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Abstract

ABSTRACT

Surface enhanced Raman scattering (SERS) based molecular diagnostic assays for

the detection of specific DNA sequences have been developed in recent years to
compete with the more common fluorescence based approaches. Current SERS
assays require either time consuming separation steps that increase assay cost
and can also increase the risk of contamination, or are negative assays where the
signal intensity decreases in the presence of target DNA. A new separation free
SERS assay with an increase of signal intensity when target DNA is present using
a specifically designed SERS primer has been developed in this thesis. The
presence of specific bacterial DNA from Staphylococcus epidermidis was detected
using Polymerase Chain Reaction (PCR) and SERS and indicates a new

opportunity for exploration of SERS assays requiring minimal handling steps.

SERS primers have been used to directly detect specific PCR products utilizing the
difference in adsorption between single stranded and double stranded DNA onto
nanoparticle surfaces. Seven parameters important for improved positive SERS
assays for real applications were investigated using a model system for
optimization experiments. This was followed by a PCR assay to detect pathogen
DNA, and the introduction of a novel assay which utilizes the 5’ 3’exonuclease
activity of Tag DNA polymerase to partly digest the SERS probe, generating dye
labelled single stranded DNA increasing the SERS signals for detection of
pathogen DNA. Applying the model system it was found that uni-molecular SERS
primers perform better than bi-molecular SERS primers. However within the PCR
assays it was found that uni- and bi-molecular SERS primers performed very
similarly, the most reproducible results were obtained using the
5’>3’exonuclease digestion assay. The SERS based assays developed in this

thesis offer new routes over conventional fluorescence based techniques.
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SERS primers have been designed for multiplex pathogen detection. A selection
of dyes for multiplex pathogen detection was made. Assay designs for the SERS
primer digestion, and the SERS primer extension assay were made successfully,
followed by cross reaction analysis of the oligonucleotides required for the
multiplex detection. The results indicate that it is feasible to perform a multiplex
detection using both types of assays. However it was decided to postpone the
final multiplex detection part of the project and investigate assay systems that

require less complex designs.

Additionally, to simplify the SERS primer assay novel cationic silver nanoparticles
were synthesised and tested for discrimination between double stranded and
single stranded DNA. These silver nanoparticles with a positive surface charge
produced poor discrimination between double and single stranded DNA.
However these cationic silver nanoparticles provide a simplified SERS substrate

for DNA detection.
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Introduction

1 INTRODUCTION

This chapter provides a general introduction to molecular diagnostic DNA
detection. The process from clinical sample to diagnosis is discussed along with
the detection of multiple targets at once, which are compatible with fully
automated and integrated systems. The limitations of the common fluorescence
based techniques will be briefly discussed, and an alternative technique, surface
enhanced Raman scattering (SERS) for the detection of specific DNA sequences
related to a disease will be introduced. A theoretical background section on
surface enhanced Raman scattering will explain the technique and current SERS
based DNA detection assays. Finally the aims and an outline of this thesis will be

given.

1.1 Molecular Diagnostics

In the field of molecular diagnostics samples from patients are tested for the
presence of a specific disease. To be able to diagnose if a sample contains a
specific disease several different procedures are required, depending on the
patient sample and the disease of interest. The following sections give a brief
outline of the different procedures carried out in molecular diagnostic analysis,
i.e. the detection of specific genes in a clinical sample which refer to a genetic

disease and or viral / bacterial infection.

1.1.1 Clinical samples

There are many different types of clinical samples that can be obtained
depending on the type of disease or infection to be identified. Examples include
faeces for Clostridium difficile’, blood for Human Immunodeficiency Virus (HIV)?
and nose swabs for Methicillin Resistant Staphylococcus aureus (MRSA)?
infections. For the detection of the presence of specific genes, it is necessary to
isolate DNA and or ribonucleic acid (RNA) from the clinical sample. To achieve

this, the cells containing the nucleic acid need to be opened, i.e. lysed, and the
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nucleic acids purified from all other components that may inhibit downstream
analysis. Amplification of the DNA is often required because the amount of target
DNA in the clinical sample is too low to be directly detected. The most commonly

used methods will be discussed in the following sections.

1.1.2 Cell lysis

Cell lysis is the process carried out to open cells. Lysis of cells is needed to access
the DNA and can be carried out using various methods. Several different
methods are available and their effectiveness depends on the type of cell they
are applied to. Table 1.1 provides an overview of different lysis methods and

examples that can be used.

Table 1.1 Overview of lysis methods

Method Examples Target example
Chemical pH, Salt Gram negatives
Mechanical stress | Heat, Shearing, Pressure | Spores
Enzymatic Lysostaphin, Lysozyme Gram positives

For chemical lysis of cells different reagents can be used, including high salt
concentrations and detergents. These methods are relatively cheap however

they are mainly suitable for mammalian and Gram negative bacterial cells.

Enzymatic lysis methods use enzymes to degrade the cell wall thereby releasing
the inner cell components. An example is the incubation of Gram positives with
lysostaphin to break down the peptidoglycan double layer cell wall.> ¢ Although
these methods are more specific they are also more expensive and therefore
only used for more difficult to lyse cells such as Gram positive bacteria.
Enzymatic lysis is more difficult in clinical sample matrices (e.g. faeces) because

of enzymatic reaction inhibiting components may be present in the sample.”

Physical lysis methods include heat, ultrasonic treatment, and bead milling, all of
which disrupt the cells by shear stress. These methods are relatively cheap and

are suitable for all types of samples depending on the frequency, power and time
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the treatment is applied to the cells. Disadvantages of these methods are the
cost of the equipment and the efficiency for clinical samples containing lower cell

concentrations.?

Each type of target cell will react differently to the lysis method used. By
considering the properties of the cell and choosing the optimal lysis method,

specific lysis of the target cells can be obtained.

1.1.3 Nucleic acid extraction

During the process of nucleic acid extraction, nucleic acids are purified from
other biomolecules such as proteins, and nucleic acid degrading enzymes;
including deoxyribonucleases (DNases) and ribonucleases (RNases), which inhibit

the subsequent PCR.

To achieve efficient extraction, different approaches are available. One of the
most commonly used extraction methods in molecular diagnostics is the “Boom
extraction” which is named after the inventor Rene Boom.’ In this method the
nucleic acid is bound to a silica surface in the presence of a high concentration of
chaotropic salt such as guanidinium hydrochloride (for DNA) and guanidinium
thiocyanate (for RNA). Hydrophobic interactions between the silica surface and
the nucleic acid are responsible for the reversible binding. Proteins are washed
out of the sample by washing the sample with lower salt concentrations and
solvent (ethanol, isopropanol, and acetone). In the final step the nucleic acid is
released from the membrane using water at elevated temperatures, typically

around 70°C.>1°

1.1.4 Nucleic acid amplification

After isolation of the DNA from the clinical sample, detection must then be
carried out. To detect low concentrations of DNA i.e. low copy numbers of genes
(1-1000 per mL), specific regions of genes can be amplified using several different
techniques. Isothermal nucleic acid and signal amplification methods are

11, 12

available. A review of these methods was carried out by Gill et al. in 2008.**
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A target amplification method which is not isothermal and requires thermal
cycling is the Polymerase Chain Reaction (PCR).™ This method is the most widely

used method for DNA amplification.

1.1.5 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was developed by Mullis in 1983 and was
a major discovery that had a huge impact on DNA detection and on the work of
molecular biologists, and eventually clinicians and doctors. Using the PCR, Mullis
was able to synthesise an unlimited number of DNA copies from the original

template DNA.

The PCR is achieved using the following major components; primers, DNA
polymerase, deoxynucleoside triphosphates of the four different bases A,T,G,C,

(dNTP), and template DNA.

The process starts with heating of the sample to ~95°C. At this temperature
hydrogen bonds break and the template DNA which is double stranded becomes
single stranded DNA. After ~1 minute the template DNA is in its single stranded

form.

In the next step the sample is cooled to ~55°C for ~1 minute. At this temperature
two short synthetic pieces of DNA called primers can hybridise to the 3’ end of
the template DNA. These primers are designed to be specific to the target piece

of DNA.

When the primers are hybridised to the template DNA the sample is heated to
~72°C for ~1 minute. At this temperature an enzyme, a thermostable DNA
polymerase isolated from the thermophilic bacterium Thermus aquaticus (Taq)
can extend the primers using deoxynucleoside triphosphate molecules as

building blocks. This results in two exact copies of the original template DNA.

PCR is an exponential process and cycling these steps several times theoretically

results in two to the power N (where N is the number of cycles) of copies of the
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13-18

original template DNA. Figure 1.1 provides a schematic overview of the PCR

reaction.
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Figure 1.1 Schematic overview of the PCR. From top to bottom; the double stranded template DNA is
heated to 95 °C and turns into two ssDNA stands. In the next step the sample is cooled to approximately
50 °C and specific primers bind to the single stranded template DNA. Then the sample is heated to 72 °C
and a DNA polymerase extends the primers resulting in two exact copies of the original template DNA. By

repeating these steps multiple times template DNA can be copied exponentially.19

1.1.6 Detection of nucleic acids

Through the years many techniques have been developed to detect target
nucleic acid sequences selectively. A widely used technique is the labelling of
nucleic acids using an intercalating dye such as ethidium bromide or SYBR®
Green | in combination with gel electrophoresis which allows the separation of
different lengths of nucleic acids and their detection by fluorescence.’ An
intercalating dye is a fluorescent molecule which emits limited fluorescence

when free in solution and emits more fluorescence upon binding to DNA. An
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example of an intercalating dye is SYBR® Green | which binds to the minor groove
of dsDNA and emits more fluorescence upon binding to dsDNA.?° SYBR® Green |
can also be used in combination with fluorescence spectroscopy and PCR where
the DNA amplification reaction can be monitored during the reaction by so called
Real Time quantitative PCR*! with the possibility to do an amplicon melt
analysis.”? A draw back of this method is that it can only be done for one target
per reaction and higher fluorescence is observed for unspecific amplification. The
combination of PCR and fluorescence spectroscopy has had a huge impact on

DNA analysis.?> 2%

1.1.7 Real time reaction monitoring using fluorescence and Forster
resonance energy transfer
In fluorescence spectroscopy, a molecule is excited to a higher electronic state
and when it returns to its ground state it releases a photon at longer wavelength
(Figure 1.2). Therefore the wavelength of the excitation source is chosen to be
close to the absorption maximum of the fluorescent molecule and emission is
detected at a longer wavelength. The intensity of the fluorescence is
proportional to the concentration of the fluorophore, making it a quantitative

technique.

L__s excited state levels

S,
) absorbed emitted
2
- excitation fluorescence

light light
Sy ground state level
+—>
fluorescence
lifetime (7 nsec)

Figure 1.2 A fluorescence energy level diagram illustrating the release of a photon with a longer

wavelength than the incident photon.”®
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A unique feature of fluorescence is that it can be quenched by another molecule,
so called quenchers. These quenchers accept energy in the form of light from the
fluorophore and release the energy in the form of light or heat. This is known as

Forster resonance energy transfer (FRET).”’

FRET involves a dipole interaction which allows an excited donor fluorophore to
transfer its energy to an acceptor. Figure 1.3 shows how the incident photon
energy excites the fluorophore into an excited level, this energy is then
transferred to the acceptor. For FRET to occur the emission spectrum of the

donor has to overlap with the absorbance spectrum of the acceptor.

FRET

Emission

Excitation

Donor Acceptor
Fluorescein Rhodamine

I 11 1

i\ M

400 500 600 700

Figure 1.3 A schematic overview of the FRET process; upon excitation of the donor it transfers energy to
the acceptor. The spectra show absorption and emission of fluorescein (donor) and Rhodamine
(acceptor).28

The acceptor molecule can be a fluorophore or a non-fluorescent molecule, in
the case of a fluorescent molecule the transferred energy is emitted as
fluorescence at a longer wavelength. The distance between the donor and

acceptor can be up to 10 nm.* This is a very useful technique in DNA detection



Introduction

since DNA can be labelled on one site with a fluorophore and at another site with
a quencher. The following sections describe how fluorophore and quencher

labelled DNA molecules can be used for the detection of specific DNA sequences.

1.1.7.1 5’exonuclease assay

The 5’exonuclease assay, often called Tagman assay, is a combination between
PCR and FRET. The Tagman assay uses the 5’ 3’exonuclease activity of the Taq
polymerase to release the fluorophore from the quencher. A DNA probe labelled
at the 5’ with a fluorophore and at the 3’ with a quencher molecule binds to the
target strand (Figure 1.4). The Tag polymerase extends along the primer and will
digest the Tagman probe when it encounters it in the sequence due to its
exonuclease activity, thus releasing the fluorophore from the quencher and

resulting in fluorescence emission upon excitation.>

e R = Reporter
Polymerization
¥ Q = Quencher
Forward
Primer 0 Prcbe @
6'm = > 3
3’... s.
5 ¥
< &'
Reverse
Primer
Strand Displacement Q
6'm 5 \ QS’
3 &
5 2
< 5
Cleavage
550
5' . — 5 3
3 5
5 >
[ - —
Polymerization
Completed @
= - -
5'm - o LY
3 5
5 ¥
< 5

Figure 1.4 Tagman assay where DNA polymerase is displacing and digesting the probe using its 5’23’
exonuclease activity. When fluorophore and quencher are separated the fluorescence signal increases and

this is proportional to the amount of target DNA amplified.
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By using combinations of fluorophore and quencher sets, with different
excitation wavelengths, multiple targets can be detected simultaneously during

the PCR reaction.?!

1.1.7.2 Molecular beacons

Another assay that uses the FRET mechanism involves the use of molecular
beacons. Molecular beacons consist of a synthetic piece of ssDNA that is
complementary to the target of interest. However in this case additional bases
are added at each end of the complementary region to create a self
complementary DNA stem, forming a hairpin loop (Figure 1.5). At one end of the
stem a fluorophore is attached and on the other end a quencher molecule is
attached. Figure 1.5 shows that when the stem is closed the fluorescence is
quenched and when the beacon binds to its target the beacon opens and the

fluorophore and quencher move further away from each other resulting in a

fluorescent signal.?*
Target
+ 100 o 0N
" .
Ay
g 075 R 3
=] AR
Molecular [i%] \ +
Bocon 3 050 | . o
L. 0.25 | Q \‘ e\t"‘
- ~
:
0 Jursssnnt faipek
Hybrid 1 1 1 |
o 30 40 50 60 70 80
e
(A) Fluorophore Quencher (B) Temperature (JC)

Figure 1.5 (A) Molecular beacon binding to its target and generating higher fluorescent signal.32 (B)
Molecular beacon and its fluorescence profile at different temperatures. Red line represents the
molecular beacon without target DNA present, at lower temperatures the molecular beacon is closed and
fluorescence is quenched. At higher temperatures the beacon is opened and fluorescence is emitted. The
blue line represents the fluorescent signal in the presence of target DNA were at lower temperatures the

. . . . 37
fluorescence signal increases when the molecular beacon binds to its target.
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Similar to the Tagman probes, molecular beacons can also be used to detect

21,3334 Molecular beacons are not

multiple targets simultaneously during the PCR.
digested and the signal is reset each cycle. Therefore melting analysis can be
performed using molecular beacons to find a single nucleotide polymorphisms
(SNP).** Molecular Beacons find use in many different applications such as PCR*,
nucleic acid sequence based amplification (NASBA)* and in situ mRNA

labelling.®

1.1.7.3 Scorpion primers

Scorpion primers are self probing primers which are essentially a primer and a
molecular beacon linked together with a hexaethylene glycol (HEG) linker,
resulting in a uni-molecular probing system. The scorpion primer is used in
combination with a normal primer. Figure 1.6 shows when target DNA is present
the scorpion primer binds to the target and the DNA polymerase extends the 3’
of the primer. Then during the annealing step of the PCR the molecular beacon
part of the primer can bind to the extended part of the primer, increasing the
distance between the fluorophore and quencher resulting in an increased
fluorescent signal. Then during the extension step of the PCR the reverse primer
displaces the molecular beacon and the HEG unit, or so called blocker, prevents

the DNA polymerase from copying the stem and the beacon region.* *°

10
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Figure 1.6 The mode of action of the scorpion primer. During the extension phase the primer is extended

by the DNA polymerase and during the annealing phase the molecular beacon which is attached to the

primer can bind to the extended primer.*

1.1.7.4 Plexor® assay

The Plexor® assay is a relatively new assay for quantitative detection of DNA

amplification. In 1990 Piccirilli et al. demonstrated an extended genetic alphabet

and synthesised six unnatural base pairs.”> In 2004 Sherrill et al. incorporated

one of these base pairs (iso-guanosine (iso-dG) and iso-cytosine (iso-dC) base

pair) into a PCR product.** Johnson et al. demonstrated the Plexor® reaction

itself,42 and multiplex DNA detection.*®

11
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The Plexor® assay relies on a third unnatural base pair, iso-G and iso-C and
incorporation of a fluorescence quencher molecule in close proximity to a
fluorophore labelled primer. This event results in a decrease in fluorescence
upon the presence of target DNA and diminishes over the number of cycles until

the reaction has reached completion (Figure 1.7).

(A) (B)

Primer Annealing
and Extensi

Incorporation of
Dabeyl-iso-dGTP

Relative fuoresence

Fluorescence

¢ Quenching

Figure 1.7 (A) A schematic representation of the Plexor® reaction. At the top in yellow the forward PCR
primer containing a fluorophore and an iso-dC base and in purple the reverse PCR primer both being
extended by the Tag DNA polymerase. In the middle the iso-dGTP base labelled with Dabcyl is
incorporated at the iso-dC position in close proximity to the fluorophore within the forward primer. At
the bottom the resulting fluorescence is quenched.“ (B) Top fluorescence increase of a SYBR Green® PCR

. . . 45
and bottom left a fluorescence reduction in a Plexor® reaction.

1.1.7.5 Disease diagnosis

Finally disease diagnosis is carried out after the results from a DNA amplification
reaction such as PCR are obtained, providing a qualitative yes or no answer to
the presence or absence of a particular disease. Additionally when real time
amplification reactions are used quantitative information about the disease can
be provided, for disease state diagnosis for example in the case of HIV treatment,

effectiveness of the treatment can be determined.

1.1.8 Fully integrated molecular diagnostic platform
Many companies are operating in the field of molecular diagnostics. In this
section an interesting example is given of a company which made a fully

integrated molecular diagnostic platform.

12
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Cepheid is an American company that recently entered the molecular diagnostic
market with their GeneXpert system (Figure 1.8). This system consists of a
computer and a cartridge handler which can take cartridges for several diseases
simultaneously, for example; Flu, Clostridium difficile and MRSA. Within the
cartridge all the processes (lysis, extraction, amplification and multiplex
detection) required for diagnosis of a specific disease are carried out without the
need of additional handling steps, and a single test only requires about 45 to 90

min depending on the specific test to be carried out.*®

Figure 1.8 A fully automated molecular diagnostic system developed by Cepheid. Left the system where
multiple samples can be run with random access (not to scale). Right the cartridge in which the specific

assay is carried out by the system.46

1.1.9 Multiplexed DNA detection

All previously described methods used a fluorescence detection approach.
Although it is a robust, sensitive, well established and commonly used method
there are some drawbacks. One of these drawbacks is the simultaneous
detection of multiple analytes in solution. Therefore multiple excitation
wavelengths and or filter sets are required to detect multiple targets. Current

PCR machines offer detection of six fluorophores simultaneously.*’

To overcome the multiplex detection limitations of fluorescence there are so
called microarrays. These arrays consist of spots of specific DNA to a target on a

solid surface which then corresponds to the genetic information. Once the

13
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specifically amplified and fluorescently labelled DNA is hybridised to the solid
surface it can be detected.*”® *® The advantage of this method is that millions of
short sequences can be tested at once which significantly increases the quality of
the results. However the development of such arrays might be challenging and

costly.”

An alternative which competes with the existing approaches is surface enhanced
Raman scattering (SERS). Due to the 10 to 100 times narrower Raman bands of
the labels compared to absorption and emission bands of fluorophores % >

simultaneous detection of analytes could be increased.””*

14
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1.2 Surface enhanced Raman scattering

1.2.1 Raman scattering

Raman scattering was first demonstrated by Sir C.V. Raman in 1928.>° When
monochromatic light interacts with a molecule, the light can either be scattered
or absorbed. Three different types of scattering are observed namely Rayleigh,

Stokes and anti-Stokes Raman.

In Rayleigh scattering, the photons are scattered elastically at the same
frequency as the incident photon and therefore the scattered wavelength is the

same as the incident photons.

Approximately one in every 10° photons are scattered inelastically, i.e. Raman
scattered and this is caused by the incident photon interacting with the molecule
of interest. Energy transferred to or from the molecule changes the frequency of
the scattered light. This can occur in two ways, the photon can transfer energy to
the molecule (Stokes) or the molecule can transfer energy to the photon (anti-
Stokes). Figure 1.9 illustrates the three types of scattering. During Rayleigh
scattering, the molecule is excited to a virtual energy state of equal energy to the
exciting wavelength, and then relaxes to the same vibrational energy level it was
in initially. In Stokes Raman scattering the molecules are in their lowest
vibrational energy level of the ground electronic state (m), when excited to the
virtual state and relaxes to an excited vibrational state in the ground electronic
state (n). Anti-Stokes scattering is when the molecules are in an excited
vibrational energy level (n), and relax back to a lower vibrational state (m). At
room temperature the majority of the molecules are in the lowest vibrational
energy state of the electronic ground state and thus most Raman scattering is

Stokes Scattering.

15
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Scattering scattening scattering

Figure 1.9 Energy transitions associated with Stokes scattering, Rayleigh scattering & anti-Stokes

scattering.

Raman scattering is not destructive to the molecules being analysed and little
sample preparation is required. Raman can provide electronic and vibrational
information unique to the analyte. Raman scattering can also be carried out in
solution, with water being a good solvent to use because it is a poor Raman

scattere r.56

1.2.2 Resonance Raman scattering

In resonance Raman scattering the excitation source (laser) is tuned or chosen to
be close to the absorbance wavelength of the molecule. This means that the
frequency of the laser will correspond with an electronic transition within the
molecule, therefore the Raman signals will be enhanced (see Figure 1.10).
Increased signal intensity significantly improves the sensitivity.”” The advantage
of resonance Raman scattering is an enhancement of ~10° in peak over normal
Raman intensity thereby enabling the analysis of more dilute samples. A
disadvantage of using RRS to measure fluorophores is the emission of
fluorescence, thereby obscuring the Raman peaks. Therefore non fluorescent

labels such as benzotriazole dyes are preferred.®®

16
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Figure 1.10 Energy levels associated with resonance Raman scattering.

