled
ssDNA, dsDNA and the dye molecule alone. Five replicates of
each dilution wereanalysed and the average of the principle peak
at 1650 em ' was plotted against concentration to produce the
linear concentration responses shown in Fig. 5. It was found that
significant discrimination between the ssDNA, dsDNA and dye
molecule was obtained at concentrations above 0.45 nM.
Quantitative responses were obtained from the ssDNA and
dsDNA labelled probes, thus, the detection limits werecaleulated
for each probe and the results agree with previous findings, since
the limit of detection for the smgle stranded oligonuckotde 1s
over a magnitude lower than the double stranded oligonucleotide

[ = . e
= i, & ks

Difference in intensity between
— “DNA and dsDNA
=

54

164 273 1.82 059 045 16
DNA concentration (nM)

Fig. 4 Discrimination between ssDNA and dsDNA using initial
experimental conditions (black) and optimised experimental conditions
(grey) over a DNA concentration range. Each point represents the
difference between the mean of 5 replicates and error bars represent +
one standard deviation.

2066 | Analyst, 2012, 137, 2063-2068

This journal is @ The Royal Sodety of Chemistry 2012

169



Downloaded by University of Strathelvde on 15 January 2013
Published on 21 March 2012 on http:// pubs.rsc.org | doi: 10. 1033 C2AN3S112A

WView Article Online

Normalised SERS intensity at 1650 em?

DNA Concentration (nM)

Fig. 5 Linear plot of TAMRA labelled DNA and single dye: blue -
single stranded TAMRA labelled probe (T20); red - double stranded
TAMRA labelled probe (T20 + complement): green - TAMRA dye label
Each point represents the mean of 5 replicates and error bars represent +
one standard deviation.

(Table 2). No SERS signal was obtained from the dye molecule
under these conditions therefore the calculated signal mtensity
was fundamentally negligible and no limit of detection could be
obtained. The results obtained demonstrate discermible differ-
ence between ssDNA, dsDNA and a single dye label by SERS.

Application of these improved DNA discnimination condi-
tions within an established assay is vital to demonstrate the
versatility for use in a practical detection system. The optimised
SERS method was applied within a previously published assay
concept,” in which the presence of a target sequence was shown
through discrimination of complementary DNA (dsDNA) and
non-complementary DNA (ssDNA). Utlisation of the optimised
conditions within the existing assay gave a signal discrimmation
of 7.4 times between ssDNA and dsDNA samples at 0.9 nM,
compared to the 1.4 times difference obtained at the same
concentration when using original assay conditions (Fig. S11).
These results mdicate that optimisation of the experimental
conditions within this assay have given significantly larger
diserimination between samples and the target DNA is able to be
clearly detected at lower concentrations. Consequently, as
a result of the larger disrimination between ssDNA and
dsDNA, the presence of spedfic target sequences can be accu-
rately determined at reduced concentrations with greater
confidence.

Determination of effect of seq © ition

The concept of the methodology has been clearly illustrated,
therefore, it was important to determine the applicability of the
assay using DNA sequences of varying compositions. This study
has shown, discernible differences between ssDNA and dsDNA
through use of SERS spectroscopy when utilising a DNA probe

Table 2 Limits of detection (L.0.D) for ds and ss oligonucleotides

TAMRA labelled DNA probe L.O.D (M)
Single stranded 288 = 101
Double sranded 115 < 107"

Table 3 DMNA sequences for sequence composition comparison and
corresponding GC content

GC content

Name Sequence (3'-3') §.Label (%)

T50 probe TTGGACGCGCTGGCTAATAA  TAMRA 50
T30 comp TTATTAGCCAGCGCGTCCAA  —
T80 probe TTGGACGCGCTGGCGCCGOC TAMRA 80
T80 comp GGCGGCGCCAGCGCGTCCAA — 80

containing 20% GC content, however the effect of SERS
discrimination on different sequences was analysed. The
sequences were designed to contain increasing numbers of
guanine (G) and cytosine (C) bases to determine the effect of
sequence composition on surface adsorption properties of the
oligonucleotide. Three synthetic oligonucleotide probes con-
taining a 5' TAMRA label and consisting of ether 20, 50 or 80%
GC content were utilised (Tables 1 and 3).

A dear distinction between each of the single stranded labeled
probes was observed, with the highest signal intensity observed
from probes contaiming 20%% GC bases and the lowest signal
mtensity obtained from the 8P4 GC probe (Fig. 6(a)). Inaddition,
higher discrimination between the ssDNA and dsDNA was also
obtamned from the 20% probe (Fig. 6(b)). Lower ssDNA signal
mtensity and structure discrimination was seen from sequences
containing 50% GOC bases, however significant sequence

Normalised intensity of single
stranded probes
o

DNA concentration (nM)

(b)

e = e

Difference in intensity between ss
_ amd ds DNA
4

=

3.64 273 1.82 0.91 045 018
DA concentration (nM)

Fig. 6 20, 50 and 805 TAMRA labelled probes; (a) intensity of single
stranded probes, (b) difference in intensity of single and double stranded
probes: purple - 208 GC TAMRA labelled probe (T20); green - 5086 GC
TAMRA labelled probe (T50); yvellow - 80% GC TAMRA labelled probe
(T80). (a) Each point represents the mean of 5 replicates, (b) each point
represents the difference between the mean of 3 replicates. Error bars
represent + one standard deviation.
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