1.2.3 Surface enhanced Raman scattering

Surface Enhanced Raman Scattering (SERS) was first published by Fleischmann et
al. in 1974.>° While studying the adsorption of pyridine on a silver electrode
using Raman scattering it was found that there was a far greater intensity using a
roughened electrode than using a smooth electrode surface. The initial
explanation was thought to be that the increase in surface area led to more
adsorption of pyridine on the surface and thereby giving higher intensities.
However this was later attributed to a surface enhancement effect from the
metal surface. Jeanmaire and Van Duyne®® and Albrecht and Creighton®" showed
an enhancement of 10° when pyridine was adsorbed on a roughened metal
surface compared to pyridine in solution. SERS has been shown using different

metals namely silver, gold, and copper.®* ©

Many roughened metal surfaces have
been used for surface enhancement techniques such as metal island films®* and
colloidal suspensions.®® The advantages of SERS over Raman and resonance

Raman scattering are that analytes can be studied at lower concentrations using
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less laser power resulting in less chance of photo bleaching of the sample. The
analyte has to be in close contact and preferably in a perpendicular orientation

to the surface to produce the most intense signals.®®

1.2.4 Surface enhanced resonance Raman scattering

In 1983, Stacy and Van Duyne published the first paper on surface enhanced
resonance Raman scattering (SERRS).®’ This is a combination of the two earlier
described techniques, resonance Raman and surface enhanced Raman
scattering, taking advantage of both techniques. The sensitivity can be increased
by a factor of 10** over normal Raman.® It is believed that the principles behind
the enhancement effect are the same in SERRS as in SERS. However it has been
revealed that the contribution proposed in the charge transfer theory is
significantly smaller with the laser in-resonance (SERRS), than out of resonance
(SERS).®® For SERRS to occur the sample must contain a visible chromophore. In
order to obtain enhancement, the excitation must be close to an electronic
transition of the chromophore. This enhancement is maximised when the surface

plasmon of the metal also matches this frequency.
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1.3 Nanoparticles as Raman enhancers

Suspensions of metal nanoparticles are often used as the roughened metal
surface for SERS.”®”2 The dimensions of nanoparticles are smaller than 100 nm.
Commonly used metals in SERS analysis are gold, silver and copper due to the
surface plasmon of these metals lying in the visible region of the electromagnetic
spectrum.®? This corresponds with the common laser excitation wavelengths.
Silver nanoparticles are often synthesised via a method developed by Lee and
Meisel which involves the citrate reduction of silver nitrate to form silver
nanoparticles.”® Ethylenediamine tetraacetic acid (EDTA),” hydroxylamine’ and
sodium borohydride’ can also be used as reducing and capping agents to form

’® The surface charge

silver nanoparticles with an overall negative charge.
prevents the nanoparticles from clustering or aggregating in solution. When salts
or polyamines are added, nanoparticles aggregate and a roughened metal
surface is created which is ideal for SERS. The aggregating agent can have two
roles, allowing the analyte to be adsorbed onto the metal surface as well as
promoting aggregation of the nanoparticles.77 Aggregation is required to create
nanoparticle dimers and trimmers which are SERS “hot spots” providing a high

electromagnetic field and greater Raman peaks.”®®°

Mirkin et al. developed gold nanoparticles functionalised with ssDNA,%" and SERS
active dye.®? With the later particles, nucleic acid targets were detected. Via a
hybridisation assay on a solid glass substrate pre-functionalised with capture
ssDNA, the target induced hybridisation events were detected via SERS and also
a flatbed scanner.®? Graham et al. created a SERS based ON / OFF switch by DNA
target induced aggregation of silver nanoparticles pre-functionalised with ssDNA
and a SERS active dye.® By coupling nanoparticles via DNA hybridisation,
controlled interparticle junctions were created, and the interparticle distance
effect in SERS could be studied experimentally.?* This study proves
experimentally that the SERS signal was strongest when the interparticle

distances were shortest, which is in agreement with theoretical calculations.®®
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1.4 DNA detection using SERS

Direct detection of DNA via the bases can be performed intrinsically,®® however
for successful detection of multiple diseases, multiple Raman reporters, and an
assay system are required to link the Raman reporter signal to a specific disease.
Over the past fifteen years multiple SERS based DNA detection assays have been

d. 8% 8 879 ynfortunately there are drawbacks with these assays. The

develope
first example of SERS based DNA detection was carried out by Dou et al. in this
method DNA was detected using 4',6-diamidino-2-phenylindole (DAPI) staining
and SERS readout. However this assay resulted in a low DAPI SERS response
when double stranded DNA (dsDNA) was present, and no genetic information
was obtained due to the unspecific intercalation of DAPI.®” Cao et al. developed a
bio barcode assay with a SERS read out where multiplexing was shown, however
the assay required washing steps which increase the number of labour intensive
handling steps and the risk of sample contamination.?? Li et al. reported stronger
adsorption of single stranded DNA (ssDNA) than dsDNA onto a gold nanoparticle
surface due to electrostatic interactions.®® The difference in adsorption
capabilities between ssDNA and dsDNA onto a gold or silver nanoparticle surface
has been used to develop colorimetric, fluorescence and SERS based DNA

-91 . . . T .
889 However, colorimetric detection is limited in terms of

detection approaches.
detecting multiple analytes in solution due to the non-specific nature of the
output signal. MacAskill et al. developed a SERS based multiplexed detection of
PCR products using this mechanism.” However, this assay resulted in a reduced
signal in the presence of the target molecule, making the judgment of the assay
performance more difficult due to the lack of signal when target DNA was
present. Wabuyele et al. developed a molecular beacon modified with a thiol
group on one end to a nanoparticle surface and on the other end a Raman
reporter dye (molecular sentinels) resulting in a reduced SERS response and an
increased fluorescence response in the presence of target DNA,* and in 2009 a

multiplex detection utilizing the molecular sentinels was demonstrated.”’ Faulds

et al. improved this assay by attaching a benzotriazole azo dye instead of the
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thiol group to the molecular beacon where the benzotriazole group functioned
as a surface attachment group and the azo dye as a SERS reporter and as an
internal control mechanism,’® again this assay had a reduced signal response in
the presence of target. A method demonstrated by Graham et al. which showed
an increase in SERS response, involved streptavidin coated magnetic bead
separation to detect biotin labelled PCR products which contained a pre-
hybridized SERS active dye labelled DNA sequence.” Assays involving magnetic
bead based separation steps increase the risk of sample contamination and are
more labour intensive and therefore Monaghan et al. performed the bead assay
in a microfluidic chip.** An advancement was carried out by Graham et al. who
developed a DNA detection assay which utilized the coupling of DNA modified
nanoparticles via target DNA resulting in an increased SERS response of the
Raman reporter dye attached to the nanoparticle surface.®®> Herein a ssDNA
concentration of 1.25 nM was detected. Later Harpster et al. labelled target DNA
with two pieces of complementary DNA, one labelled with a Raman reporter dye
and the other labelled with a thiol group for nanoparticle surface attachment.”
However detection of only 8.5 uM target DNA was carried out. Zhang et al. have
demonstrated coupling between magnetic nanoparticles and gold nanoparticles
containing a Raman reporter via target DNA derived from West Nile virus with
detection of concentrations down to 10 pM.?® In this assay, sample volumes of
1.5 mL were magnetically concentrated into a small volume, which significantly
increased the local concentration of target DNA and Raman reporter labelled

gold nanoparticles above the native concentrations in the original solution.

A method with an increase in SERS signal intensity in the presence of the target

and without separation or washing steps is the preferred method.

This thesis will investigate alternative routes to make SERS based DNA detection
assays which will preferably be closed tube, require a minimal amount of

handling steps, and capable of multiplex detections.
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1.5 Outline of this thesis

The aim of this project is to investigate the possibility of using surface enhanced
Raman scattering to detect DNA targets in a separation free assay. Further the
long term goal is to produce this in a closed tube assay format. A closed tube
assay is a reaction that does not require opening of the tubes to add or remove

reagents, thereby lowering the possibility of sample contamination.

In Chapter 2 the focus lies on the investigation of a molecule which can
discriminate whether target DNA is present or absent using SERRS, in a concept
similar to molecular beacons that use fluorescence spectroscopy. This will result
in a separation free SERS assay. Initially the proof-of-concept will be tested using
synthetic DNA and later the SERS primer will be incorporated into the PCR
reaction detecting the presence or absence of specific DNA originating from
Staphylococcus epidermidis. In Chapter 3 possible variations on the assay
described in Chapter 2 will be investigated. In Chapter 4 the possibilities to use
the newly developed assays to detect multiple DNA gene targets simultaneously
will be investigated. Finally in Chapter 5 the use of positively charged silver
nanoparticles for discrimination between single and double stranded DNA will be

investigated to simplify the SERS assays.

The ultimate goal would be PCR less quantitative SERS based multiplex detection
assay, which means that low concentrations (i.e. copy numbers) of DNA targets
need to be detected directly without the need of DNA target or signal

amplification.
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2 SERS PRIMERS FOR
PATHOGEN DETECTION
BY SERS

2.1 Introduction

For the successful detection of pathogenic DNA an assay method is required to
detect and identify specific DNA sequences. As previously discussed in the
introduction current SERS assays for the detection of unlabelled target DNA have
some drawbacks, either they require separation steps using magnetic beads ** or
are so called “negative assays” where the signal decreases when the target is

present 88, 89, 91-93, 99

Separation steps are labour intensive, expensive and
increase the risk of sample contamination. Negative assays have the
disadvantage that it can be difficult to judge if a reduction in signal is due to poor
assay performance or the target being present, and an internal performance
control target also lowers, or even disappears, during the assay. This could
potentially be solved by having two internal controls, one to check the reagents
are functioning, which will give a high signal, and the other to check that the
assay is functioning correctly, which will give a low signal. However this would

make the assay overly complex. Therefore it is more advantageous to design an

assay which increases signal upon the presence of target DNA.

In this chapter a new proof-of-concept assay for the detection of gene specific
DNA targets from biological samples will be investigated. The assay generates an
increased SERS response upon hybridization of target DNA without the need for

additional separation steps (Figure 2.1) and is fully compatible with PCR.
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f-\1111|115+| ”][|+\J=

SERS PRIMER DNA TARGET NANOPARTICLES  SERS

Figure 2.1 Mixing a SERS primer with target DNA and nanoparticles results in a strong SERS signal

SERS primers consist of double stranded DNA labelled with a SERS active
molecule, in this case a fluorescent dye. When SERS primers interact with target
DNA, the dye labelled part of the SERS primer becomes single stranded DNA
(ssDNA) and interacts with the nanoparticle surface, resulting in an increase in
the SERS response. The difference in adsorption between ssDNA and double
stranded DNA (dsDNA) onto a nanoparticle surface has been used to develop
colorimetric, fluorescence and SERS based DNA detection approaches.®®**
Colorimetric detection is limited in terms of detecting multiple analytes in
solution. The fluorescence quenching and the SERS approaches with reduced
signal in the presence of the target molecule, make the judgment of the assay
performance more difficult. Therefore a SERS primer method with an increase in
SERS signal intensity in the presence of the target is the preferred method. In this
positive assay approach, SERS primers are incorporated into PCR products,
exposing the fluorophore labelled ssDNA and allowing adsorption onto the
surface of the nanoparticles resulting in an increased SERS response, thereby
detecting the specific gene of a pathogen. This method has potential for the
detection of multiple genes in solution by SERS when different fluorophores and

DNA sequences are used.
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2.2 Experimental

In this section experimental procedures used in Chapter 2 are described.

2.2.1 Assay design

The femA gene of Staphylococcus epidermidis (femA-SE) was targeted, the femA
gene has been previously used for bacterial identification of Staphylococcus
epidermidis and Staphylococcus aureus.”® The sequence of the whole genome
including the femA gene of Staphylococcus epidermidis National Culture Type
Collection (NCTC) strain NCTC 13360 was obtained from the National Centre of
Biotechnology Information (NCBI) website.'® The femA-SE assay design was
carried out using the Primer3Plus online server.!® Parameters within this
software were set to 50 mM monovalent salt, 1.5 mM divalent salt, and 250 nM
of DNA. For the table of thermodynamic parameters the setting “Santalucia

102
d.

1998” was use For salt correction the formula set by “Owczarzy et al. 2004”

103
d.

was use Internal folding of the sequence region selected by Primer3Plus was

104 parameters were set to 58°C, 50 mM

analysed using the DINAMelt server.
monovalent salt, 1.5 mM divalent salt, and 250 nM of DNA. Basic Local Alignment

(BLAST) was carried out using the BLAST tools from the NCBI website.'®

2.2.2 Preparation of Reagents
All reagents were obtained from Sigma Aldrich (United Kingdom) unless stated

otherwise.

2.2.2.1 Phosphate Buffered Saline

Phosphate Buffered Saline (PBS) was prepared in a 500 mL glass bottle (Schott
Duran) by dissolving 1 PBS tablet (Oxoid) in 100 mL of distilled water. The
solution was then autoclaved for 15 min at 121°C. After cooling, the solution was
transferred into two sterile 50 mL Falcon tubes (BD) in a Laminar Air Flow (LAF)
cabinet and stored at -20°C in a freezer. Table 2.1 shows the exact
concentrations of the salts in the PBS buffer and the pH was 7.3 +0.2.
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Table 2.1 Overview of the salt concentrations in the PBS

Name Formula Concentrations (mM)
Sodium Chloride NacCl, 140
Potassium Chloride K 5.11
diSodium Hydrogen Phosphate Na,HPO, 8.1
Potassium diHydrogen Phosphate KH,PO, 1.47

2.2.2.2 Spermine tetrahydrochloride

Spermine tetrahydrochloride (Sigma Aldrich) stocks were prepared by weighing
34.8 mg of spermine into a 1.5 mL Eppendorf tube and storing at -20°C. When
required one tube containing 34.8 mg spermine tetra hydrochloride was taken
from the freezer and 1 mL of diethylpyrocarbonate (DEPC) treated water was
added to make a 0.1 M solution of spermine tetra hydrochloride. This solution
was then diluted 10 times by pipetting 100 pL of the 0.1 M solution into a 1.5 mL
Eppendorf tube containing 900 pL of DEPC treated water.

2.2.3 UV-Vis spectroscopy DNA melts

Ultraviolet and visible light (UV-Vis) spectroscopy was carried out to monitor the
thermodynamic and kinetic properties of the SERS primer, and in the presence of
its complementary target sequence as well as in the presence of a nonsense

sequence.

UV-Vis spectroscopy was carried out on a Varian Cary 300 BIO
spectrophotometer with Peltier thermal control cycling from 10 °C to 90 °C and
back with 1 °C increments per minute while the UV absorbance was measured at

260 nm every minute.

Samples were prepared in six labelled 1.5 mL Eppendorf tubes. Table 2.2 shows
the exact amounts and concentrations used in the UV hybridisation experiment.
Briefly, 50 uL of SERS primer (10 uM), 50 uL of diethylpyrocarbonate (DEPC)
treated water (Bioline, London, United Kingdom), target or non-target DNA (10
M), and 400 uL of 1 x PBS obtained from Oxoid (Hampshire, United Kingdom).
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Table 2.2 Sample setup for DNA hybridisation experiments, SP represents the SERS primer, C represents

the complementary sequence of the SERS primer, Rv represents the reverse primer sequence.

Sample Component 1 Component 2 PBS (uL) Expectation
1 50 pL 10 uM SP 50 pL Water 400 Self Complementary Hybridisation
2 50 puL 10 uM SP 50uL10uMC 400 Complementary Target Hybridisation
3 50 pL 10 uM SP 50 pL 10 pM Rv 400 No Hybridisation
4 50 pL Water 50 uL 10 uM C 400 No Signal Change
5 50 pL Water 50 pL 10 uM Rv 400 No Signal Change
6 50 pL Water 50 pL Water 400 No Signal Change

After all the positions in the UV spectrometer were filled with blanks consisting
of 100 pL of water and 400 pL of PBS, the samples were pipetted into 500 uL
microcuvettes. After this the samples were placed into the different slots of the
UV spectrometer. The program was set to cycle from 10°C to 90°C and back to
10°C with 1°C increments per minute and the UV absorbance at 260 nm
measured every minute. This cycle was repeated four times, data analysis was
carried out ignoring the first cycle. The average of the following three cycles was
used for data analysis after baseline correction at 20°C, the absorbance at 260

nm was then plotted against the temperature.

2.2.4 Synthesis of silver EDTA nanoparticles

Prior to synthesis of the nanoparticles all glassware was cleaned using aqua regia
(HCl, HNOs — 3:1 v/v) for two hours in a fume hood. The glassware was then filled
with distilled water and rinsed at least five times until the pH of the rinsings was
neutral. Previous washings were collected and neutralised with sodium

carbonate before being poured down the sink with excess water.

Two litres of distilled water was heated towards boiling using a hotplate while
being constantly stirred, EDTA (94.7 mg) was added directly and prior to boiling
sodium hydroxide (0.35 mg) was added. Upon reaching 100 °C silver nitrate (88
mg / 10 mL) was added dropwise, and the solution was boiled for a further 30
min. The colloid was then allowed to cool to room temperature and stored in

plastic bottles at 4 °C.
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Alternative batch 2 silver EDTA nanoparticles were synthesized using the
previously reported method.’® The basic native pH of the colloid (pH 11) was
adjusted by the addition of TRIZMA® hydrochloride (0.5 mL of 200 mM pH 7.0)
and Tween20 (0.5 mL of 0.2% v/v) to 9 mL of the as prepared colloid. This

reduced the pH to 7, to prevent dsDNA denaturation.

2.2.5 Nanoparticle Characterisation
The synthesised nanoparticles were characterised using the following

techniques.

2.2.5.1 Hydrodynamic radius
The hydrodynamic radius of the nanoparticles was determined using a Malvern
HPPS particle sizer. A sample of ~1.5 mL was pipetted into a plastic cuvette and

before each measurement a standard of 40 nm polystyrene beads was analysed.

2.2.5.2 {(Zeta) Potential

{ (Zeta) potential measurements were carried out using a Malvern 2000
Zetasizer, using the default method protocol. A minimum sample volume of 3 mL
was injected. Before each measurement a standard solution of -63.8 mV was

measured.

2.2.5.3 UV-Vis spectroscopy of silver nanoparticles
Silver nanoparticle samples were analysed using a Varian Cary 300 Bio UV-Vis
spectrophotometer. Silver nanoparticle samples were five times diluted in water

and transferred into 500 pL glass cuvettes.
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The concentration of the colloid was calculated using the Beer-Lambert law as

detailed in Equation 2.1.

A= ¢€lc
Equation 2.1 Beer Lambert law.

Where; A= absorbance at Amax
& = extinction coefficient in dm® mol™* cm™
/= path length in cm
¢ = concentration of sample in mol dm™

The silver nanoparticle concentrations were calculated using an extinction
coefficient (&) of Ag 40 nm = 2.87 x 10" M™* cm™, and for 80nm = 1.04 x 10 m™*

106, 107

cm™ from Yguerabide’s papers and a path length of 1 cm.

2.2.6 pH measurements

pH measurements of the buffers were carried out using a Jenway 3510 pH meter,
before the measurements the pH meter was calibrated using pH 4 phthalate, pH
7 phosphate, and pH 10 borate buffers. pH measurements of nanoparticle

solutions using pH paper with a resolution of 0.2.

2.2.7 SERS primer limit of detection experiments

After UV-Vis analysis three replicates of each sample were used for the SERS limit
of detection experiment. A volume of 2.5 puL of DNA sample (100 nM — 5 nM) was
mixed with 125 uL of 1 xPBS, 10 uL of 0.01 M spermine tetrahydrochloride and
137.5 plL of freshly buffered silver EDTA colloid (135 pM) in a microtiter plate.
Each sample was analyzed one minute after preparation using a Raman
Microscope (Renishaw inVia equipped with a 514.5 nm laser excitation with ~ 10
mW unfocussed laser power, coupled to a 20x / N.A. 0.40 long working distance
objective). SERS spectra were analysed using Matlab 2008b, spectra were

imported using the free GSTools toolbox from Gussem et al.'®® Fluorescence
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background subtraction was carried out according to Lieber et al.'® The peak
intensity of the 1632 cm™ peak was used for subsequent analysis and the

intensities were plotted against the concentration of DNA.

2.2.8 SERS primer and varied target concentration experiments

For experiments where the target concentration was varied, SERS analysis was
carried out using 2.5 pL of 100 nM SERS primer and 2.5 uL of its complementary
sequence as target in 110 pL of PBS buffered at pH 7.3 +0.2 as a positive control
and a 20 base pair long nonsense DNA sequence as a negative control. The
samples were pre-hybridized for 10 min at 95°C and 10 min at 20°C using a
Stratagene MX4000 thermocycler. The target concentrations were varied over a
range of concentrations from 0.1 to 5 nM final concentration after the addition
of 10 uL of 0.01 M spermine tetrahydrochloride and 125 pL of silver EDTA
nanoparticles. Samples were mixed in microcuvettes and analysed within one
minute using a Raman Probe (Renishaw system coupled to a 514.5 nm Melles
Griot laser with ~ 6 mW laser power using a 20x / N.A. 0.35 long working
distance objective). Typical integration times were between 1 and 10 s and 3
accumulations. The fluorescent dye attached to the 5’-terminus of the SERS
primer was 5-(and 6)-carboxyfluorescein (5,6-FAM) which has a Apayx of 490 nm.
Data analysis was carried out using the strong peak in the spectrum at 1632 cm™
which represents the xanthene ring C-C stretch.™™® ! Matlab 2008b and a
fluorescence background subtraction method published by Lieber et al. were

used for data analysis.'®

The repeats of this experiment used exactly the same volumes and
concentrations except for the silver nanoparticle suspension which was 22 pM

and 80 nm in size.

2.2.9 Culturing, lysis and genomic DNA extraction of Staphylococcus
epidermidis
Bacterial strains of Staphylococcus epidermidis (NCTC 13360) and Staphylococcus

aureus (NCTC 8325) were obtained from the national health protection agency
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culture collections (HPACC Salisbury, UK) and cultured in sterile Tryptone Soy
Broth (Oxoid). Tryptone Soy Broth (TSB) medium was prepared by weighing 15 g
of TSB (Oxoid) into a 500 mL glass bottle and dissolved in 500 mL of distilled
water and autoclaved for 30 min at 121°C. 20 g of Tryptone Soy Agar (TSA)
(obtained from Oxoid) was weighed into a 500 mL glass bottle and filled up with

500 mL of distilled water and autoclaved for 30 min at 121°C.

The glass tube containing lyophilized cells was opened in a LAF cabinet and 500
pL of TSB was added. The cells were then incubated overnight at 37°C. Using an
inoculation loop, cells were streaked onto a TSA plate and after overnight
incubation at 37°C a single colony was picked from the plate and transferred into
a 50 mL Greiner tube (BD) containing 5 mL of TSB and incubated again overnight

at 37°C.

The cells were centrifuged at 16,110 x g for 10 min at 4°C, the supernatant was
then removed and 1 mL of Lysostaphin was added. The suspension was
incubated for 30 min at 37°C to lyse the cells. DNA was extracted according to
the manufacturer’s protocol from the lysate using a QlAamp DNA minikit

(Qiagen, Crawley, UK).

The quality of the genomic DNA was measured using a UV spectrometer
(Eppendorf Biophotometer), the absorbance (ABS) at 230 nm, 260 nm and 280

nm was noted and the ratios 260/230nm and 260/280 were calculated.

2.2.10 Polymerase Chain Reactions containing SYBR® Green

All reagents were aliquoted into single use sample volumes and either stored in
the fridge at 4°C or the freezer at -20°C. PCR reactions were setup in an analytical
batch format, preparing a master mix containing all the reagents needed except
for primers, probes, and dyes. For each reaction a total volume of 25 uL was
used, containing 0.5 pL of DNA polymerase Phusion” Hot Start II 2U/uL
(Finnzymes), 5 pL of 5x Phusion” HF buffer (Finnzymes), 0.5 uL of
deoxynucleoside triphosphates (dNTP) 10 mM each (New England Biolabs) and
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for the reactions containing SybrGreen® | (Invitrogen) 1 pL of a 12.5x work
solution was added, otherwise SybrGreen® | was replaced by an extra 1 pL of
water. 1 pL of 2.5 uM forward and 1 pL of 2.5 uM reverse primer were also
added. Volumes were made up to a total volume of 15 pL using water and finally

10 pL of template DNA at different concentrations was added.

Table 2.3 PCR reaction sample setup.

Reagents NEB Stock concentration Volume (pL) Final concentration
Buffer HF 5x + 7.5 mM MgCl, 5 1x + 1.5 mM MgCl,
Polymerase Phusion NEB 2U/uL 0.5 1U (0.04U/uL)
dNTP’s NEB 10 mM each 0.5 200 uM each
SYBR® Green | 12.5x 0/1 0.5x
Fw Primer 2.5 uM 1 100 nM
Rv Primer 2.5 uM 1 100 nM
Water X 7/6 X
Template 9, 0.9,0.09,0.009,0 ng/uL 10 90, 9,0.9,0.09, 0 ng
Total X 25 X

Thermal cycling and fluorescence detection was carried out using a Stratagene
MX4000 Real Time PCR machine and fluorescence detection was carried out
using a 492 nm excitation filter and a 515 nm emission filter during the annealing
phase. The cycling protocol was: 10 s at 98°C, thereafter 30 repeats of 10 s at
98°C, 30 s at 58°C, and 30 s at 72°C. Data analysis was carried out using the

MX4000 standalone analysis software.

2.2.11 Capillary gel electrophoresis

Capillary gel electrophoresis was carried out using an Agilent Bioanalyzer and
DNA1000 kit including microfluidic chips and reagents (Agilent Technologies, UK).
All procedures were carried out following the manufacturer’s protocol. Briefly, a
DNA1000 chip was loaded with gel. Running buffer including the upper and lower
markers was added to the sample wells and the sample was added, well mixed

and transferred to the Bioanalyzer, and the run was started.

32



SERS primers for pathogen detection by SERS

2.2.12 Polymerase Chain Reactions for SERS analysis

PCR reactions were setup in a total volume of 25 ulL for each reaction. Each
reaction contained 0.5 pL of 2 U uL™* DNA polymerase Phusion” Hot Start Il (New
England Biolabs, UK), 5 pL of 5x Phusion’ HF buffer (New England Biolabs, UK),
0.5 pL of deoxynucleoside triphosphates (ANTP’s) 10 mM each (New England
Biolabs, UK). 2 uL of 2.5 uM forward and 2 pL of 2.5 uM reverse primer. Volumes
were made up to a total volume of 15 puL using DEPC treated water and finally 10
uL of 0.09 ng pL™* genomic template DNA was added. Thermal cycling was carried
out using a Stratagene MX4000 Real Time PCR machine. The cycling protocol
was: 30 s at 98°C, thereafter 30 repeats of 10 s at 98°C, 60 s at 62°C, and 60 s at
72°C and a final extension at 72°C for 1 minute. After cycling the sample was

cooled to 20°C.

2.2.13 SERS analysis of PCR samples

PCR samples were analysed in the SERS assay as follows, 1 pL of the PCR sample
was added to 499 uL of PBS buffer. 115 pL of the sample was mixed with 10 pL of
0.01 M spermine tetrahydrochloride and 125 pl of five times concentrated silver
EDTA nanoparticles buffered in 10 mM TRIZMA hydrochloride and 0.01% v/v

Tween20. SERS analysis was carried out as discussed above.
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2.3 Results and discussion

In order to make a positive SERS assay, a SERS primer was designed which
contained a dye labelled segment which was rendered single stranded upon
hybridization to a target sequence (Figure 2.2). This single stranded region will
have a higher affinity for the metal surface than double stranded DNA, resulting
in an increase in the SERS signal. The SERS primer can be used to detect target

DNA directly, or used as a primer in combination with PCR.

(A) (B)

} No target present
Low SERS Signal

Ag NP

\ Target present
ﬂ High SERS Signal

WO G0 900 1200 1500 1800
Raman Shift (cm'') &

Counts / AL

Counts | AL

o 126 1500 1800
3 -1
Raman Shift jem |

L

Figure 2.2 Schematic representation of the SERS probe. Ag NP represents a silver nanoparticle. (A) In the
case of a negative sample (when target DNA is absent), the SERS primer is closed and predominantly
dsDNA. This means it does not adsorb onto the negatively charged nanoparticle resulting in a low SERS
response. (B) In the case of a positive sample, the complementary target DNA displaces the partly self
complementary region of the SERS primer which is destabilized using mismatches, this results in a dye
labelled ssDNA region which is then free to adsorb onto the negatively charged nanoparticle surface

resulting in a high SERS response.

2.3.1 Assay design

The femA-SE gene of Staphylococcus epidermidis was chosen as a model system
for this work. The sequence of the femA-SE gene (gene bank accession number
U23713)* ? was obtained from the National Center for Biotechnology

100

Information (NCBI).” Primer3 online software was used to generate specific

primers 102, 103, 113

The primers and amplicon region were selected by the Primer3
software allowing analysis for internal folding, and for hetro- and homo-dimer

formation at 58°C using online software mFold, UNAFold and DINAmelt available
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102, 104, 114, 115

from the Rensselaer Polytechnic Institute. Finally the specificity of

the primers was checked against other bacteria using NCBI BLAST. %

The designed primer sequences are shown in Table 2.4. These sequences are
specific to the gene femA-SE of Staphylococcus epidermidis and are designed to
generate a minimal amount of internal foldings. The T,, values are an indication
of the temperature at which half the oligonucleotide strands in a sample are

bound to their complements.

Table 2.4 Overview of selected oligonucleotide sequences.

Name Sequence 5’ — 3’ T (°C)"
Forward Primer TACTACGCTGGTGGAACTTCAAATCGTTATCG 61
Reverse Primer GAACCGCATAGCTCCCTGC 59.2

The region of genomic DNA selected by the Primer3 software was checked for
internal sequence folding at 58°C containing 50 mM monovalent salt and 1 mM
divalent salt and sequence type linear using the DINAmelt Two state folding

. 104
online software.®

The positions of the primers within the femA-SE gene are indicated in yellow,
whilst the regions most likely to fold are shown in red in Figure 2.3. Therefore the

red areas were to be avoided as primer binding regions.

TGAGAAACGTCCAGAGAATAAAAAAGCACATAACAAAAAGGAAAATTTAGAACAACAACT NGOG~ CCARAAAATT
AATGAAGCTAAAAACTTAAAACAAGAACATGGCAATGAATTACCCATCTCTGCTGGCTTCTTTATAATTAATCCGTTTGAAG
TAGTTTACTACGCTGGTGGAACTTCAAATCGTTATCGCCATTTTGCAGGGAGCTATGCGGTTCAATGGAAGATGATTAACTA
TGCAATTGAACATGGTATTAATCGGTATAATTTC

Figure 2.3 The base numbers 1191 to 1470 of the femA-SE gene. The region with an increased risk of

internal folding of the template DNA is shown in red. In yellow are the positions of the selected primers.

Although the results are obtained from computational models, these models can
provide good insights into the performance of an assay. The software used to
create these models was developed using experimental data in order to predict

accurately the performance of the assay being investigated.'?% 104 105, 113119
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2.3.2 Design of the SERS primer
Before the SERS primer was finalised a standard PCR assay was designed using

113

Primer3 PCR sequence design software.”~ The forward primer designed in the

assay design section 2.3.1 will be modified into the SERS primer.

The forward (Fw) primer selected in the previous section was modified into the
SERS primer by creating a self complementary probe sequence with a melting

temperature (Ty,) 10 to 15°C lower than that of the primer sequence.

The SERS primer was split up into four different sections, allowing the design of

different sections each with its function (see Figure 2.4).

linker

5 AB CD EF 3

Figure 2.4 Simplified schematic of the SERS primer showing the design areas. Section AB and EF are

overhang regions, section CD and DC are the self complementary regions.

The following rules were applied to the design of the SERS primer.

1. T, of the SERS primer priming sequence region (ABCDEF) must be greater
than the SERS primer self complementary region (CD) by approximately
15°C. This is because the SERS primer priming region has to bind to the
target sequence before the SERS primer becomes double stranded.

2. The length of the HEG linker is ~2.6 nm thus AB must < 7bp (2.6 nm). This
ensures the SERS primer self complementary region can easily find its
complement primer sequence (region CD).

3. Region CD’s T, should be > 25°C to ensure the SERS primer is double

stranded while analysed at room temperature in the SERS assay.
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4. SERS primer priming sequence (region ABCDEF) should be > 15 bases to

create priming specificity.

The designed oligonucleotides are shown in Table 2.5. The forward (Fw) primer
selected in the previous section was modified with a self complementary probe
sequence with a melting temperature (T,,) that was approximately 15°C lower
than that of the primer sequence by using four mismatches in the self
complementary sequence.

Table 2.5 Oligonucleotide sequences designed for this study. Red bases represent mismatches in the self

complementary part of the SERS primer to reduce the T, of the hairpin structure.

Name Sequence 5'>3’ Tn (°C) Hairpin T, (°C)

FAM-GAAGTTACATCAGAA-HEG-
SERS primer 61.0 46.6
TACTACGCTGGTGGAACTTCAAATCGTTATCG

SERS primer complement CGATAACGATTTGAAGTTCCACCAGCGTAGTA 61.0 N/A

Reverse primer GAACCGCATAGCTCCCTGC 58.6 N/A

The proof-of-concept was carried out using synthetic oligonucleotides and SERS.

2.3.3 SERS primer hybridisation

UV-Vis spectroscopy was used to monitor the hybridization profile of the SERS
primer in the presence of complementary target DNA and non-target DNA (e.g.
Reverse primer). Single stranded DNA absorbs more light at 260 nm then dsDNA,
and double stranded DNA becomes single stranded upon heating. The
temperature where half of the DNA is in single stranded form is called the Tp,.
The absorbance at 260 nm was thus monitored against temperature and this

shows the formation of single stranded DNA (Figure 2.5).
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Figure 2.5 UV-Vis DNA melt analysis. Blue triangles represent the SERS primer, the T, value of the self
complementary region was found to be 40°C. Green squares represent the SERS primer and target DNA,
the T,, of the complementary target DNA is 62°C. Red diamonds are the SERS primer and non-target DNA,

the T,, of the self complementary region is 40°C. Cyan circles are the water control.

The SERS primer (blue triangles) denatures and becomes ssDNA when heated
above 50°C, and when cooled in the presence of target DNA (green squares)
forms a duplex before the partly self-complementary region of the SERS primer
can hybridize back to itself. This results in a duplex between the target and the
SERS primer with a region of single stranded dye labelled DNA attached. In the
case of non-target DNA (red diamonds) the SERS primer did not form a duplex
with the added ssDNA and forms a duplex with its partly self complementary
sequence. The water control (cyan circles) showed little increase in absorbance

upon heating.

The UV-Vis data showed that the target DNA hybridized to the SERS primer with
a Tm of 62°C before the self complementary region of the SERS primer

hybridized back to itself with a Tm of 40°C. In the presence of non-target DNA
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the SERS primer closed itself at the same temperature (Tm 40°C) as without

target DNA proving that the SERS primer is specific to its complementary target.

The calculated and experimental Tm’s of the hybridisation between the SERS
primer and the target DNA closely match with only 1°C difference. The calculated
Tm for the closure / hairpin formation of the SERS primer was 6°C higher than
the experimentally observed Tm of 40°C. This is not problematic because the
clear differences in Tm’s (22°C) between target and no target DNA present in the
sample ensure that the target can bind to the SERS primer before the hairpin

structure of the SERS primer was closed.

2.3.4 Nanoparticle characterisation

Two batches of silver EDTA nanoparticles were synthesised and characterised,
using the methods described in section 2.2.4. The second batch was prepared
when the first batch was running low. Differences observed between the batches

are discussed in the following sections.

2.3.4.1 Basicity of the nanoparticle solutions

The pH of the nanoparticle solutions was measured and it was found that batch
one had a pH of 6 and batch two had a pH >11. Since DNA can become single
stranded at higher pH values, the second batch had to be buffered using a final
concentration of 10 mM TRIS resulting in a pH value of 7. A surfactant, Tween20
at 0.01% v/v was added to reduce the speed and size of aggregates formed upon
spermine addition, before SERS analysis. These conditions were used in the study
by Macaskill et al.”® A possible reason for the difference in pH between the first
and the second batch of silver EDTA nanoparticles is aging of the nanoparticle

solution.

2.3.4.2 Hydrodynamic radius
DLS measurements were carried out and the results show that the average
hydrodynamic diameter of the nanoparticles in the first batch of silver

nanoparticles was 56 + 4.1 nm. The commercial standard of 40 nm * 1.8 nm
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polystyrene beads was slightly underestimated at 39.2 + 2.1 nm but the average
was within the range to be an acceptable measurement. The second batch of
nanoparticles was measured both before and after addition of water, buffer and
surfactant. These measurements were carried out to check that the buffer did
not aggregate the colloid. Pure nanoparticles had an average size of 85 + 1.6 nm,
after adding 10% v/v distilled water the average size was 87 = 2.1 nm, replacing
the water with 10% v/v TRIS 10 mM final concentration resulted in a size of 87 +
1.8 nm, and finally when adding 10% v/v TRIS and Tween20 0.01% v/v the
average size of the nanoparticles was 90 + 1.0 nm. An increase in hydrodynamic
radius was found but no significant aggregation of the nanoparticles was
observed. A possible reason for the difference in size between the two batches
could be a slight variation in the amount of silver nitrate, EDTA, or sodium
hydroxide added during the nanoparticle synthesis. The slight increase in
hydrodynamic radius after addition of TRIS might be due to adsorption of TRIS
onto the nanoparticle surface via the primary amine, the larger increase in
hydrodynamic radius after addition of tween20 might be because tween20 is a
long molecule increasing the water shell around the particles therefore

increasing the overall hydrodynamic radius.

2.3.4.3 {(Zeta) Potential

The T potential of silver EDTA nanoparticles was measured in batch one and it
was found that the overall negative surface charge was -52.5 + 7.8 mV. For the
pH 7 TRIS buffered nanoparticle batch 2, an overall negative surface charge of
-51.4 £ 0.7 mV was measured. These batches can be considered stable, since the

{ potential is lower than -30 mV.

2.3.4.4 UV-Visible spectroscopy

UV-Visible spectroscopy was carried out to measure the absorption maxima of
the silver EDTA nanoparticle solution, and thereby the quality of the nanoparticle
suspension. Absorbance maxima and the width of the peak relate to the size and

monodispersity of the colloidal solution. The data in Figure 2.6 shows the UV-
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Visible absorbance spectrum of silver EDTA nanoparticle batch 1. A peak was
observed at 415 nm. A full width at half maximum (FWHM) of 70 nm was

measured indicating a monodispersed colloidal suspension of silver

nanoparticles.
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Figure 2.6 Absorbance spectrum of batch one silver EDTA nanoparticles (green), and water (blue). A, of

the Ag-EDTA nanoparticles was observed at 415 nm.

From the absorption spectrum, the nanoparticle batch one concentration was

calculated to be 135 pM using Beers law and the extinction coefficient (&) of 40

106, 107

nm Ag of 2.87 x 10"° M cm™ from Yguerabide’s paper and a path length of

1 cm. Nanoparticle batch one had a concentration of 135 pM.
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The second batch of silver EDTA nanoparticles was analysed to see if the
nanoparticles were stable in a 10 mM TRIS buffer solution. A peak was observed
at 420 nm with full width at half maximum (FWHM) of 85 nm. The Anax of the
buffered colloid was 421 nm and the FWHM was 85 nm indicating no significant

changes or aggregation effects due to buffering the colloid (Figure 2.7).**

Extinetion (A1)

0s &

350 400 450 500 550 600 650 T00 750 800

Wavelength (nm)

Figure 2.7 UV-Vis spectra obtained from batch two silver EDTA nanoparticles (red), 90% silver EDTA
nanoparticles diluted in water (dark green), 90% silver EDTA nanoparticles buffered in TRIZMA® (10 mM)
(green), 90% silver EDTA nanoparticles in TRIZMA’ (10 mM) and Tween 20 (0.01%) (light green), and water
control (cyan).

From these results it can be seen that the colloid did not aggregate. A decrease in
the peak height was observed due to dilution of the colloid. The size of the
buffered silver EDTA nanoparticles was determined with dynamic light scattering
using a Malvern HPPS particle sizer. The hydrodynamic diameter of the particles
was measured as 90 + 1 nm. Therefore the extinction coefficient of 80 nm

diameter Ag of 1.04 x 10 M™ cm™ was used to calculate the concentration

which was 22 + 1 pM.
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2.3.5 SERS primer dilution series

A dilution series of the SERS primer and target with a ratio of 1:1 was conducted
in order to find the limit of detection. A positive signal was observed from just
90.9 pM of SERS primer and target. It is clear that below this level, discrimination

between target and non-target by eye is not obvious (Figure 2.8).
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Figure 2.8 A dilution series of the SERS primer was obtained using the peak intensity at 1632 cm™. SERS
primer (blue triangles), SERS primer and perfect match (green squares), SERS primer and non-target DNA
(red diamonds), blank (cyan circles). A 514.5 nm laser excitation and 10s integration time and 3
accumulations were used during SERS analysis. Error bars represent the standard deviation of three
individual samples.

Figure 2.9 shows the SERS response for this positive assay. When no target or
nonsense DNA is present a low SERS signal intensity was observed (blue triangles,
red diamonds), and when the SERS primer hybridized to its target sequence an
increase in SERS signal intensity was observed (green squares). The blank control
(cyan circles) showed no SERS signal as expected. Spermine tetrahydrochloride
was used to aggregate the silver EDTA nanoparticles and enhance the SERS
response of the FAM labelled DNA. Without using spermine tetrahydrochloride

no SERS response was observed from the FAM labelled DNA.
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Figure 2.9 (A) SERS spectra of 1 nM SERS primer (blue triangles), SERS primer and 1 nM perfect match
(green squares), SERS primer and 1 nM non-target DNA (red diamonds), blank (cyan circles). Exposure
time was 1 second using 3 accumulations. (B) SERS intensities of SERS primer with a concentration of 1 nM
and different concentrations of target and non-target DNA. For the three repeats of the samples the peak
at 1632 cm™ was monitored following 3 accumulations of 1 second exposure. SERS primer 1 nM no DNA
was added (blue triangle), SERS primer 1 nM and different concentrations of complementary target DNA
(green squares), SERS primer 1 nM and different concentrations single stranded non-target DNA (red
diamonds). Each point represents the mean of 3 replicates and error bars represent the standard
deviation. The detection limit of target DNA was 1 nM, using 1 nM of SERS primer (3 times standard

deviation of the control).

The ratio of SERS primer to target needed to afford a clear discrimination
between target and non-target DNA was therefore investigated by keeping the
SERS primer concentration constant at 1 nM and varying the concentration of
target and non-target DNA over a range of 0.01-5 nM (Figure 2.9B). The ratio
between SERS primer and target was found to be important in the discrimination
between a positive and a negative sample. Reliable discrimination between
target and non-target DNA becomes problematic below a 1:1 ratio. This is

reported in more detail in the following chapter.

The DNA concentration range and monolayer coverage effect was further
investigated using the second batch of nanoparticles. In Figure 2.10 it can be
seen that the dynamic range is from 500 pM to 1000 pM, the monolayer
coverage effect starts to play a significant role at 2500 pM and the SERS peak

intensity decreases further when higher concentrations of DNA are used. For the
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first batch of nanoparticles the monolayer coverage effect starts to play a role

between 5000 and 10000 pM.
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Figure 2.10 SERS peak intensities at 1634 cm'l, SERS primer concentration was kept constant,

concentration of complement and nonsense DNA were varied over a range of 100-1000 pM.

The second batch of nanoparticles were larger and at a lower concentration than
the first batch, batch one was 135 pM and 50 nm compared to batch two which
was 22 pM and 87 nm. Batch two nanoparticles had less than half the surface
area compared to batch one. This perhaps explains why the monolayer coverage
effect was reached at lower DNA concentration using the second batch. In
conclusion the upper limit of the DNA concentration range is dictated by the
available surface area on the nanoparticles. However, when there is a need for
an extended dynamic range the nanoparticles can be concentrated to increase
the available metal surface area. This will be further explained in the following

chapter.

2.3.6 Culturing, lysis, and DNA extraction of bacterial cultures

Genomic DNA from the bacterium S. epidermidis was used as template DNA for
the PCR reaction. S. epidermidis was cultured in growth medium to confluent
levels before cells were lysed using lysostaphin. Genomic DNA was then
extracted using “Boom” DNA extraction. Table 2.6 shows the amount and quality

of the genomic DNA (gDNA) isolated. DNA absorbs light at 260 nm and twenty
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five ng/uL gDNA provides an absorption value of 0.5.**

The gDNA concentration
was calculated to be 90.2 ng/uL. The absorption ratio 260/280 (proteins absorb
light at 280 nm) provides information on the amount of proteins carried over
into the sample, with a good quality value for gDNA being is 1.7-1.9.'* The
260/230 ratio informs on the amount of guanidine hydrochloride left in the
sample and a good value for this is ~1.7-2.2.'* 12 Our analysis observed a value
of 1.28 for the 260/280 ratio which indicates there was slight protein
contamination. A value of 1.11 for the 260/230 ratio also indicated a guanidine
hydrochloride carry over.** The quality of this DNA was a little poor since the
values obtained were below the values set for high quality. However the gDNA

can still be used in the PCR reaction because the protein, salt and ethanol

contaminants will be diluted in water before the PCR.

Table 2.6 Yield and quality of the isolated genomic DNA. Negative sample is a DNA extraction without
using bacterial cells. The yield and purity are detailed for samples containing S. epidermidis and S. aureus

cells.

Concentration (ng/uL)

260/280 (Proteins)

260/230 (GuHCl)

Negative control 7.6 1.26 0.96
S. epidermidis 90.2 1.28 1.11
S. aureus 33.0 1.87 1.83

2.3.7 Polymerase Chain Reaction with the SERS primer

It is likely that the SERS primer cannot be used on PCR product because the self
complementary part of the SERS primer can bind to the DNA strand synthesised
by the forward primer. This would result in the SERS primer self complementary
region being double stranded resulting in the failure of the assay (Figure 2.11).
Therefore it was decided to directly introduce the SERS primer into a PCR

reaction.
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Figure 2.11 Mode of action of SERS primer on PCR product.

It was important to select a DNA polymerase (Phusion® Hot Start Il) without 5>
3’ exonuclease activity to keep the self complementary part of the SERS primer
intact during and after the PCR (see Figure 2.12). Since the self complementary
unit of the SERS primer can hybridise to the antisense strand of the template
DNA during the PCR reaction, the self complementary region of the SERS primer
would be digested by the 5’23’ exonuclease activity of a 5’23’ exonuclease
active DNA polymerase enzyme. This problem could be avoided using a 5’23’

exonuclease deficient DNA polymerase.

Extension phase of PCR

(a) WWWW

dsgds
4 *. ®  5'-3 exonuclease active DNA polymerase
AR LR

(b)

® 5 -3 exonuclease deficient DNA polymerase

Figure 2.12 Difference between DNA polymerase with 5’3’ exonuclease activity (a), and a DNA
polymerase without 5’3’ exonuclease activity (b). In situation (a) the exonuclease activity digests the
self complementary part of the SERS primer. In situation (b) the 5’>3’exonuclease deficient DNA

polymerase displaces rather than digests the self complementary part of the SERS primer.
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Before incorporating the SERS primer into the PCR reaction, target DNA was
required. It was decided to use genomic DNA isolated from Staphylococcus

epidermidis.

After isolating the gDNA the selected target region of the femA-SE gene was
amplified using PCR and incorporate the SERS primer. This was achieved using
guantitative PCR (gPCR) with SYBR® Green I. During the PCR reaction, the DNA is
amplified and when SYBR® Green | is incorporated it will emit an increased
fluorescent signal. Figure 2.13 shows that the isolated gDNA was amplified due
to the increase in SYBR® Green | signal. A difference in Cycle threshold (Ct), value
smaller then 3.4 between 90 ng & 9 ng of gDNA shows that inhibitors in the
gDNA were diluted. Since the PCR process is an exponential process and a ten
fold dilution should theoretically result in a Ct value difference of 3.4 e.g. 2" = 10
therefore x = 3.4. The quantities 9, 0.9, 0.09 ng of gDNA show good PCR
efficiency because the Ct difference per 10 fold dilution was ~3.4. No
fluorescence was observed in the negative control, therefore no contamination

was observed.
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Figure 2.13 From left to right duplicates of 90, 9, 0.9, 0.09, and 0 ng gDNA amplification curves. The blue

line represents the cycle threshold (Ct) line which was set to 1000 fluorescence units.

A SYBR® Green | melt i.e. a dissociation curve was measured to identify the melt

profile of the product or products made. Figure 2.14 shows the first derivative of
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the fluorescence signal on the y axis against temperature on the x axis. From
these results it can be seen that the PCR product i.e. amplicon, melted at 82°C,
and no additional curves were observed which indicates specific amplification of

the desired product.
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Figure 2.14 SYBR® Green | dissociation curve, of two negative (blue and Red) and two positive (Green and

Grey) samples. The blue line represents the threshold line.

To confirm these results, capillary gel electrophoresis was carried out using the
samples without SYBR® Green . In capillary gel electrophoresis of DNA, different
sizes of dsDNA are separated. By using a gel matrix, a potential difference, and
the overall negative charge of the DNA, it is possible to make the dsDNA move
towards the positive electrode. Smaller molecules move faster than larger
molecules, thereby different PCR products can be separated from each other.
Using a separate lane with a DNA mixture of known sizes (i.e. a ladder) it is
possible to analyse if the correct size products were made during the PCR. Figure
2.15 shows the electrophoresis result. From bottom to top the green line
represents the 15 bases long lower DNA marker, the following line is the so
called primer dimer formation, a phenomenon which is not very well
understood.™® It is likely due to dimer formation between SERS primer and the
reverse primer since computational modelling showed heterodimer formation
between the SERS primer and the reverse primer, however mis-priming, internal

folding as well as homodimer formation could be possible reasons for the
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formation of the so called primer dimers. The third line from the bottom (50 —
100 bp) is the 91 bases long PCR product (Dye + 15 bases SERS primer self
complement + HEG unit + 32 bases SERS primer priming region + 7 amplified
bases + 19 bases reverse primer = dye + 15 bases ssDNA + HEG + 58 bases dsDNA
= 91 bases ), the 2" band is shorter than 50 base pairs and from lane 9 and 10 it
can be concluded that is the double stranded SERS primer, and as no other bands

are shown. From these results we can conclude that the correct PCR product was

amplified.
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Figure 2.15 Bioanalyzer gel electrophoresis results; 1 & 2: 90ng, 3 & 4: 9ng, 5 & 6: 0.9ng, 7 & 8: 0.09ng, 9 &
10: Ong, 11 & 12: water.

Quantitative capillary electrophoresis showed specific amplification of the femA-
SE gene of Staphylococcus epidermidis with a yield of 57.5% (product output
(nM) / primer input (nM)*100%) (Figure 2.16 and Table 2.7).
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Figure 2.16 Bioanalyzer electrophorogram of the PCR Staphylococcus epidermidis positive sample. The

most intense peak proves the amplification of the femA-SE gene specific region of Staphylococcus

epidermidis. The numbers above the peaks represent the retention timein s.

Table 2.7 Quantitative data obtained from the Bioanalyzer of the PCR Staphylococcus epidermidis positive

sample.

Peak | Size (bp) Concentration (ng pL™) Molarity (nM) Observations
1 15 4.20 424.2 Lower marker
2 65 0.72 16.6
3 82 0.14 2.7
4 87 0.15 2.6
5 93 7.09 115.4
6 1500 2.10 2.1 Upper Marker

Amplification of DNA was not observed when using 1 ng Staphylococcus aureus

DNA (Figure 2.17, and Table 2.8) or in the No Template Control (NTC) (Figure

2.18, and Table 2.9.
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Figure 2.17 Bioanalyzer electrophorogram of the PCR Staphylococcus aureus negative sample. No

amplification of the femA-SE gene observed. The numbers above the peaks represent the retention time

ins.

Table 2.8 Quantitative data obtained from the Bioanalyzer of the PCR Staphylococcus aureus negative

sample
Peak | Size (bp) Concentration (ng p.L'l) Molarity (nM) Observations
1 15 4.20 424.2 Lower marker
2 42 0.19 6.7
3 60 0.25 6.2
4 1500 2.10 2.1 Upper Marker
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Figure 2.18 Bioanalyzer electrophorogram of the PCR no template control (NTC) sample. No amplification

of the femA-SE gene observed. The numbers above the peaks represent the retention timeins.
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Table 2.9 Quantitative data obtained from the Bioanalyzer of the PCR Staphylococcus aureus negative

sample.
Peak | Size (bp) Concentration (ng p.L'l) Molarity (nM) Observations
1 15 4.20 424.2 Lower marker
2 42 0.32 11.7
3 61 0.24 5.9
4 1500 2.10 2.1 Upper Marker
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2.3.8 SERS primer PCR SERS
To show the full compatibility of the SERS primer with biological samples, 1 ng of
genomic DNA from Staphylococcus epidermidis was amplified using the SERS

primer in PCR. The schematic mechanism is shown in Figure 2.19.
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Figure 2.19 Schematic representation of PCR reaction and SERS analysis. (Top) In case of a positive
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sample, during the first step of the PCR at 95 °C the DNA is melted, then the reaction is cooled down
towards the hybridization temperature of the SERS primer (forward) and the reverse primer. After heating
the sample to the ideal temperature for the 5 = 3’ exonuclease deficient DNA polymerase, the
polymerase extends the two primers resulting in two exact copies where the SERS primer is incorporated
in one of the two strands. After multiple cycles these products hybridize to each other and a double
stranded piece of DNA with a single stranded region attached can then provide higher SERS intensities.
(Bottom) In the case of a negative sample no amplification occurs and the SERS primer is double stranded

resulting in a low SERS response.

54



SERS primers for pathogen detection by SERS

Nanoparticles were added after the PCR reaction to avoid unwanted artefacts
such as adsorption of PCR components onto the nanoparticles during the PCR,

and aggregation of the nanoparticles by salts present in the PCR.

When the SERS assay is applied to PCR products, it is important that the yield of
the PCR reaction is above 50 % in order to discriminate between target and non-
target DNA. Furthermore the single stranded Reverse primer, dNTP’s, and other
components in the PCR reaction could compete for adsorption onto the silver
nanoparticle surface thereby hindering the adsorption of the SERS primer. To
overcome this problem five times concentrated colloid was used to increase the
available surface area. Figure 2.20 shows the spectra obtained from the samples
that underwent the PCR cycling process. The most intense SERS response was
observed from the positive sample (green squares), lower intensities were

observed for the negative samples (blue triangles, red diamonds).
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Figure 2.20 SERS of PCR products, no template control PCR (blue triangles), positive PCR sample (green
squares), negative PCR sample (red diamonds), and blank (cyan circles). B) Average SERS signal peak
intensity at 1632 cm™ and standard deviation for three positive (Staphylococcus epidermidis) PCR samples
(green horizontal shading), three negative (Staphylococcus aureus) PCR samples (red diagonal shading),

and three no template control (NTC) PCR samples (blue vertical shading).

This system is a unique approach that allows the first direct detection of DNA
sequences and PCR product using SERS in a positive assay. The extension of this
methodology with the previously shown multiplexing capabilities of SERS will

make this assay a useful tool for high degree multiplexing of DNA sequences.
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2.4 Conclusion

Proof-of-concept of a new positive SERS assay that can discriminate between
target and no target DNA in a homogenous sample without additional separation
steps has been developed. Starting from a bacterial culture, DNA was isolated, a
specially designed primer was incorporated into the PCR products and the
presence or lack of target was identified within two hours. The high multiplexing
capabilities of SERS make this a very promising approach for future DNA analysis.
This method has the potential for single molecule detection of nucleic acid
targets in a positive manner when SERS is combined with PCR and this is the first

step towards a highly competitive SERS based molecular diagnostic assay.

56



The mode of action of SERS primers and SERS probes

3 THE MODE OF ACTION

OF SERS PRIMERS AND
SERS PROBES

3.1 Introduction

In Chapter 2, SERS primers were incorporated into polymerase chain reaction
(PCR) products to detect pathogen deoxyribonucleic acid (DNA) directly using a
surface enhanced Raman scattering (SERS) based detection approach.'?® SERS
primers consist of double stranded DNA labelled with a SERS active molecule.
When SERS primers interact with target DNA, a dye labelled part of the SERS
primer becomes single stranded DNA (ssDNA) and interacts with a nanoparticle

surface, resulting in an increase in the SERS response.

In Chapter 3 the proof-of-concept assay presented in Chapter 2 will be further
optimised, and the performance of SERS primers in a uni- and bi-molecular
manner using a synthetic model system, and in combination with PCR assays for
separation free detection of pathogen DNA by SERS will be investigated.
Additionally a new SERS primer assay will be presented, in the new assay the
SERS primer will be used as an internal probe in the PCR reaction and the 5’ 2 3’
exonuclease activity of the Tag DNA polymerase can partly digest the SERS
primer and generate a dye labelled single stranded DNA, resulting in an increase

in SERS response.

A quick reminder of the first SERS primer assay approach (Figure 3.1), SERS

primers are incorporated into PCR products, exposing the fluorophore labelled
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ssDNA, allowing adsorption onto the nanoparticles surface resulting in an

increased SERS response, thereby detecting the specific gene of a pathogen.
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Figure 3.1 Schematic representation of a PCR reaction incorporating the SERS primer. (A) Denaturation of
the DNA using heat, generating single stranded SERS primer and target DNA. (B) Hybridization by cooling
the sample, specific hybridization of the SERS primer and reverse primer occurs. (C) Extension phase, DNA
polymerase extends the 3’ prime ends of the primers. Repeating step (A) till (C) generates multiple copies
of the product (D). (E) After the reaction a double stranded PCR product is generated with a single
stranded dye labelled end, (F) and after addition of nanoparticles SERS can be obtained from the single
stranded piece of DNA. In case of a negative sample the SERS primer remains double stranded resulting in

low SERS of the dye.

The performance of the SERS primers in the positive assay was investigated in
several different ways. A model system for optimization experiments was
applied, followed by application to a PCR assay to detect pathogen specific DNA.
A schematic representation of the synthetic model system (Figure 3.2) shows the
variation in the structure of the SERS primers used in this study. These models
were applied to investigate SERS primer performance using uni- and bi-molecular
SERS primer with and without overhangs, and the mirrored orientation of the

uni-molecular SERS primer.
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Figure 3.2 Schematic representation of the synthetic model assay formats investigated. (A) Uni-molecular
SERS primer where the dye labelled region of the SERS primers is attached via a HEG linker to the 5’
terminal end of the primer region of the SERS primer with overhangs. Stepwise the uni-molecular SERS
primer, addition of target DNA, binding of the target to the uni-molecular SERS primer opens the uni-
molecular SERS primer, which then becomes a SERS active DNA dye complex, and after addition of
nanoparticles creates an increase in SERS signal. (B) A bi-molecular SERS primer where the dye labelled
region was not attached to the primer region of the SERS primer with overhangs. Stepwise the bi-
molecular SERS primer binding to the target producing dye labelled more SERS active single stranded
DNA. (C) The bi-molecular SERS primer where the primer region is without overhangs. (D) The uni-
molecular SERS probe with mirrored orientation, where the dye labelled region is linked to the 3’ terminal

end of the priming region via a HEG linker.

The following seven factors with respect to the assay performance were

considered.

e Type of nanoparticles: Three types of nanoparticles with different surface
chemistry were considered to test the importance of the nanoparticle

surface coating layer.
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e Nanoparticle and analyte concentration effects: To ensure a fully
guantitative assay, the dose response with respect to the nanoparticle
and analyte concentrations on the SERS response was assessed.

e SERS primer design: The correct folding of a SERS primer will be affected
majorly by the sequence composition. The hairpin folding of SERS primers
was modelled using computational software and the effect of this folding
on the assay was investigated with a synthetic model.

e SERS primer to target molecule ratio: The effect of the SERS primer to
target ratio was investigated to determine if more targets could increase
the SERS signal intensity by opening more SERS primer which could then
significantly improve the performance of the assay.

e Uni-molecular and bi-molecular SERS primers: The use of a bi-molecular
over a uni-molecular system reduces the cost of the SERS primer, which
makes the commercialization and implementation of these probes more
attractive. Uni-molecular and bi-molecular Scorpion primers in
combination with fluorescence detection have been reported®® and
intensively studied by Thellwell et al. who concluded that uni-molecular
probes result in a more sensitive method.>* However for SERS detection
there still appears the question of whether ssDNA attached to dsDNA
hinders the adsorption and thereby the achievable SERS intensity. This
also leads to an investigation of the closure of the SERS primer to
minimize background signal, and maximum displacement of the
fluorophore labelled self-complementary sequence by the target to
ensure maximum signal generation in a synthetic SERS model.

e Terminal overhangs on the SERS primer: The first SERS primer
developed'®® had terminal overhangs which were in contradiction with
the theory of DNA adsorption, therefore SERS primers without these
overhangs were investigated.

e Orientation of the SERS primer: In order to use SERS primers in 5° 2> 3’

exonuclease digestion assays a mirrored SERS primer was developed
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which had the 5’ terminus free for digestion by Tag DNA polymerase. This
was then used as an intermolecular probe, and introduced in a new assay
which utilizes the 5’23’ exonuclease activity of Tag DNA polymerase to
partly digest the SERS probe and release the dye labelled ssDNA which
was then detected by SERS. This method might have several advantages;
one of them is the generation of more target than SERS probe by using a
higher concentration of primers to SERS probes. When using the SERS
probes an extra level of specificity was created, therefore universal
primers can be used to minimize the number of oligonucleotide
sequences needed to detect multiple targets. The latter method was not

investigated in this study but will be considered for further work.
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3.2 Experimental

3.2.1 Materials

All materials were obtained from Sigma Aldrich unless stated otherwise.

3.2.2 DNA oligonucleotide design

The femA gene was previously used for bacterial identification of Staphylococcus
epidermidis and Staphylococcus aureus.® The whole genome sequence of
Staphylococcus epidermidis National Culture Type Collection (NCTC) strain NCTC
13360 and Staphylococcus aureus (NCTC 8325) were obtained from the National

Centre of Biotechnology Information (NCBI) website.'**

The oligonucleotide
sequence design was carried out using the Primer3Plus online server.!®
Parameters within this software were set to 50 mM monovalent salt, 1.5 mM
divalent salt, and 250 nM of DNA. For the table of thermodynamic parameters
the setting “Santalucia 1998” was used.'®® For salt correction the formula set by

103
d.

“Oweczarzy et al. 2004” was use Internal folding of the sequence region

selected by Primer3Plus was analyzed using the DINAMelt webserver'® and the

12
>, Parameters

oligoanalyzer webserver from Integrated DNA Technologies (IDT)
were set to 58°C, 50 mM monovalent salt, 1.5 mM divalent salt, and 250 nM of
DNA. Basic Local Alignment (BLAST) was carried out using the BLAST tools from
the NCBI website.'?® The performance of the SERS primers strongly depends on
the DNA sequence design. Therefore to ensure correct folding of the SERS
primer, computational design and folding software (such as Primer 3 plus, IDT
oligoanalyzer, mFold and DINAmelt) were the preferred tools to investigate the
folding of the hairpin loop and binding to the target. Alternative hairpin
structures in the SERS primers were reduced to zero for the most successful SERS

primers. Oligonucleotide sequences shown in Table 3.1 were HPLC purified and

obtained from ATD Bio (Southampton).
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Table 3.1 Overview of the oligonucleotide sequences, uni- and bi-molecular SERS primers with target and
non-target sequences. FAM - 5-carboxyfluorescein, PHO - phosphate PCR extension blocker, HEG - internal
hexaethylene glycol spacer unit, the red colored bases represent mismatches, and the purple bases

represent base overhangs.

Name Sequence 5’ 3’
Uni-molecular SERS primer | FAM-GAAGTTACATCAGAA-HEG-TACTACGCTGGTGGAACTTCAAATCGTTATCG
Bi-molecular SERS primer | FAM-GAAGTTCCACCAGCG-PHO TACTACGCTGGTGGAACTTCAAATCGTTATCG
Target | CGATAACGATTTGAAGTTCCACCAGCGTAGTA
Non-target & reverse primer | GAACCGCATAGCTCCCTGC
Uni-molecular SERS primer Il GCATGCCATACAGTCATTTCACGCA-HEG-TACTTGAAATGTCTGTAT-FAM
Bi-molecular SERS primer Il FAM-TGCTTGAAATGTCTGTATGGGATGC-PHO

GCATGCCATACAGTCATTTCACGCA-PHO

Target Il TGCGTGAAATGACTGTATGGCATGC
Non-target 1 & reverse primer || AGTAAGTAAGCAAGCTGCAATGACC
Non-target 2 & forward primer || AACAGCTAAAGAGTTTGGTGCCTTT

3.2.3 UV-Vis spectroscopy

UV-Vis spectroscopy was carried out on a Varian Cary 300 BIO
spectrophotometer with Peltier thermal control cycling from 10°C to 90°C and
back with 1°C increments per minute and the UV absorbance measured at 260
nm every minute. Samples were prepared using 50 uL of SERS primer (10 uM), 50
puL of diethylpyrocarbonate (DEPC) treated water (Bioline, London, United
Kingdom), or target or non-target DNA (10 uM), and 250 pL of 1 x phosphate
buffered saline (PBS) obtained from Oxoid (Hampshire, United Kingdom), and

finally the volume was made up to 500 uL with DEPC water.

3.2.4 Bacterial culturing
Bacterial strains of Staphylococcus epidermidis (NCTC 13360) and Staphylococcus

aureus (NCTC 8325) were obtained from the national health protection agency
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culture collections (HPACC Salisbury, UK) and cultured for 24 h in 10 mL sterile
Tryptone Soy Broth (Oxoid). The cells were centrifuged at 16,110 x g for 10 min
at 4°C, the supernatant was then removed and 1 mL of Lysostaphin was added to
the remaining pellet. The suspension was incubated for 30 min at 37°C to lyse
the cells. DNA was extracted according to the manufacturer’s protocol from the

lysate using a QlAamp DNA minikit (Qiagen, Crawley, UK).

3.2.5 Polymerase chain reactions

PCR reactions were set up in a total volume of 25 pL for each reaction. Each
reaction contained 0.5 pL of 2 U pL? 53’ exonuclease deficient DNA
polymerase Phusion® Hot Start Il (New England Biolabs, UK), and for the
5'>3’exonuclease digestion assay 0.5 pL of 2 U uL™ DyNAZyme™ Il Hot Start
DNA polymerase (New England Biolabs, UK), 5 pL of 5x Phusion® HF buffer (New
England Biolabs, UK), 0.5 pL of deoxynucleoside triphosphates (dNTP’s) 10 mM
each (New England Biolabs, UK). 2 puL of 2.5 uM forward and 2 pL of 2.5 uM
reverse primer, and for the exonuclease assay 1 pL of 2.5 uM premixed probes.
Volumes were made up to a total volume of 15 pL using DEPC treated water and
finally 10 pL of 0.01 ng uL™ genomic template DNA was added. Thermal cycling
was carried out using a Stratagene MX3005P thermo cycler. The cycling protocol
was: 30 s at 98°C, thereafter 30 repeats of 10 s at 98°C, 60 s at 62°C, and 60 s at
72°C and a final extension at 72°C for 1 minute. After cycling, the sample was

cooled to 20°C.

3.2.6 Gel electrophoresis
Capillary electrophoresis of the PCR products was carried out using an Agilent
Bioanalyzer and the DNA1000 reagent kit and handling procedures were carried

out according to the manufacturers protocol.

3.2.7 Nanoparticles
Silver ethylenediaminetetraacetic acid (EDTA) nanoparticles were synthesized
using a method previously reported by Fabrikanos et al.”® Citrate reduced silver

nanoparticles were prepared via a method reported by Lee & Meisel.”” Sodium
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borohydride reduced silver nanoparticles were prepared via the method
reported by Creighton et al.”” The sodium borohydride reduced silver
nanoparticles were used on the same day as it is well known that these particles
are unstable over time. The pH of the nanoparticle suspensions was adjusted to
pH 7 by the addition of TRIZMA" hydrochloride (0.5 mL of 200 mM pH 7.0) and
Tween20 (0.5 mL of 0.2%) to 9 mL of the nanoparticle suspension the
nanoparticle suspensions were used within 4 h after addition of the buffers. The
A max Of the nanoparticles was determined using UV-Vis spectroscopy. The size of
the metal core was determined by scanning electron microscopy (SEM) on a
Sirion 200 Schottky field emission electron microscope (FEI) operating at an
accelerating voltage of 5 kV. Samples did not require additional metallic coating
before imaging. Image analysis was carried out using Image J version V1.43y, 250
nanoparticles were measured for each nanoparticles suspension and the average
value t* the standard deviation reported. The nanoparticle concentration was
determined using UV-Vis spectroscopy and the following extinction coefficient
values for silver nanoparticles: €49 nm = 2.87 x 101 m? cm'l, €30nm = 1.85 % 10 M
! cm'l, and €0 nm = 4.16 x 10° M7 ecm™.1% For the comparison experiments
different types of nanoparticles were adjusted to similar concentrations by
adjusting the optical density taking into consideration the size difference of the

nanoparticles.

The hydrodynamic radius and the T (Zeta) potential of the nanoparticles were
determined with dynamic light scattering using a Malvern Zetasizer Nanoseries

Nano-ZS.

3.2.8 Surface enhanced Raman scattering

For the model system experiments where the target concentration was varied,
SERS analysis was carried out using 2.5 pL of 100 nM SERS primer and 2.5 plL of
its complementary sequence (10 — 1000 nM) in 110 pL of PBS buffered at pH 7.3
+ 0.2 as a positive sample and a 20-25 base pairs long non-target DNA sequences

as negative sample, pre-hybridized for 10 min at 95°C and 10 min at 20°C using a
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thermocycler (Agilent MX3005P). The target concentrations were varied from 0.1
to 10 nM final concentration after the addition of 10 puL of 0.01 M spermine
tetrahydrochloride and 125 pL of concentrated silver EDTA nanoparticles

(approximately 250 pM).

PCR samples were analysed in the SERS assay as follows, 1 pL of the PCR sample
was added to 499 uL of PBS buffer. 115 pL of this sample was then mixed with 10
pL of 0.01 M spermine hydrochloride and 125 pL of concentrated silver EDTA
nanoparticles (approximately 500 pM) buffered to pH 7 in 10 mM TRIZMA®
hydrochloride and 0.01% Tween20.

All samples were prepared in at least triplicate in PMMA micro-cuvettes and
analysed within 1 min using an Avalon probe system Ramanstation R3 equipped
with an optical fibre probe with a 532 nm diode laser excitation a laser power of
approximately 24 mW at the sample. Typical exposure time was 3 s (1 s
integration and 3 accumulations). Data analysis was carried out using the

xanthene ring C-C stretching peak"® '

of the fluorescent dye
carboxyfluorescein (FAM) at 1632 cm™ minus the 1660 cm™ position in the
spectrum. The threshold line was plotted and used to find the detection limits,
which was calculated using the mean plus three times the standard deviation of

the control samples.
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3.3 Results and discussion

3.3.1 Type of silver nanoparticles

In order to test the robustness of the ssDNA vs dsDNA assay and the importance
of the surface stabilizing layer three types of nanoparticle were tested in the
assay i.e. EDTA, citrate and sodium borohydride reduced silver nanoparticles.

Nanoparticle characterization data is shown in Table 3.2 and Figure 3.3.

Table 3.2 Nanoparticle characterization data A ., (hm) and FWHM (nm) are determined by UV-Vis
spectroscopy, the metal core size diameter (nm) by scanning electron microscopy (SEM), the
hydrodynamic radius was determined by dynamic light scattering (DLS), and the  potential by the laser
Doppler Anemometer technique. Error is *+ one standard deviation of three individual samples. For

experimental details see the Materials and methods section.

Name A max(nm) | FWHM (nm) Metal core diameter size (nm) Hydrodynamic radius (nm) { potential (mV)
Ag-EDTA 409 61 33.2+49 20.7+0.3 -33.4+48
Ag-Citrate 409 75 39.6+6.5 31.0+0.3 -52.6+6.3
Ag-BH, 393 47 13.0+2.7 761+14 -7.8+1.2
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Figure 3.3 UV-Vis spectra of silver nanoparticles.
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Data in Figure 3.4 and Table 3.3 shows that EDTA and citrate reduced silver
nanoparticles performed in a similar fashion with respect to detecting ss and
dsDNA. A similar ratio of ssDNA / dsDNA of 2.1 and 2.4 was observed although
slightly more intense signals (approximately 5313 versus 5328 counts) were
observed when citrate reduced silver nanoparticles were used. These slight
differences were possibly due to the ease of citrate displacement and slightly
larger particle diameter (approximately 33 versus 40 nm). Sodium borohydride
reduced silver nanoparticles performed less well in terms of discrimination
between double and single stranded DNA with a ssDNA / dsDNA ratio of ~1.4,
and the SERS peak intensity was less intense (~¥500 counts) when compared to
the EDTA and citrate nanoparticles, this is possibly due to the different surface

8127 Erom these

chemistry and / or the smaller size (13 nm) of the nanoparticles.
experiments it can be concluded that from the types of nanoparticles used silver
citrate nanoparticles and silver EDTA nanoparticles were most successful for this
assay with a slight preference for EDTA silver nanoparticles due to the ease of

nanoparticle preparation and strong SERS peak intensity.
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Figure 3.4 Offset SERS intensity from FAM labelled single stranded and double stranded DNA and silver
nanoparticles with different surface chemistry using 532 nm laser excitation and three accumulations of
one second. (A) Ag-Citrate with ssDNA, (B) Ag-Citrate with dsDNA, (C) Ag-EDTA with ssDNA, (D) Ag-EDTA
with dsDNA, (E) Ag-BH, with ssDNA, (F) Ag-BH, with dsDNA.

Table 3.3 Overview of SERS peak intensities (mean counts t standard deviation) obtained from single

stranded and double stranded DNA using three different types of silver nanoparticles.

Ag-EDTA Ag-Citrate Ag-BH,

ssDNA 5313 +157 5328 + 465 507 + 24

dsDNA 2584 + 199 2255 +100 371+11
ssDNA / dsDNA 2.1 23 1.4

3.3.2 Nanoparticle and analyte concentration effects
The SERS peak intensity and the analyte concentration range over which a

quantitative response is shown depends on the silver nanoparticle
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concentration. This affects the number of particles in the laser beam, the
interrogation depth of the laser into the sample which results in variation of the
sample volume in the beam, and the total surface area available on the

52 128 \When too low a nanoparticle concentration is used, less

nanoparticles.
surface area is available for the analytes to adsorb onto resulting in a limited
dynamic range of the system. When too high a nanoparticle concentration is
used, there is enough surface area available for the analytes to adsorb onto but
the interrogation depth of the laser beam is limited by the density of the
nanoparticles resulting in less volume of the sample being analysed and
therefore a reduced SERS intensity. For quantitative assays it is important that
there is enough surface area available for the analytes to adsorb onto the
nanoparticle surface to extend the analyte concentration range with a

guantitative response from the system. For biological applications it is important

that there is sufficient sensitivity to detect the analytes of interest.
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Figure 3.5 (A) The SERS peak intensity (Z-axis) using Ag-EDTA nanoparticles and 532 nm laser excitation
and three accumulations of one second as a function of the nanoparticle concentration (X axis) and the
DNA concentration (Y axis). (B) The SERS peak intensity (Y-axis) as a function of the DNA concentration (X
axis). Linear regression fit on SERS peak intensity versus DNA concentration for the 125 and 250 pM silver

EDTA nanoparticles. Error bars represent  one standard deviation of three individual samples.

When the concentration of nanoparticles was 12.5 pM the maximum SERS peak
intensity was approximately 17500 counts and when the nanoparticle
concentration was increased to 25 pM the SERS peak intensity of the analyte was

increased to approximately 30000 counts for 5 nM FAM labelled ssDNA (Figure
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3.5). However the quantitative response range that was obtained was limited to
less than 1 to 5 nM using nanoparticle concentrations below 25 pM (Figure 3.5).
When the nanoparticle concentration was increased to 125 pM less intense
signals were obtained and for 5 nM DNA a signal reduction of approximately 75%
was observed when compared to 25 pM nanoparticles, due to the limited
interrogation depth of the laser into the sample caused by the nanoparticle
density. Nevertheless the analyte concentration range with a somewhat linear
and quantitative response was extended from 1 —5 nM to 1 - 50 nM with a linear
fit R? value of 0.96. When the nanoparticle concentration was further increased
to 250 pM a signal reduction of approximately 88% was obtained when
compared to 25 pM nanoparticles. The analyte concentration range with a more
linear and quantitative response of the system was 1 to 50 nM of FAM labelled
ssDNA and the R? value within the linear regression fit improved to 0.98 (Figure
3.5 B). For these concentration graphs more data points (5 or more) are
preferred. However the increased linearity in the dose response enables
improved quantitative measurements of dye labelled ssDNA in the concentration
range of 1 to 50 nM which was suitable to the model system concentration
studies reported here which had a maximum concentration of 11 nM DNA. In the
further model assay studies a final nanoparticle concentration of 125 pM was
used to take advantage of the extended analyte concentration range with a

linear response with this concentration of nanoparticles.

3.3.3 SERS primer design

Clearly for the most successful SERS primers the affinity for the target has to be
higher than for the hairpin formation. This was optimized for target binding by
incorporation of mismatches and a reduced number of bases in the hairpin
folding region of the SERS primer. Mismatches and base reductions were chosen
such that it minimized the number of alternative hairpin structures. UV-Vis
spectroscopy was used to investigate the hybridization profiles of the hairpins in
combination with target and non-target DNA and provided good insights into the

performance of the SERS primers, in a uni- and bi-molecular fashion. Data shown
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in Figure 3.6 shows the preferred binding of the SERS primer to the target. When
no or non-target DNA was present the closure of the self-complementary region
onto the SERS primer was observed. These experiments were the first steps

towards successful SERS primers.
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Figure 3.6 Hybridization curves of the SERS primers (P) and probes (P) to their target (T) and non-target
(N) DNA sequences. (A) Uni-molecular SERS primer. (B) Bi-molecular SERS primer. (C) Bi-molecular SERS
probe (D) Uni-molecular SERS probe.

3.3.4 SERS primer to target molecule ratio

The hairpin folding of the SERS primer is a uni-molecular event and therefore
kinetically more favourable, whereas the binding of the target DNA to the SERS
primer is a bi-molecular event in competition with the SERS primer hairpin
folding. Therefore the hypothesis was that when the target to SERS primer ratio
was increased a higher discrimination between target DNA and control samples
would be obtained due to an increased occurrence of opened SERS primers. The

importance of SERS primer to target ratio was investigated following a synthetic
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experimental model approach (Figure 3.2). In this model the SERS primers were
exposed to increasing concentrations (0.1 to 10 nM) of either target or non-
target DNA. After hybridization, the addition of spermine and nanoparticles was

followed by SERS analysis of the 1632 cm™ peak intensity of the FAM dye.

Following this model system it was possible to carefully study the behaviour of
the SERS primer in the SERS assay when more target and non-target DNA was
added. Addition of more target DNA resulted in an increase in SERS peak
intensity whereas the addition of more non-target DNA did not result in an
increase in the SERS peak intensity. Although it was possible to detect target
concentrations 0.5 times lower than the SERS primer concentration, the best
contrast between positive and negative samples was obtained when the target
to SERS primer ratio was greater than one, and preferably five to ten times
higher than the SERS primer concentration. (Figure 3.7A) These results are in
agreement with the theoretical hypothesis that a higher target concentration
was needed to open more SERS primers due to the competitive and bi-molecular

nature of the events.
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Figure 3.7 Response of the SERS primers (P) with increasing concentration of target (T) and non- target (N,
N1 and N2) DNA. The horizontal line in each graph represents the threshold values set as the mean plus
three times the standard deviation of the negative control sample. Threshold values were 215 (A), 346 (B),
264 (C), and 270 (D) respectively. (A) A uni-molecular SERS primer. (B) Performance of the bi-molecular
SERS primer (P) with 3’ terminus overhang. (C) Performance of the bi-molecular SERS probe (P) without
overhangs. (D) Performance of the uni-molecular SERS probe (P) with different dye orientation. In the
case of the SERS primers (A & B) one non-target sequence (N) was used because in the following PCR
experiments this sequence was used as the reverse primer. In case of the SERS probes experiments (C &
D) two non-target sequences were used because in the following PCR experiments these SERS probes
were used in combination with reverse (N1) and forward (N2) primers. A 532 nm laser excitation and
three accumulations of one second were used. Error bars represent * one standard deviation of three

individual samples.

3.3.5 Uni-molecular and bi-molecular SERS primers

Uni-molecular SERS primers are more likely to fully form double stranded DNA
structures than bi-molecular events. Bi-molecular SERS primers are commercially
more attractive due to the significant reduction in cost. Therefore the use of bi-
molecular SERS primers was investigated in a synthetic SERS model assay. Uni-

molecular probes had a slightly higher reproducibility and a highly reduced rate
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of false positives and false negatives resulting in lower detection limits (Figure
3.7 Avs B & C vs D). The reduced performance with bi-molecular SERS primers

might be due to cross reaction between the oligonucleotide sequences at 20°C.

As a result uni-molecular SERS primers were chosen as the preferred SERS
primers over bi-molecular SERS primers due to their lower detection limits and
higher reproducibility in the synthetic model assay. Bi-molecular SERS primers
might still be useful in PCR-based detection assays because other assay
parameters such as the free availability of the dye labelled ssDNA sequence
might also play an important role but at this stage the performance of the uni-

molecular SERS primer is the leading factor.

3.3.6 Terminal overhangs of the SERS primer

The influence of the overhangs in the SERS primer was investigated in a bi-
molecular manner (Figure 3.7 B vs C). There was no significant effect observed
from the 17 (5+12) base overhang on the SERS assay performance with respect
to sensitivity only a slightly lower background signal was observed. However
when the SERS primer without a 3’ overhang was designed (FAM-
AAAGGAACAAAACACTATAACTGTT-HEG-AACAGCTAAAGAGTTTGGTGCCTTT) good
DNA hybridisation results were obtained (Figure 3.8A) but the SERS response of
the assay turned into a negative assay format with a reduction in SERS signal
intensity when the target DNA concentration was increased (Figure 3.8B). More
intense SERS signals were obtained for the positive samples compared to the
corresponding negative samples, this is possibly due to competition between the

SERS primer and the single stranded non target DNA for the nanoparticle surface.
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Figure 3.8 DNA hybridisation of the SERS primer where the 3’ overhang was removed monitored by UV-
Visible spectroscopy (A) The cyan circles represent the water control samples, blue diamonds represent
the SERS primer control samples, green squares represent the SERS primer and target-DNA samples, and
the red triangles represent non-target DNA control samples. On the right hand side the SERS assay
performance of the SERS primer without 3’ overhang (B). The cyan diamond represents the water control
samples, blue triangles represent the SERS primer control samples, red squares represent the SERS primer

including non-target DNA samples, green squares represent the SERS primer with target-DNA samples.

When the folding of the SERS primer was modelled it turned out that there was a
possibility to form an alternative structure (Figure 3.9) resulting in a 20 base long

single stranded region.

Figure 3.9 Two different structures of the SERS primer without overhang. (A) Folding of the SERS primer
where the dye is attached to the dsDNA region. (B) Folding of the SERS primer where the dye is attached

to the ssDNA region.

This event might be a possible reason for the inverse performance of the SERS
primer in the assay. Because when there is no target DNA present the SERS

primer consists of a single stranded piece of DNA with two small internal loops

76



The mode of action of SERS primers and SERS probes

(Figure 3.9B) and when the target is introduced the single stranded DNA is

attached to a double stranded piece of DNA.

3.3.7 Orientation of the SERS primer

In order to use the SERS primer as an internal probe that can be digested by the
5’23’ exonuclease activity of the DNA polymerase the position of the
fluorescent molecule and the HEG linker was changed to leave the 5’ terminus of

the probing sequence free for digestion (Figure 3.10).
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Figure 3.10 Schematic representation of a PCR reaction incorporating the SERS primer as an internal probe
to be partly digested by the polymerase. (A) Denaturation of the DNA using heat, generating single
stranded SERS primer and target DNA. (B) Hybridization by cooling the sample, specific hybridization of
the primers and the SERS probe occurs. (C) Extension phase, DNA polymerase extends the 3’ prime ends
of the primers and digests the target binding sequence of the SERS probe generating dye labelled single
stranded DNA which results in an increased SERS signal. Repeating steps (A) to (C) multiple copies of
product can be generated (D). (E) After the reaction a double stranded PCR product is generated and short
single stranded dye labelled sequences, (F) and after addition of nanoparticles SERS can be obtained from
the single stranded piece of DNA. In case of a negative sample the SERS probe remains double stranded

resulting in low SERS of the dye.

Firstly a SERS probe sequence was designed which contained a 3’ terminus FAM
fluorophore and an internal HEG linker molecule. Then the performance of this

SERS probe with mirrored orientation was investigated in the synthetic model,
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and the results in Figure 3.7D showed that this SERS probe performs with similar

sensitivity as the uni-molecular SERS primer shown in Figure 3.7A.

These results confirm that the fluorophore can be either positioned at the 3’
terminal end of the SERS primer as well as at the 5’ terminal end of the SERS
probe with no significant changes in the performance of the SERS primers or

probes.

3.3.8 SERS primer digestion assay design

The femA-SA gene of Staphylococcus aureus was chosen as a model system for
this work. The sequence of the femA-SA gene (gene bank accession number
X17688)** ' was obtained from the National Center for Biotechnology

100

Information (NCBI).”~ Primer3 online software was used to generate specific

102,103, 113 Tha primers and amplicon region were selected by the Primer3

primers.
software allowing analysis for internal folding, and for hetro and homo dimer
formation at 58°C using online software mFold, UNAFold and DINAmelt available

102, 104, 114, 115

from the Rensselaer Polytechnic Institute. Finally the specificity of

the primers was checked against other bacteria using NCBI BLAST. %

The designed primer sequences are shown in Table 3.4. These sequences are not
specific to the gene femA-SA of Staphylococcus aureus and are designed to
generate a minimal amount of internal folding events. The T, values are an
indication of the temperature at which half the oligonucleotide strands in a

sample are bound to their complements.

Table 3.4 Overview of oligonucleotide sequences selected.

Name Sequence 5’ — 3’ T ()
Forward primer AACAGCTAAAGAGTTTGGTGCCTTT 64.3
Reverse primer AGTAAGTAAGCAAGCTGCAATGACC 64.1
Internal probe GCATGCCATACAGTCATTTCACGCA 66.5

The region of genomic DNA selected by the Primer3 software was checked for

internal sequence folding at 58 °C containing 50 mM monovalent salt and 1 mM
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divalent salt and sequence type linear using the DINAmelt Two state folding

online software.'®

The positions of the primers within the femA-SA gene are indicated in yellow,
whilst the regions most likely to fold are shown in red in Figure 3.11. The red

areas were to be avoided as primer binding regions.

ATAAAAGTATACGCAATTAAAGCGTTTATGTTTTAGTTTTAACATTAACTATTGTATACTTATTTAGATTAGATTTATTATT
TTTGACATTTGCAGAGGGGAAATAGAAAAACTGCAAATACGGAAATGAAATTAATTAACGAGAGACAAATAGGAGTAATGAT
AATGAAGTTTACAAATTTAACAGCTAAAGAGTTTGGTGCCTTTACAGATAGCATGCCATACAGTCATTTCACGCAAACTGTT
GGCCACTATGAGTTAAAGCTTGCTGAAGGTTATGAAACACATTTAGTGGGAATAAAAAACAATAATAACGAGGTCATTGCAG
CTTGCTTACTTACTGCTGTACCTGTTATGAAAGTGTTCAAGTATTTTTATTCAAATCGCGGTCCAGTGATTGATTATGAAAA
TCAAGAACTCGTACACTTTTTCTTTAATGAATTATCAAAATATGTTAAAAAACATCGTTGTCTATACCTACATATCGATC

Figure 3.11 The base numbers 450 to 940 of the femA-SA gene. In red is shown the region with an

increased risk of internal folding of the template DNA. In yellow the positions of the selected primers.

Although the results are obtained from computational models, these models can
provide good insights into the performance of an assay. The software used to
create these models was developed using experimental data in order to predict

accurately the performance of the assay being investigated.'0% 104 105, 113119

3.3.9 SERS primers and probes in the PCR-based SERS assay

The previous parameters have all been investigated with synthetic models, in this
section the results were transferred to the identification of bacterial cultures by
coupling PCR-based DNA amplification with SERS detection. Firstly the
performance of the uni- and bi-molecular SERS primers coupled with PCR was
investigated. After PCR with the SERS primers and probes the DNA amplification,
the length, and the concentration of the PCR products in the PCR reactions was

determined by capillary electrophoresis (Agilent BioAnalyzer).

In the SERS primer assay the expected PCR product length was 58 bp. As
discussed previous chapter, in the case of the uni-molecular SERS primers there
was a difference of approximately 35 bp in PCR product length (93 bp) and the
expected 58 bp (Figure 3.12 A). In the bi-molecular SERS primer assay the

expected 58 bp product was obtained (Figure 3.12 B). This indicates that the size
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difference in the uni-molecular SERS primer assay originates from the HEG linker,

the ssDNA and / or the dye attached to the PCR product influencing the

electrophoretic properties of the PCR product (Figure 3.12 A vs B).
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Figure 3.12 Gel electrophoresis result of target DNA amplification by PCR; lane 1 the DNA ladder, lane 2 &

3 positive samples, lane 4 & 5 negative control samples. (A) Uni-molecular SERS primer. (B) Bi-molecular

SERS primer. (C) Bi-molecular SERS probe (D) Uni-molecular SERS probe.
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In the 5’ = 3’ exonuclease digestion PCR assay (Figure 3.12 C & D ) the expected
length of the PCR products was 160 bp, and the obtained length was 170 bp in
both cases. That there is no difference in length between uni-molecular and the
bi-molecular digestion assay can be explained by the fact that the SERS probes in
this case were partly digested and not part of the PCR product (Figure 3.12 C& D
inset schematic). However the difference in expected and obtained length
cannot be explained other than by instrumental error. The PCR yield was typically
above 50% for both the SERS primers and SERS probes assay. In all reactions the
negative control samples were negative for the expected PCR product length.

Shorter DNA was observed in most cases but not considered to be problematic.

3.3.10 SERS primer PCR assay spermine hydrochloride concentration
optimisation

The concentration of spermine hydrochloride was optimized with respect to

direct analysis (within 1 min) and discrimination between positive and negative

samples. The optimal final concentration of spermine was found to be 400 uM

(Figure 3.13A). When spermine hydrochloride was added with a final

concentration of 4 uM, discrimination between double stranded and single

stranded DNA could be obtained after 480 s (Figure 3.13B).
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Figure 3.13 SERS primer and PCR & SERS assay optimization of spermine concentration (A). SERS peak
intensities of SERS primer PCR products using a final spermine concentration of 4 uM over a time period

of 480 s (B).

From the results in Figure 3.14A & B it can be concluded that there was no

difference between uni- and bi-molecular SERS primers, when coupled with PCR,
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both uni- and bi-molecular SERS primer methods gave a distinct discrimination
between negative and positive samples. The bi-molecular SERS primer method
contained fewer false negative samples due to a slightly higher reproducibility
and therefore lower threshold value. The differences in results between uni- and
bi-molecular SERS primers in the synthetic model system and the PCR-based
assay can be explained by the fact that in the case of the bi-molecular SERS
primer, the FAM labelled ssDNA was not linked to the dsDNA PCR product (which
was twice the length of the synthetic model dsDNA) thereby enabling more
reproducible adsorption of the FAM labelled ssDNA onto the nanoparticles
surface. Nevertheless, bi-molecular as well as uni-molecular SERS primers could
successfully be used in coupling PCR and SERS in a separation free assay system
significantly reducing the cost of the SERS primers and thereby the overall SERS

assay system.

(A) Uni-molecular SERS primer {B) Bi-molecular SERS primer (C) Bi-molecular SERS probe digestion (D ) Uni-molecular SERS probe digestion
L]
\ Ty
\ . X} .

SERS peak intensity (counts)

T S cpidermidia [ B B

Figure 3.14 Schematic representation and results obtained from SERS primers and SERS probes in PCR
reactions. (A) The uni-molecular SERS primer is incorporated into the PCR product, and the blue sphere
represents 5’3’ exonuclease deficient DNA polymerase. (B) The bi-molecular SERS primer PCR assay. (C)
The bi-molecular SERS probe digested by the 5’23’ exonuclease active DNA polymerase (purple sphere)
(D) The uni-molecular SERS probe PCR assay. Error bars represent + one standard deviation of the sample.
Threshold values are the mean plus three times the standard deviation of the negative control sample

(NTC).

Moreover, from the previous synthetic experiments, it is known that a higher
ratio of target to SERS primer was better for the overall assay performance.

Therefore the main challenge in using the SERS primers in a PCR-based SERS
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assay was in the yield of the PCR reaction which is typically 50% corresponding to

a SERS primer to target ratio of 1 to 0.5.

In an attempt to overcome the PCR yield issue uni- and bi-molecular SERS probes
have been incorporated in a PCR reaction where the SERS probes were digested
by the 5° & 3’ exonuclease activity of the Tag DNA polymerase. This approach
offers the possibility to partly digest the SERS probe generating ssDNA that is not
attached to the dsDNA PCR product (Figure 3.10). An advantage of such a system
is the use of an increased PCR primer to SERS probe ratio thereby improving the
overall assay performance. The results in Figure 3.14C & D showed clear
discrimination between negative and positive samples for both uni- and bi-
molecular SERS probes with no false negative results (0/9) which is a significant
improvement over the herein reported uni- and bi-molecular SERS primer
methods. Reproducibility and discrimination between positive and negative
samples are improved which are important parameters for the SERS assay to find

practical use.

Additionally, the use of uni-molecular SERS primers and probes only had a
performance advantage in direct detection assays such as our synthetic model
system. When uni- and bi-molecular SERS primers and probes were coupled with
the PCR no clear differences between uni- and bi-molecular approaches were
obtained, which significantly reduced the cost of the SERS primers and probes
and the overall SERS assay system without compromising the sensitivity or

specificity.
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3.4 Conclusions

Important factors for the performance of the positive SERS primer assays were
investigated utilizing a synthetic model. The demonstration and evaluation of
four separation free SERS assays for the specific detection of pathogen DNA has
been carried out. These assays prove that SERS is a reliable and competitive
technique to fluorescence for direct target DNA detection with or without the
use of PCR. Within the synthetic model assays silver citrate and silver EDTA
nanoparticles provided the best discrimination between single and double
stranded DNA. The wuse of partly self-complementary uni-molecular
oligonucleotide sequences for the SERS primer significantly increased the
contrast between positive and negative samples. The results have shown that a
SERS primer or probe to target ratio of 0.5 could be detected and when
increasing the target to probe ratio significantly higher SERS signals were
obtained for all SERS probe models. By increasing the concentration of
nanoparticles the assay was fully quantitative up to a DNA concentration of 50
nM. Finally SERS primer overhangs had no significant effect on the performance
of the synthetic SERS primer assay. For the detection of PCR products it was best
to use the new internal SERS probe digestion assay because with this assay no
false negative results were obtained. A significant cost reduction was achieved
when using bi-molecular SERS primers and probes coupled to the PCR without

any compromises towards sensitivity or selectivity.

Uni-molecular and bi-molecular SERS primers have been used in SERS primer
extension and digestion assays. In the following chapter the possibilities of SERS

primers in a multiplex reaction will be investigated.
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4 SERS PRIMERS AND

MULTIPLEX PATHOGEN
DETECTION

4.1 Introduction

When SERS primers were used in combination with PCR there was a slight
preference for the SERS primer digestion assay and no significant differences
between uni-molecular and bi-molecular SERS primers. However multiplex
reactions bring a whole new dimension to the assays. Parameters to be
considered include specificity of the primers, cross reactions between the SERS
primers, and available nanoparticle surface area since more DNA is present in the

reactions.

Uni-molecular SERS primers will be designed for both type of assay formats. The
decision to use uni-molecular SERS primers was based on the fact that these
SERS primers performed with lower detection limits in the synthetic model
systems, and a lower number (-1) of individual oligonucleotide sequences was

required when compared to a bi-molecular system.

The SERS primer assays are carried out over a temperature range between 95 °C
and 20 °C. Therefore the interactions between the oligonucleotides had to be

calculated over this temperature range and carefully addressed.

DNA thermodynamics and kinetics are important parameters to be considered
for PCR and other DNA hybridisation based assay designs such as the SERS primer

assays. Extensive studies on kinetic and thermodynamic properties'®> 117 130. 131
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. . . . . 104, 116, 12
have generated strong predictive models for oligonucleotide reactions.'® 16 12>

132

Using fluorescence detection, the multiplexing capabilities in solution are limited
by the broad absorption and emission bands of the fluorophores used for the
fluorescence detection, and multiple filter sets and / or multiple excitation
wavelengths are needed to differentiate fluorescent labels from each other.’*?
An alternative technique is surface enhanced Raman scattering (SERS) which
produces molecule specific vibrational spectra, and when a Raman reporter is in
close proximity to a rough metal surface the technique becomes ultra-sensitive.
The advantage of SERS is that it can identify multiple different analytes present in
a sample without the need for multiple filter sets or multiple excitation
wavelengths. Several groups have reported the multiplexed SERS detection of
labelled synthetic oligonucleotides but less work has been reported on SERS

based assays.”>>*

Examples of solution based multiplex SERS assays are the
molecular sentinels by Vo-Dinh et al.”” and by MacAskill et al. the ssDNA / dsDNA

1
assay.’

In order to perform multiplexed DNA detection using SERS primers a dye
selection was made, followed by oligonucleotide design, and oligonucleotide
cross reaction evaluation to investigate the possibilities of the use of SERS

primers in multiplex reactions.
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4.2 Experimental
Experimental details for Chapter 4 are provided in the sections below. DNA
oligonucleotide design, dye selection, and finally oligonucleotide cross reaction

analysis.

4.2.1 DNA oligonucleotide design

The mecA gene was previously used for identification of methicillin resistance.?®
The whole genome sequence of epidemic methicillin resistant Staphylococcus
aureus (EMRSA) (NCTC 13142) was obtained from the National Centre of

Biotechnology Information (NCBI) website.'**

The oligonucleotide sequence
design was carried out using the Primer3Plus online server.'®® Parameters within
this software were set to 50 mM monovalent salt, 1.5 mM divalent salt, and 250
nM of DNA. For the table of thermodynamic parameters the setting “Santalucia
1998” was used.'® For salt correction the formula set by “Owczarzy et al. 2004”
was used.’® Internal folding of the sequence region selected by Primer3Plus was
analyzed using the DINAMelt webserver'® and the oligoanalyzer webserver from

Integrated DNA Technologies (IDT).**®

Parameters were set to 58°C, 50 mM
monovalent salt, 1.5 mM divalent salt, and 250 nM of DNA. Basic Local Alignment

(BLAST) was carried out using the BLAST tools from the NCBI website.'?®

4.2.2 Dye selection
SERS spectra of fluorescent dyes were obtained from Renishaw Diagnostics Ltd.
SERS spectra were plotted in one graph and a dye selection of three that could

be resolved by eye was made.

4.2.3 Cross reaction analysis
Cross reaction analysis between the designed oligonucleotide sequences was
carried out using the DINAMelt webserver'®, and the oligoanalyzer webserver

from Integrated DNA Technologies (IDT).**®

Hybridisation between two different strands was modelled using the function

“hybridisation between two different strands” on the DINAMelt webserver,
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setting applied were 250 nM DNA 50 mM monovalent salts, and 1 mM divalent

salt. 1%

Utilizing this server the hybridisation between two DNA strands A & B,
folding of A and B, and homodimer formation between A & A as well as B & B are

considered.

Hairpin folding of an oligonucleotide strands was modelled using the
oligoanalyzer from IDT and the hairpin function using the same conditions
settings as mentioned above. This function models the formation of a hairpin

loop within one strand of DNA for example hairpin folding of strand A. **

Hybridisation between two strands A & B was modelled using the function “Two
state melt (hybridisation)” on the DINAMelt webserver using the same setting as
mentioned above and energy rules for 25°C. Using this setting hybridisation

between strand A & B is considered including possible mismatches.
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4.3 Results and discussion

The first step towards SERS primer multiplexing was the selection of SERS active
dyes that could be resolved by eye. The next step was assay design consisting of
SERS primers and normal PCR primers, following by cross reaction analysis of the

designed oligonucleotides to explore the possibilities.

4.3.1 Dye selection
Dyes were selected by the following criteria: background fluorescence position
and resolvable SERS spectra by eye. The result of the dye selection is shown in

Figure 4.1.
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Figure 4.1 SERS spectra of dyes selected for multiplex detection experiments. Green line the SERS
spectrum of FAM and the peak at 644 cm™ used for resolving the presence of FAM, Red line the SERS
spectrum of Cy3 and peaks at 1389 cm™ can be used for identification of Cy3, Dark red line SERS spectrum

of an oligonucleotide labelled with TEX, the 1506 cm can be used for identification of the TEX dye.
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These dyes emit fluorescence varied over the collection range i.e. FAM emission
maximum at 520 nm, Cy3 emission maximum at 564 nm, TEX emission maximum
at 613 nm to prevent saturation of the detector at a single position. These dyes
can be resolved by eye using the 644 cm™ Raman shift for the FAM dye, the 1389
or the 1466 cm™ peak for Cy3, and the 1506 cm™ peak for the TEX dye.

4.3.2 Assay design

Assay designs were carried out as described in previous experimental sections
2.2.1, 3.2.2, and 4.2.1 and the femA-SE and femA-SA and the mecA genes of
Staphylococcus epidermidis and Staphylococcus aureus were used as model

systems for specific DNA gene detection.”?

The MecA gene of Staphylococcus aureus was chosen as a third model system for
the multiplex work. The sequence of the MecA gene gene (gene bank accession

number X52593)** 1** was obtained from the National Center for Biotechnology

100

Information (NCBI).*® Primer3 online software was used to generate primers.'**

103,113 The primers and amplicon region were selected by the Primer 3 software
allowing analysis for internal folding, and for hetro- and homo-dimer formation
at 58°C using online software mFold, UNAFold and DINAmelt available from the

102, 104, 114, 115

Rensselaer Polytechnic Institute. Finally the specificity of the primers

was checked against other bacteria using NCBI BLAST.*®

The designed primer sequences are shown in Table 4.1. These sequences are
specific to the MecA gene and are designed to generate a minimal amount of
internal foldings. The T,, values are an indication of the temperature of which

half the oligonucleotide strands in a sample are bound to their complements.

Table 4.1 Overview of oligonucleotide sequences selected.

Name Sequence 5’ — 3’
MecA Forward primer CATTGATCGCAACGTTCAATTT
MecA Reverse primer TGGTCTTTCTGCATTCCTGGA
MecA Internal probe TGGAAGTTAGATTGGGATCATAGCGTCAT
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The region of genomic DNA selected by the Primer3 software was checked for
internal sequence folding at 58 °C containing 50 mM monovalent salt and 1 mM
divalent salt and sequence type linear using the DINAMelt Two state folding

online software.'®

The positions of the primers within the mecA gene are indicated in yellow, whilst
the regions most likely to fold are shown in red in Figure 4.2. The red areas were

to be avoided as primer binding regions.

ATGAAAAAGATAAAAATTGTTCCACTTATTTTAATAGTTGTAGTTGTCGGGTTTGGTATATATTTTTATGCTTCAAAAGATA
AAGAAATTAATAATACTATTGATGCAATTGAAGATAAAAATTTCAAACAAGTTTATAAAGATAGCAGTTATATTTCTAAAAG
CGATAATGGTGAAGTAGAAATGACTGAACGTCCGATAAAAATATATAATAGTTTAGGCGTTAAAGATATAAACATTCAGGAT
CGTAAAATAAAAAAAGTATCTAAAAATAAAAAACGAGTAGATGCTCAATATAAAATTAAAACAAACTACGGTAACATTGATC
GCAACGTTCAATTTAATTTTGTTAAAGAAGATGGTATGTGGAAGTTAGATTGGGATCATAGCGTCATTATTCCAGGAATGCA
GAAAGACCAAAGCATACATATTGAAAATTTAAAATCAGAACGTGGTAAAATTTTAGACCGAAACAATGTGGAATTGGCCAAT
ACAGGAACACATATGAGATTAGGCATCGTTCCAAAGAATGTATCTAAAAAAGATTATAAAGCAATCGCTAAAGAACTAAGTA
TTTCTGAAGACTATATCAACAACAAATGGATCAAAATTGGGTACAAGATGATACCTTCGTTCCACTTTAAAACCGTTAAAAA
AATGGATGAATATTTAAGTGATTTCGCAAAAAAATTTCATCTTACAACTAATGAAACAGAAAGTCGTAACTATCCTCTAGAA
AAAGCGACTTCACATCTATTAGGTTATGTTGGTCCCATTAACTCTGAAGAATTAAAACAAAAAGAATATAAAGGCTATAAAG
ATGATGCAGTTATTGGTAAAAAGGGACTCGAAAAACTTTACGATAAAAAGCTCCAACATGAAGATGGCTATCGTGTCACAAT
CGTTGACGATAATAGCAATACAATCGCACATACATTAATAGAGAAAAAGAAAAAAGATGGCAAAGATATTCAACTAACTATT
GATGCTAAAGTTCAAAAGAGTATTTATAACAACATGAAAAATGATTATGGCTCAGGTACTGCTATCCACCCTCAAACAGGTG
AATTATTAGCACTTGTAAGCACACCTTCATATGACGTCTATCCATTTATGTATGGCATGAGTAACGAAGAATATAATAAATT
AACCGAAGATAAAAAAGAACCTCTGCTCAACAAGTTCCAGATTACAACTTCACCAGGTTCAACTCAAAAAATATTAACAGCA
ATGATTGGGTTAAATAACAAAACATTAGACGATAAAACAAGTTATAAAATCGATGGTAAAGGTTGGCAAAAAGATAAATCTT
GGGGTGGTTACAACGTTACAAGATATGAAGTGGTAAATGGTAATATCGACTTAAAACAAGCAATAGAATCATCAGATAACAT
TTTCTTTGCTAGAGTAGCACTCGAATTAGGCAGTAAGAAATTTGAAAAAGGCATGAAAAAACTAGGTGTTGGTGAAGATATA
CCAAGTGATTATCCATTTTATAATGCTCAAATTTCAAACAAAAATTTAGATAATGAAATATTATTAGCTGATTCAGGTTACG
GACAAGGTGAAATACTGATTAACCCAGTACAGATCCTTTCAATCTATAGCGCATTAGAAAATAATGGCAATATTAACGCACC
TCACTTATTAAAAGACACGAAAAACAAAGTTTGGAAGAAAAATATTATTTCCAAAGAAAATATCAATCTATTAAATGATGGT
ATGCAACAAGTCGTAAATAAAACACATAAAGAAGATATTTATAGATCTTATGCAAACTTAATTGGCAAATCCGGTACTGCAG
AACTCAAAATGAAACAAGGAGAAAGTGGCAGACAAATTGGGTGGTTTATATCATATGATAAAGATAATCCAAACATGATGAT
GGCTATTAATGTTAAAGATGTACAAGATAAAGGAATGGCTAGCTACAATGCCAAAATCTCAGGTAAAGTGTATGATGAGCTA
TATGAGAACGGTAATAAAAAATACGATATAGATGAATAA

Figure 4.2 The base numbers 390 till 664 of the mecA gene. In red is shown the region with an increased

risk of internal folding of the template DNA. In yellow the positions of the selected primers.

Oligonucleotide designs were carried out for both the SERS primer extension
assay and the SERS primer digestion assay. Because there was only a slight
difference in performance between the two assays and the SERS primer

extension assay requires less oligonucleotide sequences (3 vs 4 per target).
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The results of the SERS primer digestion assay design which requires a forward
and reverse amplification primer and internal SERS primer are shown in Table
4.2.

Table 4.2 Overview of the selected oligonucleotide sequences for the femA-SE, MecA, and the femA-SA

gene. Red bases represent mismatched bases. HEG represents an internal hexaethylene spacer molecule.

Dye molecules are shown in either; green FAM, yellow Cy3, and dark red for TEX.

Name Sequence 5’ — 3’ Tm (IDT 50mM Hairpin structure T,(°C) and
mono 1mM number of different
divalent salt) structures
femA-SE
Forward CAACTCGATGCAAATCAGCAA 60.5
Reverse GAACCGCATAGCTCCCTGC 63.5
Probe TACTACGCTGGTGGAACTTCAAATCGTTATCG 68.0
SERS primer TACTACGCTGGTGGAACTTCAAATCGTTATCG-HEG- 68.0 58 -46.5, three structures

ATAAGGATTCGAAGTTCGACCAFAM

MecA
Forward CATTGATCGCAACGTTCAATTT 59.6
Reverse TGGTCTTTCTGCATTCCTGGA 62.4
Probe TGGAAGTTAGATTGGGATCATAGCGTCAT 66.2
SERS primer TGGAAGTTAGATTGGGATCATAGCGTCAT-HEG- 66.2 56.7 one structure
ATGACACTAGGATCACAATGTAAC
femA-SA
Forward AACAGCTAAAGAGTTTGGTGCCTTT 64.3
Reverse AGTAAGTAAGCAAGCTGCAATGACC 64.1
Probe GCATGCCATACAGTCATTTCACGCA 66.5
SERS primer GCATGCCATACAGTCATTTCACGCA-HEG-TACTTGAAATGTCTGTATGTEX 66.5 58-46-45.4, multiple

structures

Parallel to the SERS primer digestion assay design designs for the SERS primer
extension assay were carried out. To make SERS primer design easier cytosine
bases in the complementary sequence were replaced by thymine bases creating

a ‘wobble’ pair between thymine and guanidine in the hairpin structure.’ 3¢
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These type of base pairs are less favourable than the standard Watson-Crick base
pairs,”>” and using these the hairpin structure could be destabilised without
creating bulge loops. The results of the SERS primer digestion assay which
requires a forward and reverse amplification primer and internal SERS primer are

shown in Table 4.3.

Table 4.3 Overview of the oligonucleotide sequences designed for the different assays. Red bases

represent mismatched bases to reduce hairpin stability. Green bases represent overhang bases.

Name Sequence 5’ — 3’ T (IDT 50mM mono 1mM Hairpin structure T, (°C)
divalent salt) and number of different
structures
femA-SE
Forward CAACTCGATGCAAATCAGCAA 60.5
Reverse GAACCGCATAGCTCCCTGC 63.5
SERS Fw primer GATTTGTATTGATT-HEG-CAACTCGATGCAAATCAG N/A 49.1 one structure
SERS Rv primer GAGTTATGTGGT-HEG-GAACCGCATAGCTCCCTG N/A 55.8 one structure
MecA
Forward CATTGATCGCAACGTTCAATTT 59.6
Reverse TGGTCTTTCTGCATTCCTGGA 62.4
SERS Fw primer GAATGTTGTGATTAA-HEG-CATTGATCGCAACGTTCAATTT N/A 54.2 one structure
SERS Rv primer GAATGTAGGGAGATTA-HEG-TGGTCTTTCTGCATTCCTGGA N/A 47 one structure
femA-SA
Forward AACAGCTAAAGAGTTTGGTGCCTTT 64.3
Reverse AGTAAGTAAGCAAGCTGCAATGACC 64.1
SERS Fw primer CCAAATTTTTTAGTTGTT-HEG-AACAGCTAAAGAGTTTGGTCCCTTT N/A 48.8 one structure
SERS Rv primer CATTGTAGTATGTTT-HEG-AGTAAGTAAGCAAGCTGCAATGACC N/A 46.7 one structure

All designs of the SERS primers form only the preferred hairpin loop which is an
improvement over previous designs carried out for the SERS primer digestion

assay. The preferred SERS primers have a hairpin T,, of 10-15 °C below the T,, of
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the SERS primer priming region. The T,, of the hairpin of the preferred SERS

primers is shown in black in Table 4.3.

4.3.3 Cross reaction analysis

After SERS primer designs the next step was cross reaction analysis between the
SERS primers and other oligonucleotide sequences present in the reaction. The
hybridisation between target and SERS primer needs to be the most preferred
event for successful SERS primers, and the SERS primer is not allowed to bind any
other oligonucleotides present in the assay, otherwise this might result in either
a false positive or a false negative result. A schematic overview of the cross

reactions for the SERS primer assays is shown in Figure 4.3.

(A) SERS primer in uni-molecular double stranded form, (B) SERS primer in bi-
molecular double stranded form, (C) SERS primer bound to its preferred target
DNA, (D) Interaction of two SERS primers via the dye labelled region, this event
might cause poor performance of the SERS primer assay, (E) the dye labelled
region of the SERS primer interacting with the reverse primer present in the
assay. In a single SERS primer reaction this event is not problematic because the
reverse primer is mainly build into the PCR product in case of a positive sample
when the dye labelled region of the SERS primer is single stranded and free in
solution in case of a negative sample, and the SERS primer will be in its closed
format not generating strong SERS signals. However this event might cause poor
performance of the SERS primer multiplex assay because an opened SERS primer
could interact with free reverse primers of a second set present in the multiplex
reaction, (F) the priming region of the SERS primer interacts with another primer
which might cause problems as explained for event (E). Finally event (G)
represents an interaction between the priming regions of two SERS primers and

results in a false positive result.
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Figure 4.3 Schematic representations of SERS primer interaction and the outcome, T, represents an
indication of the melting temperature. (A) SERS primer in uni-molecular double stranded form, (B) SERS
primer in bi-molecular double stranded form, (C) SERS primer bound to its preferred target DNA. (D)
Interaction of two SERS primers via the dye labelled region, this event might result in a false negative
result. (E) The dye labelled region of the SERS primer interacting with the reverse primer present in the
assay. (F) The priming region of the SERS primer interacts with another primer causing a false positive
result. Finally event (G) represents an interaction between the priming regions of two SERS primers which

results in a false positive result.

A full component analysis of the designed oligonucleotides was carried out for
interactions between two oligonucleotide species. Table 4.4 shows the obtained
results for the oligonucleotides designed for the SERS primer digestion assay and
Table 4.5 shows the results for the SERS primer extension assay. A colour code
scheme was made to classify the results and make the results more clear. Red

and orange indicate the strongest interactions, and yellow and green represent

the weaker interactions.
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Table 4.4 Hybridisation T,, absorbance (°C) of two strand hybridisation for the SERS primer digestion
assay, modelled via the DINAMelt server function “hybridisation of two different strands”. Colour codes;
red a T, above the T, of the SERS primer hairpin structure i.e. 45 °C, orange when the T,, was 10 °C below
the T,, of the SERS primer hairpin structure i.e. between 45 and 35 °C, yellow when the T,, was 20 °C

below the T,, of the SERS primer hairpin structure i.e. between 35 and 25 °C, and green when the T, was

below 25 °C.

Hybridisation T, (°C) of two strands No.
femA-SE Primer Forward 1
femA-SE Primer Reverse 2

femA-SE SERS Primer Priming Region 3

femA-SE SERS Primer Self Complement 4
MecA Primer Forward 5

MecA Primer Reverse 6

MecA SERS Primer Priming Region 7

MecA SERS Primer Self Complement 8
femA-SA Primer Forward 9
femA-SA Primer Reverse 10

femA-SA SERS Primer Priming region 11

femA-SA SERS Primer Self Complement | 15 | 347 | 323 | 37 | 325 | 438 | 301 ‘ 33 | 33 | 348 | 34 | 274

Table 4.5 Hybridisation T,, absorbance (°C) of two strand hybridisation for the SERS primer extension
assay, modelled via the DINAMelt server function “hybridisation of two different strands”. Colour codes;
red a T,,, above the T,, of the SERS primer hairpin structure i.e. 45 °C, orange when the T, was 10 °C below
the T,, of the SERS primer hairpin structure i.e. between 45 and 35 °C, yellow when the T,, was 20 °C
below the T,, of the SERS primer hairpin structure i.e. between 35 and 25 °C, and green when the T, was

below 25 °C.

Hybridisation T, (°C) of two strands No.

femA-SE Primer Reverse

femA-SE SERS Primer Forward Self Complement 2

femA-SE SERS Primer Forward Priming Region

MecA Primer Forward

MecA SERS Primer Reverse Self Complement

MecA SERS Primer Reverse Priming Region

femA-SA Primer Forward

femA-SA SERS Primer Reverse Self Complement

femA-SA SERS Primer Reverse Priming Region

According to these results there is a significant amount of interactions between
the oligonucleotides in the mixture. The majority of the calculations was found to
be classified as either orange or even red which means an high chance of either

false positive or false negative results. From Table 4.4 it can clearly be seen that
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when oligonucleotide sequences with numbers 1, 5, and 10 are present in the
reaction mixture, high T,, values were obtained. The same results were obtained
in the SERS primer extension assay for oligonucleotide sequences with numbers

4 and 9 in Table 4.5.

Importantly these calculations model not only interactions between two
oligonucleotide sequences but also folding and dimer formation thereof.
Therefore hairpin folding analysis of the oligonucleotide sequences was carried
out. Results in Table 4.6 show that oligonucleotide sequences with numbers 1, 5,
and 10 possess a T, for hairpin loop formation as indicated in red, again the
same results were obtained for the oligonucleotide sequences numbers 3, 4, and
9 designed for the SERS primer extension assay (Table 4.7).

Table 4.6 Hairpin folding T,, values for the oligonucleotide sequences designed for the SERS primer
digestion assay. Colour codes; red a T, above the T,, of the SERS primer hairpin structure i.e. 45 °C, orange
when the T,, was 10 °C below the T,, of the SERS primer hairpin structure i.e. between 45 and 35 °C,

yellow when the T, was 20 °C below the T, of the SERS primer hairpin structure i.e. between 35 and 25

°C, and green when the T,, was below 25 °C.

Hairpin folding T, (°C) No. 1 2 3
femA-SE Primer Forward 1
femA-SE Primer Reverse 2 38.7 30.9
femA-SE SERS Primer Priming Region 3 347 31.8 32
femA-SE SERS Primer Self Complement 4 39.2 38
MecA Primer Forward 5
MecA Primer Reverse 6
MecA SERS Primer Priming Region 7 37.4
MecA SERS Primer Self Complement 8 27.4
femA-SA Primer Forward 9 332 26.6
femA-SA Primer Reverse 10
femA-SA SERS Primer Priming region 11 26.8
femA-SA SERS Primer Self Complement 12
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Table 4.7 Hairpin folding T, values for the oligonucleotide sequences designed for the SERS primer
extension assay. Colour codes; red a T,, above the T,, of the SERS primer hairpin structure i.e. 45 °C,
orange when the T, was 10 °C below the T,, of the SERS primer hairpin structure i.e. between 45 and 35
°C, yellow when the T, was 20 °C below the T,, of the SERS primer hairpin structure i.e. between 35 and

25 °C, and green when the T,, was below 25 °C.

Hairpin folding T, (°C) No.

femA-SE Primer Reverse 1

femA-SE SERS Primer Forward Self Complement

femA-SE SERS Primer Forward Priming Region

MecA Primer Forward

MecA SERS Primer Reverse Self Complement

MecA SERS Primer Reverse Priming Region

femA-SA Primer Forward 7

femA-SA SERS Primer Reverse Self Complement

femA-SA SERS Primer Reverse Priming Region

These results indicate that the results obtained with the “hybridisation of two
strands” analysis are strongly influenced by the formation of hairpin loops within
the oligonucleotide structure. This does not directly mean that the SERS primer
assays would fail, since hairpin folding of primers is not considered for direct

failure of the SERS primer assays.

When a two-state model was applied only considering the hybridisation event of
oligonucleotide A & B the results shown in Table 4.8 and Table 4.9 were
obtained. From these tables it can clearly be seen that there are no significant
interactions between the different oligonucleotide species present in the mixture
(light and dark green). Formation of homo-dimers was limited and only for the
femA-SE SERS primer self complementary region a higher T, value of 28.5 °C was
found, which should not be problematic because the formation of the hairpin
loop was previously found to be stronger (T, 56-48°C). In the worst case this
result would lead to a false positive result. Other yellow blocks were interactions
found between the SERS primer self-complementary region and its priming

region which was as expected.
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Table 4.8 Two state melt (hybridisation) analysis of the SERS primer digestion assay. Light green was used

for negative T,, values, dark green for T,, values below 25°C and yellow for T,, values between 25 and

35°C.

Two State Melt (Hybridisation) T,,, (°C) No. 1
femA-SE Primer Forward 1 2201
femA-SE Primer Reverse 2 -11.6

femA-SE SERS Primer Priming Region 3 1

femA-SE SERS Primer Self Complement 4 415

MecA Primer Forward 5

MecA Primer Reverse 6 -14.5

MecA SERS Primer Priming Region 7 55
MecA SERS Primer Self Complement 8 412
femA-SA Primer Forward 9 21
femA-SA Primer Reverse 10 41
femA-SA SERS Primer Priming region 11 .17
femA-SA SERS Primer Self Complement 12 343

Table 4.9 Two state melt (hybridisation) analysis of the SERS primer extension assay. Light green was used

for negative T,, values, dark green for T, values below 25°C and yellow for T,, values between 25 and

35°C.

Two State Melt (Hybridisation) T, (°C) No.

femA-SE Primer Reverse 1

femA-SE SERS Primer Forward Self Complement 2

femA-SE SERS Primer Forward Priming Region 3

MecA Primer Forward 4

MecA SERS Primer Reverse Self Complement 5

MecA SERS Primer Reverse Priming Region 6

femA-SA Primer Forward 7

femA-SA SERS Primer Reverse Self Complement 8

femA-SA SERS Primer Reverse Priming Region 9

According to the latest cross reaction analysis results it seems feasible to perform
multiplex detection assays using the SERS primers in both types of assays the

SERS primer digestion and the SERS primer extension.
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4.4 Conclusions

A selection of dyes for multiplex pathogen detection has been made. Assay
designs for the SERS primer digestion, and the SERS primer extension assay were
made successfully, followed by cross reaction analysis of the oligonucleotides

required for the multiplex detection.

With the first model it seemed that there was a very high level off cross reactivity
when the SERS primers were analysed in computational models which combined
with the positive to negative sample discrimination in the PCR reaction of 2:1 are
likely to result in poor performance or in worst case failure of the assay. However
after re-analysis using separate models the cross reactivity could be addressed

and assigned as not problematic.

After more detailed analysis the results indicate that it is feasible to perform a
multiplex detection using both types of assays. However it was decided to
postpone the final multiplex detection part of the project and investigate assay

systems that requires less complex designs.
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5 POSITIVELY  CHARGED

NANOPARTICLES  FOR
DNA DETECTION BY
SERS

5.1 Introduction
For the analysis of DNA by SERS, negatively charged silver nanoparticles have

mainly been used in aqueous solution.®* **

In the method developed by Bell et
al. DNA strands were adsorbed onto metal surfaces with direct interaction of
nucleotide chains with the metal surface and the addition of magnesium
sulphate facilitated aggregation of the nanoparticle to improve the SERS

detection.®®

To improve sensing performance Graham et al. added small
molecules with positively charged functional groups as aggregating agents and to
overcome the electrostatic repulsion between the negatively charged DNA
phosphate groups and the metal surface and further enhancing the SERS

detection. 3% 140

Amongst reported aggregating agents, the polyamine spermine offered high
SERS sensitivity when used in combination with negatively charged particles
acting as a sandwich molecule bringing dye-labelled DNA molecules close to the
particle surface and further aggregating the nanoparticles.*** However, spermine
itself can interact with free DNA in solution inducing its agglomeration.** On one

hand this detection approach offered high sensitivity, however the bi-functional
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nature of spermine in this system might lead to over aggregation compromising
the stability of the system rendering stable SERS more difficult over time. As

3

such, controlling the aggregation of the nanoparticles’®® and the interparticle

distance have become important considerations for SERS analysis."**

A more simplified alternative approach for detection of DNA is to use positively
charged nanoparticles ensuring electrostatic attraction between the analyte and
the enhancing substrate. Several different types of nanoparticles with a positive
surface charge have been reported. Gill et al. recently employed
hexadecyltrimethylammonium bromide (CTAB) capped silver nanoparticles in
SERS-based detection of dye-labelled DNA.** Although this method brings
effective adsorption of the negatively charged analytes, the CTAB double layer
surrounding the nanoparticles hampers, on the one hand, the SERS sensitivity
due to its intrinsic shell thickness and, on the other hand, limits the nanoparticle
stability to the presence of a significant concentration of unbound surfactant in
solution. As an alternative, positively charged polymers such as poly-L-Lysine
(PLL) and polyethyleneimine (PEI) have been employed in the preparation of gold

and silver nanoparticles.*****®

Although polymer coated particles may improve
overall stability of the particle ligand shell, large interparticle gaps are formed
during the formation of particle clusters substantially limiting the SERS sensing
performance. Polymer coated particles can also present high background signals

which compromises both the multiplexing potential of SERS and decreases the

distinction of the analyte signals from the particle background.

In chapters two and three it has been shown that negatively charged silver
nanoparticles (EDTA and citrate) in combination with SERS detection could be
used for discrimination between ds and ssDNA with an increased SERS response.
In order to generate a signal upon the presence of a DNA target molecule a
double stranded SERS probe was used. In this system the target DNA sequence

was in competition with the labelled part of the SERS probe. A more intense SERS
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response was generated when more DNA target molecules compared to SERS

primer molecules were present.

In this chapter the possibilities of using positively charged silver nanoparticles in
order to invert the signalling system and use a single stranded SERS probe that
only has to bind to the target sequence to become double stranded and thereby
generate an increased SERS response will be explored. Figure 5.1 demonstrates a
schematic representation of cationic polymer (sticks) coated nanoparticles (grey

spheres) interacting with ssDNA labelled with a dye (green) molecule.

Figure 5.1 A schematic representation of cationic polymer (sticks) coated nanoparticles (grey spheres)
interacting with ssDNA labelled with a dye (green) molecule.

The cationic polymer on the nanoparticle interacts with the DNA, bringing the
DNA close to the nanoparticle surface and aggregation of the nanoparticles
occurs. In this chapter multiple cationic nanoparticles will be tested in order to
develop a simplified and more sensitive pathogen detection system without the
use of a competitive DNA molecule (SERS primer and its self complementary

region).
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5.2 Experimental

5.2.1 Materials

All materials were obtained from Sigma Aldrich unless stated otherwise.

5.2.2 Buffers
Phosphate buffered saline (PBS) was obtained from Oxoid Limited (Basingstoke,
Hampshire, England). One tablet was dissolved in 100 mL Milli Q water, and the

solution was sterilised in an autoclave for 15 min at 121°C.

5.2.3 Oligonucleotide sequences
Oligonucleotide sequences were HPLC purified and obtained from ATD Bio
(Southampton) and dissolved in DEPC treated water (Bioline). An overview is

provided in Table 5.1.

Table 5.1 An overview of oligonucleotide sequences used. (T* is 5-propargylamine-2'-deoxyuridine).

No. 5'>3’ 5’ label
1 TGCTTGAAATGTCTGTATGGGATGC FAM
2 GCATCCCATACAGACATTTCAAGCA
3 T*CT*CT*CT*CT*CT*CGCGTCATCGTATACACAGGAGCAG Cy5

5.2.4 Glassware preparation for positively charged nanoparticles
preparation and storage

To prevent attachment of positively charged nanoparticles to glass surfaces, vials

used for particle preparation and storage were coated with polyethyleneimine

(PEI).** Briefly, prior to use all glassware was cleaned with chromic acid

overnight and extensively rinsed with milli-Q water and dried in N, flow. The

glassware was then filled with 0.2% w/w PEl aqueous solution and incubated for

2h. Vials were then rinsed once with milli-Q water and dried with N, flow.

5.2.5 Preparation of positively charged Silver nanoparticles
To 10 mL aqueous AgNOs3 (1 mM) 0.1 M spermine hydrochloride was added (5
pL) and the mixture was degassed for 30 min under N, flow, protected from light.

Subsequently, under vigorous stirring, 25 pL of aqueous NaBH4 (0.1 M) was
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quickly added to the solution and stirred for 20 min. Particle formation was
immediately observed as the colour of the dispersion turned bright yellow.
Formation of the particles was verified by UV-visible spectroscopy observing a

typical plasmon resonance peak in the 390-400 nm wavelength range.

Following this preparation method, silver nanoparticles (AgNPs) stabilised with

branched PEI (bPEl), spermidine, and ethylenedioxydiethylamine were prepared.

5.2.6 Poly-L-Lysine Stabilised AgNPs

Au-Ag core/shell nanoparticles of 45 nm diameter were prepared following the
two-step particle seeded growth method.’ Briefly, 40 umoles of AgNO; were
added to 125 mL of milli-Q water and heated to boiling, protected from light.
Subsequently, 5 mL of gold nanoparticles (14 nm gold seeds) were added,
followed by addition of 1% w/w aqueous trisodium citrate (22 pmol). The
mixture was refluxed for 30 min under vigorous stirring. Subsequently, to further
stabilize the particles, 5 mL of 1% w/w aqueous trisodium citrate was added and
further refluxed for 1h. The particles were filtered through a 0.45 um Millipore®
filter and further centrifuged (500-g, 10 min) to remove any large aggregates

before further functionalization with thioctic acid.

Citrate stabilised Au-Ag nanoparticles were further functionalized with thioctic
acid in a ligand exchange reaction. Typically, to 10 mL nanoparticle dispersion,
methanolic solution of thioctic acid (2.5 pL, 40 mM) was added and left stirring
for 3 h protected from light. The excess ligand was removed by centrifugation

(1073-g, 15 min) and re dispersion in milli-Q water.

The attachment of poly-L-lysine (PLL) was achieved by EDC/sulfo-NHS coupling
reaction. Briefly, 600 pL of the nanoparticle dispersion was diluted in 10 mL of
milli-Q water and 1.5 pL of an aqueous (N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride) (EDC) 200 mM solution was added along with
50 mM aqueous N-hydroxysulfosuccinimide (sulfo-NHS) in 1:1 molar ratio and

left for 30 min protected from light in order to activate the COOH functionality.
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Subsequently the sample was divided into smaller aliquots and to each aliquot
containing 0.8 mL of activated COOH 0.05% w/w ageous solution of PLL was
added (200 pL) and left overnight. Particles were then purified by centrifugation

(2415-g, 20 min) and redispersed in milli-Q water.

5.2.7 Cetyltrimethylammonium bromide stabilised AgNPs
Cetyltrimethylammonium bromide (CTAB) stabilised silver nanoparticles (Ag-

CTAB) were prepared according to literature reference.’

Briefly, two solutions
were prepared: A) 20 mL of an aqueous solution containing 2 mM AgNQOs, 0.4 M
NH4OH, 0.5 mM CTAB and B) 20 mL of an aqueous solution containing 8 mM
NaBH; and 0.5 mM CTAB. The solutions A and B were then cooled for 10 min in
an ice bath. Subsequently under vigorous stirring solution B was added dropwise
to solution A in an ice bath. After 2 min the solution turned yellow indicating the
formation of the Ag-CTAB nanoparticles and left stirring for further 3h protected
from light. Subsequently the particle dispersion was brought to boil rapidly,

refluxed for 10 min and then cooled to room temperature.

5.2.8 Silver citrate nanoparticles

All glassware was cleaned with aqua regia and thoroughly rinsed with distilled
water. Ag-citrate nanoparticles were prepared according to the Lee & Meisel
procedure.’”® A clean three necked round bottom flask was filled with 500 mL of
Milli Q water. The solution was heated to 45 °C with a Bunsen burner under
continuous stirring with a glass stirrer. Then silver nitrate (90 mg dissolved in 10
mL of Milli Q water) was added. The solution was heater further to 98 °C. Tri-
sodium citrate (100 mg in 10 mL Milli Q waer) was added and the solution was

kept at 98 °C for 90 min and afterwards allowed to cool to room temperature.
5.2.9 Characterisation of Ag-nanoparticles

5.2.9.1 Dynamic light scattering
The hydrodynamic radius of the nanoparticles were measured by DLS on a

Malvern HPPS particle sizer. Fifteen replicate measurements were taken from
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each sample and the average value reported. A standard sample consisting of
commercially available Nanosphere™ Size Standards (Thermo Scientific Fremont
CA.) 40 nm polymer microspheres in water were used as a standard before each

set of measurements.

5.2.9.2 Scanning electron microscopy

For the particle sample depositions silicon wafers (Agar Scientific) were cleaned
with methanol and oxygen plasma (Diener electronic femto oxygen plasma
cleaner, 72 cm®/min gas flow) to produce a negatively charged surface for better
adhesion of the cationic particles. Imaging was carried out on a Sirion 200
Schottky field-emission electron microscope (FEI) operating at an accelerating

voltage of 5 kV. Image analysis was carried out using Image J, v1.43u.

5.2.9.3 UV-Visible spectroscopy

UV-Vis spectroscopy was carried out on a Varian Cary 300 BIO
spectrophotometer using 1 cm path quartz cells. Nanoparticle concentrations
were calculated by Beers law using the extinction coefficient for silver
nanoparticles (diameter of 30 nm) of 1.85:10°° M cm™, derived from

literature. '

5.2.9.4 ({-potential

The T (Zeta) potential measurements were carried out using a Malvern 2000
Zetasizer, using the default method protocol and a minimum sample volume of 3
mL. Before each measurement a standard solution of -63.0 + 6.8 mV was

measured.

5.2.10 Surface enhanced Raman scattering

Samples were prepared with 90 plL of the nanoparticles and 10 pL of the DNA
solution in water, these samples were prepared in triplicate in PMMA micro-
cuvettes and analysed using an Avalon probe system Ramanstation R3 optical
fibre with a 532 nm diode laser excitation with approximately 24 mW laser

power at the sample. Typical integration times were 1 second and 3
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accumulations. Data analysis was carried out using the xanthene ring C-C

110, 111
h

stretc of the fluorescent dye 5-carboxyfluorescein (5-FAM) at 1632 cm™ in

the spectrum.

5.2.11 Preparation of double stranded DNA

Double stranded DNA was made by adding 5 pL of FAM labelled DNA (400 nM) to
5 uL of its complementary DNA (400 nM) in 10 uL PBS (140 mM sodium chloride,
5.11 mM potassium, 8.1 mM Na;HPO4,and 1.47 mM KH,PO,4 pH 7.4) and in case
of single stranded DNA 5 pL water was used. These samples were hybridised in a
thermo-cycler (Agilent Stratagene MX3005P) by 95°C for 5 min and cooling to
room temperature by 2 degrees per second. Afterwards these samples were
transferred to PMMA microcuvettes and 180 pL of Ag-spermine nanoparticles

was added followed by SERS analysis.

5.2.12 Laser intensity measurements
The laser intensity measurements were carried out using a Thorlabs PM100D
laser intensity meter equipped with a Thorlabs S130C sensor. The laser intensity

at the sample was ~ 24 mW.
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5.3 Results and discussion

Firstly, silver nanoparticles reported in literature as well as novel positively
charged silver nanoparticles were prepared. This was followed by
characterisation of the nanoparticles. Then detection of DNA was carried out to
investigate the SERS performance of the different types of nanoparticles, and
finally detection of ds and ssDNA detection to determine the discrimination
between double and single stranded DNA with the optimised Ag-positive

particles.

5.3.1 Nanoparticles synthesis

Preparation of stable positively charged silver nanoparticles using cationic ligands
as the stabilising molecules, which prevents interparticle aggregation via
electrostatic repulsion producing a stable colloid in aqueous solution was carried
out. This allows the creation of a ligand shell with an overall positive surface
charge. The following nanoparticles were prepared according to the different
procedures reported in the experimental section; Ag-CTAB, Ag-bPEI, Ag-PLL, Ag-

spermine, Ag-spermidine, and Ag-ethylenedioxydiethylamine.

These particles bring several advantages. Firstly, by anchoring cationic ligands
onto the particle surface, the negatively charged analyte adsorbs onto the
nanoparticle surface via controlled electrostatic interaction through charged
secondary amine moieties readily available on the particle surface with either the

152, 153 Secondly, the addition of

phosphate backbone and/or DNA bases.
aggregation agents is no longer needed in order to obtain SERS signals. The DNA
induces nanoparticle aggregation allowing straightforward DNA detection by
SERS. In this way reducing the number of variables and aggregation dynamics are
more controlled, rendering these particles very attractive for quantitative DNA
analysis by SERS. Thirdly, as DNA sequences are positioned in the interparticle

hot spots and close to the nanoparticle surface, high SERS sensing performance,

in terms of sensitivity, is efficiently provided.
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5.3.2 Silver nanoparticle characterisation

Characterisation of the different types of silver nanoparticles was carried out by
dynamic light scattering (DLS) for determination of the hydrodynamic radius of
the nanoparticles, scanning electron microscopy (SEM) to determine the average
nanoparticle core size, UV-Vis spectroscopy to determine the concentration of
the nanoparticles, and { potential measurements to determine the nanoparticle
surface charge. Finally the SERS background of the nanoparticles was

investigated.

5.3.2.1 Determination of the hydrodynamic radius of the nanoparticles

The hydrodynamic radius of the nanoparticles was obtained with dynamic light
scattering (DLS) measurements. In Table 5.2 positively charged silver
nanoparticles found in the literature, as well as novel silver nanoparticles
stabilised with similar length ligands; spermine, spermidine,
ethylenedioxydiethylamine. All hydrodynamic diameters were between 45 and

77 nm.

Table 5.2 Hydrodynamic radius of the silver nanoparticles used.

Mean Count Rate kcps'1 Peak d.nm™

Ag-citrate 231.1 63
Ag-bPEI 440.7 75.7
Ag-CTAB 153 76.3
Ag-PLL 368 54.5
Ag-ethylenedioxydiethylamine 338.5 45.1
Ag-spermidine 386.3 47.4
Ag-spermine 209.7 55.4

5.3.2.2 Scanning electron microscopy
Figure 5.2 shows SEM images of positively charged silver nanoparticles (Ag-
spermine and Ag-bPEl). According to the SEM images these nanoparticles

possess the same spherical morphology.
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Figure 5.2 SEM image of Spermine coated silver nanoparticles (top), and bPEI coated nanoparticles

(bottom).
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Silver nanoparticles with a diameter of 26.8 + 6.0 nm (n=225) were prepared via
a sodium borohydride reduction in aqueous solution using spermine

hydrochloride as a stabilising ligand molecule (Figure 5.3).
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Figure 5.3 Ag-spermine nanoparticle distribution determined by SEM (N=225). The average size was 26.8 +
6 nm (1 standard deviation).

The nanoparticle diameter determined by SEM was approximately half the size of
the hydrodynamic diameter determined by DLS measurements. Differences in
size between SEM and DLS measurements can be explained, SEM measures the
size of the metal core, and with DLS the hydrodynamic radius including the ligand
shell is measured, and larger particles have a greater scattering contribution

compared to smaller particles in the DLS measurement.

5.3.2.3 UV-Visible

UV-Vis spectra obtained from silver nanoparticles are presented in Figure 5.4.
The Anax values for all nanoparticles were very similar and between 394 and 405
nm, except for Ag-PLL which had a Anax of 420 nm which indicates most

nanoparticles were similar in size of about 30 nm.
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Figure 5.4 UV-Vis traces of silver nanoparticles coated with different ligands (left). The obtained A max
value for Ag-spermine was 395 nm, for Ag-PLL A max was 420 nm, for Ag-CTAB A max was 397 nm, for Ag-
Citrate A max was 405 nm, and for Ag-bPElI A max was 394 nm. UV-Vis spectra obtained from the similar
length ligand silver nanoparticles are presented (right). Samples were ten times diluted in water prior to
analysis. The observed A max value for Ag-Ethylenedioxydiethylamine was 395 nm, for Ag-Spermidine A

max was 397 nm, for Ag-spermine A max was 395 nm.

Finally each of the different types of nanoparticles were brought to similar
concentrations by adjusting the optical density (OD), nanoparticles had similar
sizes (ESI), providing nanoparticle concentrations of ~190 pM. However, we are
comparing different systems where the nanoparticle sizes are different (25-45
nm) as well as several other variables that cannot be carefully controlled (surface
chemistry, aggregation dynamics, interparticle distances at the generated hot-
spots). Therefore it was decided to carry out the experiment using a fixed
excitation wavelength and nanoparticle concentration. Since Ag-spermine
belongs to the group of the smallest nanoparticles (Figure 5.4) of the
nanoparticles investigated, by fixing the nanoparticle concentration we chose a
rather conservative approach to evaluate their sensing ability as compared to
bigger nanoparticles (i.e. the metal surface available in the Ag-spermine samples
is lower than that for bigger particles). These ligands vary with respect to their
internal chemistry and overall charge, however the Ay of the functionalised
nanoparticles determined by UV-Vis and the size of these nanoparticles as

determined by DLS was found to be very similar.
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5.3.2.4 {-potential
The surface charge of the nanoparticles was determined with T potential

measurements, the obtained results are shown in .

Table 5.3.

Table 5.3 { potential measurements

Nanoparticles Zeta (mV) Error
Ag-Citrate -37.7 +2.0
Ag-bPEI +42.0 +7.04
Ag-CTAB +18.0 +1.9
Ag-PLL +37.0 +0.8
Ag-ethylenedioxydiethylamine +42.4 +11.4
Ag-spermidine +44.2 +13.3
Ag-spermine +46.7 +7.97

All particles prepared had a surface charge of at least + 35 mV which means the
colloidal solution is stable, an exception were the Ag-CTAB nanoparticles that
had a surface charge of + 18 mV which means these particles were less stable.
The negatively charged Ag-Citrate nanoparticles had a surface charge of — 35 mV

which also means these particles were a stable colloid.

5.3.2.5 Polymer coating leakage test by SERS
Importantly, nanoparticle synthesis was performed in glass vials that were pre-
coated with a positively charged polymer (bPEI) to prevent binding of the

positive nanoparticles to the normally negatively charged glass walls.

A leakage test was carried out to determine the carryover of PEI coating polymer
to the nanoparticles synthesised in the glass by SERS. Glass vials coated with bPEI
were tested for leakage by analysing the washing and comparing it to a reference

sample containing bPEI. Significant SERS signals were obtained from the
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reference bPEl sample and no bPEl peaks were obtained from the washing

sample (Figure 5.5) indicating stable coating of the glass vials.
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Figure 5.5 Investigation of bPEI leakage from the vial by SERS. A 532 nm laser excitation of approximately

24 mW at the sample was used (three accumulations of 1 second).

5.3.2.6 Nanoparticle SERS background

The background SERS signal of the positively charged silver nanoparticles was
determined. These results show that there was little background for most types
of nanoparticles, except for Ag-bPEl which possessed a strong background signal
between Raman shift 800 and 1700 cm™ of approximately 2000 counts (Figure
5.6), rendering sensitive detection of multiple analytes simultaneously more

difficult.
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Figure 5.6 SERS background of the different types of positively charged silver nanoparticles. SERS
measurements were three accumulations for 10 s using a 532 nm laser excitation of approximately 24 mW
at the sample. The spermine coated nanoparticles showed as little background as the poly-L-lysine

stabilised nanoparticles, the bPEI stabilised nanoparticles showed higher background possibly due to

partial aggregation.

A SERS spectrum was taken of aggregated and un-aggregated Ag-spermine
particles to obtain the background signal of Ag-spermine nanoparticles (Figure
5.7). There was little background for Ag-spermine nanoparticles when compared
to the PMMA cuvette and water control sample, however upon aggregation with
PBS a strong bump appeared within the Raman shift region of 1000 - 1800 cm™

with a peak height of approximately 1000 counts.
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Figure 5.7 Investigation of background signal from Ag-spermine nanoparticles un-aggregated and
aggregated. A 532 nm laser excitation of approximately 24 mW at the sample and three accumulations of

1 second was used.

5.3.3 SERS sensing performance

The SERS sensing performance of spermine stabilised nanoparticles was
compared to other silver nanoparticles stabilised with poly-L-lysine, CTAB, citrate
and branched PEI. As a Raman reporter, 5-carboxyfluorescein covalently

attached to a 25-mer DNA sequence was utilised (Figure 5.8).
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Figure 5.8 SERS spectra obtained from 10 nM FAM labelled DNA. Spectra are off set. Silver nanoparticles
with spermine (blue), PLL (cyan), CTAB (purple), negative citrate particles (black), and branched PEI (red).
A 532 nm laser excitation of approximately 24 mW at the sample and three accumulations of 1 second

was used.

The spermine stabilised nanoparticles offered highest performance, in terms of
SERS sensitivity (Figure 5.8). For CTAB coated nanoparticles, signal could only be
obtained when the nanoparticles were diluted. This indicates that the SERS signal
appearance was a result of the CTAB molecules displacement from the particle
surface leading to a high degree of uncontrolled particle aggregation.'*
Otherwise when the CTAB layer was intact, a surface enhanced fluorescence
(SEF) background was obtained with an approximate factor of 350 times (Figure

5.9).
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Figure 5.9 SEF of FAM on Ag-CTAB nanoparticles (black line), FAM fluorescence (purple line), Ag-CTAB
signal (red line). A 532 nm laser excitation of approximately 24 mW at the sample and three

accumulations of 1 second was used.

Detection of dye labelled DNA at 10 nM was not achieved with PLL-coated
nanoparticles, while PEl functionalised surfaces allowed the detection of the
target analyte, although with SERS signal approximately three times less intense

after 30 min than those reported for the spermine functionalised nanoparticles

(Figure 5.10).
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Figure 5.10 SERS signal stability over a time period of 120 min. Silver nanoparticles with branched PEI (red
squares), negative citrate particles (black circles), CTAB (purple upwards pointed triangle), PLL (cyan
downwards pointed triangle), and spermine (blue leftwards pointed triangle). Error bars represent + one
standard deviation. A 532 nm laser excitation of approximately 24 mW at the sample and three
accumulations of 1 second was used. Error bars represent + one standard deviation of three separate

samples.

We suggest that the use of branched polyamines and surfactants as nanoparticle
coatings induces larger distances between the adsorbed analyte and the metal
surface, leading to significantly lower enhancements of the dye signal. The
lowest observable concentration of dye labelled DNA in the case of spermine-
stabilised nanoparticles was 1 nM. In addition spermine stabilised nanoparticles
produced a lower background signal when compared to branched PEl-stabilised

nanoparticles (Figure 5.6).

The stability of the samples was measured over a time period of 120 min (Figure

5.10) confirming the higher stability of Ag-spermine stabilised particles over
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longer periods of time. This makes spermine stabilised particles attractive for

analysis within an automated system.

Additionally the effect of the ligand charge on the SERS peak intensity using three
similar length ligands was investigated. The chemical structure of the similar
length ligands for SERS experiments; spermine, spermidine, and
ethylenedioxydiethylamine are shown in Figure 5.11 these ligands differ with

respect to their positive charge, 4+, 3+ and 2+ respectively.

Spermine

/\/\ /\/\/NHZ
HaN N

2 H

Spermidine

- /\/0\/\0 /\/NHz

2

Ethylenedioxydiethylamine
Figure 5.11 Chemical structures of the ligands used for nanoparticle stabilisation.

Ligand charge was found to be directly proportional to the observed SERS peak
intensity of the dye labelled DNA, with more positive charge on the ligand

providing more intense SERS signals (Figure 5.12).
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Figure 5.12 Off set relative SERS signal intensity of 1 nM FAM labelled DNA, using silver nanoparticles with
Ethylenedioxydiethylamine (black), Spermidine (red), or Spermine (blue) ligands.

The affinity of the spermine for the interaction with single stranded DNA resulted
in highly effective SERS active silver nanoparticles. These data are in agreement
with previous studies reporting the greatest SERS enhancements of dye labelled

% These results showed that the Ag-spermine

DNA using spermine.l39'
nanoparticles were the most sensitive positively charged silver nanoparticles

used within this study.

Aggregation caused by adsorption of dye-labelled ssDNA onto the silver
nanoparticles was analysed colourimetrically. Different concentrations of ssDNA
were added (ranging from 0.05 to 10 nM) to 33 pM silver colloidal dispersions.'®
Addition of ssDNA caused aggregation of the nanoparticles evidenced by colour
change and a decrease in absorbance at 395 nm and an increase in absorbance at

550 nm (Figure 5.13).
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Figure 5.13 The surface plasmon red shift of the Ag-spermine nanoparticles after addition of DNA in the
concentration range of 0-10 nM (from left to right and from top to bottom) was measured every 10 min
over a time period of 120 min. Samples contained 40 pL of Ag-spermine nanoparticles, 320 pL water, and
40 pL of DNA solution.

These results confirmed the stable aggregation state of the nanoparticles over a

time period of 120 min.

The hydrodynamic radius of the Ag- Spermine nanoparticle after addition of DNA

was measured over time (Figure 5.14).
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Figure 5.14 Average nanoparticle size without (red circles) and with (blue triangles) 1 nM DNA present in
the sample measured over a time period of 120 min. Samples contained 120 pL of Ag-spermine
nanoparticles, 960 pL water, and 120 pL of 10 nM DNA solution or water in case of the control sample.

Error bars represent * one standard deviation of three measurements.

The Ag-spermine nanoparticle size without (red circles) and with (blue triangles)
1 nM DNA present in the sample measured over a time period of 120 min. The
average Ag-spermine nanoparticle size increased after the addition of DNA and

reached the plateau phase after 30 min which corresponds to the presented UV-

Vis and SERS data.

The negative charge of the dye (FAM) had limited contribution to the DNA
adsorption, because DNA labelled with a positive dye (Cy5) could easily be
detected (Figure 5.15).1>> 1°°
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Figure 5.15 Detection of positively charged dye (Cy5) labelled DNA and negatively charged dye (5’FAM)
labelled DNA by SERS. A 532 nm laser excitation of approximately 24 mW at the sample and three

accumulations of 1 second was used.

5.3.4 Double stranded DNA detection
Ag-spermine nanoparticles possessed the most intense SERS spectra and were
applied to double stranded and single stranded DNA detection. Detection of

double and single stranded DNA was compared and intensities were found to be

very similar (Figure 5.16).
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Figure 5.16 Detection of dye labelled double and single stranded DNA. A 532 nm laser excitation of

approximately 24 mW at the sample was used (three accumulations of 1 second).

A scanning kinetics SERS experiment measuring FAM labelled double and single
stranded DNA over time showed similar SERS intensities for double and single

stranded DNA with overall slightly higher intensities for double stranded DNA.
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Figure 5.17 SERS intensity of the FAM 1632 cm? peak measured over time for double and single stranded

DNA. A 532 nm laser excitation of approximately 24 mW at the sample was used (three accumulations of

1 second). Error bars represent + one standard deviation of three separate samples.

The discrimination between ds and ssDNA with the Ag-spermine nanoparticles

was found to be 1.2 in the best cases, and thereby less than the in Chapter two

and three presented assays with the negatively charged silver nanoparticles

which had a ss / dsDNA ratio off at least 2.

127



Cationic nanoparticles for DNA detection by SERS

5.4 Conclusions

In conclusion, spermine stabilised silver particles with a positive surface charge
are particularly suitable as platforms for detection of dye labelled DNA with
surface enhanced Raman scattering. Ag-spermine particles for the direct
detection of negatively charged 5-carboxyfluorescein labelled DNA, and
compared them to other positively charged nanoparticles found in the literature.
Introduction of the analyte to the Ag-spermine nanoparticles resulted in their
aggregation giving rise to intense and stable SERS spectra for up to at least 120
min. Addition of aggregating agents or diluents were not required significantly
simplifying quantitative SERS analysis. In addition the Ag-spermine nanoparticles
showed a limited background signal, which is of particular importance for
sensitive analysis of multiple analytes in solution. The affinity of the spermine
functionalised particles for ssDNA was found to be greater than ligands of similar

length with lower charge.

When comparing the SERS intensities of dye labelled ds and ssDNA slightly higher
intensities were found for dsDNA, however the discrimination between ds and
ssDNA with the Ag-spermine nanoparticles was found to be less when compared
to the negatively charged nanoparticles presented in Chapter two and three.
Therefore negatively charged nanoparticles are thus far the preferred
nanoparticles for DNA detection assays exploiting the discrimination between ds

and ssDNA.
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6 CONCLUSIONS

From Chapter 2 SERS primers we can conclude that SERS primers can used to

specifically detect DNA sequences with or without the use of the PCR.

A new positive SERS assay that can discriminate between target and no target
DNA in a homogenous sample without additional separation steps was
developed. Starting from a bacterial culture, DNA was isolated, a specially
designed primer was incorporated into the PCR products and the presence or
lack of target was identified within two hours. The high multiplexing capabilities
of SERS make this a very promising approach for future DNA analysis. This
method has the potential for single molecule detection of nucleic acid targets in
a positive manner when SERS is combined with PCR and this is the first step

towards a highly competitive SERS based molecular diagnostic assay.

In Chapter 3 The mode of action of SERS primers and probes we concluded that
the use of the SERS primers as internal probes being digested by the 5 > 3’

exonuclease activity of the DNA polymerase leads to higher reproducibility.

Important factors for the performance of the positive SERS primer and probe
assays were investigated utilizing a synthetic model. The demonstration and
evaluation of four novel separation free SERS assays for the specific detection of
pathogen DNA has been carried out. These assays prove that SERS is a reliable
and competitive technique to fluorescence for direct target DNA detection with
or without the use of PCR. The use of partly self-complementary uni-molecular
oligonucleotide sequences for the SERS primer significantly increased the
contrast between positive and negative samples within the synthetic assay. The
results have shown that a SERS primer or probe to target ratio of 0.5 could be
detected and when increasing the target to probe ratio significantly higher SERS
signals were obtained for all SERS probe models. For the detection of PCR

products it was best to use the internal SERS probe digestion assay because with
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this assay no false negative results were obtained. A significant cost reduction
was achieved when using bi-molecular SERS primers and probes coupled to the

PCR without any compromises towards sensitivity or selectivity.

In Chapter 4 it was shown that multiplexed pathogen detection using SERS
primers seems to be feasible according to the cross reaction analysis. A selection
of dyes for multiplex pathogen detection was made. Assay designs for the SERS
primer digestion, and the SERS primer extension assay were made successfully,
followed by cross reaction analysis of the oligonucleotides required for the
multiplex detection. The results indicate that it is feasible to perform a multiplex
detection using both types of assays. However it was decided to postpone the
final multiplex detection part of the project and investigate assay systems that

require less complex designs.

In Chapter 5 spermine stabilised silver particles with a positive surface charge are
particularly suitable as platforms for detection of dye labelled DNA with surface
enhanced Raman scattering. Herein we have used these particles for the direct
detection of negatively charged 5-carboxyfluorescein labelled DNA, and
compared them to other positively charged nanoparticles found in the literature.
Introduction of the analyte to the Ag-spermine nanoparticles resulted in their
aggregation giving rise to intense and stable SERS spectra for up to 120 min.
Addition of aggregating agents or diluents were not required significantly
simplifying quantitative SERS analysis. In addition the Ag-spermine nanoparticles
showed a limited background signal, which is of particular importance for
sensitive analysis of multiple analytes in solution. The affinity of the spermine
functionalised particles for ssDNA was found to be greater than ligands of similar
length with lower charge. These particles may even be useful for detection of

unlabelled DNA obtaining the Raman specific bands of the DNA bases.

Due to their ease of preparation and herein described advantages, these
particles might find widespread use in the detection of other negatively charged

analytes, improving sensitivity and allowing direct SERS analysis, circumventing
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the need for additional aggregating agents, and this providing extended sample

stability over the conventional SERS methods.

Overall conclusions, to make best use of the SERS multiplex capabilities for DNA
detection, it is important to develop an assay method that is sensitive towards
the analytes, has low risk of sample contamination, and multiplex capabilities are
not limited by other factors in the assay method. A closed tube real time PCR
SERS project could be a method that is closed tube, with PCR-based sensitivity
and offers fully quantitative SERS multiplex capabilities. The ultimate goal of
closed tube PCR less detection of biomolecules requires further work, on the

sensitivity of the assays.
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/ FURTHER WORK

The SERS primers incorporated into PCR product and when used as an internal
digestion probe in the PCR, perform as expected. However discrimination
between positive and negative samples obtained was 4:1 in the best cases,
therefore optimisations and new investigations into the discrimination might
improve overall assay performances. When using the SERS primers as internal
probes an extra level of specificity was created, therefore universal primers can
be used to minimize the number of oligonucleotide sequences needed to detect
multiple targets. The latter method was not investigated in this study but is
considered for further work. Additionally, the multiplexed pathogen detection

using the SERS primer assays should be performed.

Cationic nanoparticles have been successful for the detection of ssDNA and
dsDNA by SERS. However little SERS signal intensity difference was observed
between ds and ssDNA when compared to the assay system using negatively
charged silver nanoparticles. Therefore a further investigation of the spermine
and DNA interaction needs to be performed to investigate sequence
dependencies. Finally an investigation of the possibilities of label free detection

using these particles might be a very interesting opportunity.

In future, a closed tube real time PCR SERS project could be a method that is
closed tube, with PCR-based sensitivity and offers fully quantitative SERS

multiplex capabilities.

A schematic representation of a proposed assay to make a real time PCR SERS
assay is demonstrated together with the detection system in Figure 7.1. This
assay consists of the Plexor PCR assay introduced in the introduction modified
onto nanoparticles to create a SERS active complex upon DNA amplification.

Primer sequences were bound to silver nanoparticles and upon extension of the
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primers a Dabcyl labelled iso dGTP nucleotide is brought in close proximity to the
silver nanoparticle surface. This event creates a SERS active complex which is
directly proportional to the amount of DNA amplified, resulting in a fully
guantitative and closed tube real time Plexor SERS assay. The setup for real time

PCR SERS detection combining a Raman spectrometer and a thermo cycler PCR

instrument was created.
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Ag-SiO;-Di 7 Taq
ETTTEITTTTL L ST
TETTTIIIT Ag-SiO,

Tag
Ag-SiO
v
|5.0-dGTP—j Ag-Si

Dabcyl

v
Ag-SiO.
.}.u.l.l.a.l.l.l.l.l.l.l.l.l.l.l.l.lu

Ag-Si0.

f lL Plexor® SERS
- = 1) N =
3 < U\ I'U“ \ A =
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_‘llll. i tﬂ-ll - ‘i_ln“ -.“l:_“lﬂl = |;III 1500 Jl“] i (s;]‘ i 'ﬂ‘l” . ]“_.lll i l_“lNl i lx‘lll L] J L a 5 ] A © L
Raman Shift (cm™') Raman Shift (cm™) No. of Cycles

Figure 7.1 Top: A schematic representation of the proposed Plexor based real time detection of DNA
amplification by SERS. Primer sequences are bound to silver nanoparticles and upon extension of the
primers a Dabcyl labelled iso dGTP nucleotide is brought in close proximity to the silver nanoparticle
surface. This event creates a SERS active complex which is directly proportional to the amount of DNA
amplified, resulting in a fully quantitative and closed tube real time Plexor SERS assay. Bottom: Picture of

the setup for real time PCR SERS detection where a Raman spectrometer was coupled to a thermo cycler

PCR instrument.
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Initial experiments on the PlexSERS assay were not successful possibly due to
multiple reasons including non-optimised functionalised nanoparticles, and SERS
conditions. In further work, focus on the nanofabrication while continuously

monitoring the effects on SERS is advised.

Alternatively detection of pathogens without target amplification remains
interesting, this approach would reduce the risk of contamination and the time
to result. The ultimate goal of closed tube PCR less detection of biomolecules

requires further work, on the sensitivity of the assays.
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Separation Free DNA Detection Using Surface Enhanced

Raman Scattering

Danny van Licrop, Karen Faulds, and Duncan Graham®

Centre for Molecular Nanometrology, WestCHEM, Pure and Applied Caemistry, University of 8

Glasgow, G1 1XL, United Kingdom
© supporting tnformation

helyde, 295 Cathedral Street,

ABSTRACT: Surface enhanced raman scattering (SERS) based
molecular diagnostic assays for the detection of specific DNA
sequences have been developed in recent years to compete with

the more common fluorescence based approaches. Current Iﬂ‘TﬂTl_’
MiiHHn

SERS assays either require time-consuming separation steps

e X

that increase assay cost and can also increase the risk of SERSPRIMER DNATARGET NANOPARTICLES SE

or they are negative assays, where the signal i

in the p of target DNA. Herein, we report

a new separation free SERS assay with an increase in signal intensity when target DNA i is present using a specifically designed SERS
primer. The presence of specific bacterial DNA from Stapliylococcus epidermidis was detected using polymerase chain reaction
(PCR) and SERS and indicates a new opportunity for exploration of SERS assays requiring minimal handling steps.

n the field of molecular diagnostics, patient samples such as

blood, urine, feces, nasal swabs, and various other samples are
tested for the presence of diseases. Early diagnosis can save lives
and minimize healthcare costs due to more effective treatment.
The current gold standard for testing in hospitals is based on
culturing pathogens. Although this process is a sensitive techni-
que, pathogen identification based on culturing the strains can
take up to 2 to 3 days."” A recently more favored method is the
detection of gene specific deoxyribonucleic acid (DNA) se-
quences using real time pol)rmcn't chain reaction (tPCR],
which usually takes less than 2 h;® therefore, the fast tum Jmund
of PCR based approaches are preferred for many di
sereens. The same techniques can dlsobe applied to screen patients
for genetic diseases as well as infections. However, the multi-
plexing capabilities in solution of these systems are limited by the
broad absorption and emission bands of the fluorophores used
for the fluorescence detection.

Using fluorescence spectroscopy, multiple filter sets and/or
multiple excitation wavelengths are needed to dilferentiate fluor-
escent labels from each other. An alternative technique is surface
enhanced Raman spectroscopy (SERS) which produces mole-
cule specific vibrational spectra, and when a Raman reporter is in
close proximity to a rough metal surface, the technique becomes
ultrasensitive. Detection limits of dye labeled oligonucleotide
probes have been calculated down to a concentration of 7.5 x
107" M using SERS which was significantly lower than the
observed limit of detection by fluorescence.® The choice of Raman
reporter molecule, metal surface, excitation wavelength, and
surface chemistry are important because dl:lm:tlun limits can
vary using different experimental conditions.

The advantage of SERS is that it can identify multiple different
analytes present in a sample without the need for multiple filter
sets or multiple excitation wavelengths. Several groups have

< ACS Publications © 011 american chemical Saciety

reported the multiplexed SERS detection of labeled synthetic
aligonucleotides but less work has been reported on SERS based
assays.” "' Dluhy et al. reported the direct detection and identifica-
tion of viruses on nanorod substrates using SERS and partial least
squares-discriminant analysis (PLS-DA) data analysis.'>"
Herein, no genetic information was obmncd A mcdwd to

obtain gene specific infe ion is by the itive d of

DNA labeled with a SERS active dye. This requires the negative
backbone of the DNA to be neutralized to aid in its adsorption
onto negatively ch:rgl!d metal particles, using pol

suchas spcnmne * Recently, Gill et al, circumvented these issues

using positively charged n. icles which .ldsorh DNA with-
out the need of an addmnnal aggregating agent."
For the ful d of patl ic DNA, an assay

method is required to detect and ldcnllfy specilic DNA se-

quences. Currently, SERS assays for the detection of unlabeled
target DNA have some d.rawl:.lckr., they either rcqulre sEp:nal:mn
steas using magnetic beads'® or are so-called “negative assays”

where the signal decreases when the target is present.'” '
Separation steps are labor intensive, expensive, and increase the
risk of sample contamination. Negative assays have the disad-
vartage that it can be difficult to judge if a reduction in signal is
due to poor assay performance or the target being present, and an
internal performance control target also lowers, or even disap-
pears, during the assay. This could potentially be solved by having
twa internal controls, one to check the reagents are functioning,
which will give a high signal, and the other to check that the assay
is functioning correctly, which will give a low signal. However,
this would make the assay overly complex. Therefore, it is more
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advantageous to design an assay which increases signal upon
presence of target DNA

In this Letter, we present a new assay for the detection of gene
specific DNA targets from biological samples. The assay gen-
erates an increased SERS response upon hybridization of target
DNA without the need for additional separation steps and is fully
compatible with PCR. This positive assay could be further
extended in furure studies to take advantage of the high multi-
plexing ¢ ilities of SERS previously d. The work
reported hereis the first step tuward l}u: next generation of SERS
based molecular diagnostics.

B EXPERIMENTAL SECTION

Oligonucleotide Design. The femA gene of Staphylococcus
qndmr!rdas was targeted; thls gene was pumuslyused for bacterial

Staph )

aurens. Tlle suqucmz nf l.bu wlmlm genome mduﬂmg the femA
gene of Stap lis National Culture Type Collec-
tion (NCTC) SIT’.III!N'CTC 13360 was obtained from the hamnﬂj
Centre of Bmtc:hmlngy Information (NC.BI} Web site.™ The
chA—Sh :lssay design was cartied out using the Pamer3Pius online
server™ P within this sofiv were set to 50 mM
monovalent salt, 1.5 mM dw:l]ent salt, and 250 nM DN'A. Fnr
the table of tl therr Iy the setting “Santal
1998" wasused. Forsalt cumcuon the formula set by * Owcrarzy
et al” was used.” Internal folding of the sequence region selected
by Primer3Plus was analyzed using the DINAMelt server.”” Para-
meters were set to 58 °C, 50 mM monovalent salt, 1.5 mM divalent
salt, and 250 nM DNA. Basic local alignment {BLAST; was carried
out using the BLAST toals from the NCBI Wb site™

The designed oligonucleotides are shown in Table S1
(Supporting Information}. The forward (Fw) pnmer selected

and 400 uL of 1% phosphate buffered saline (PBS) obtained
from Oxoid (Hampshire, United Kingdom ).

Afterward, three replicates of each sample were used for the
SERS limit of detection experiment. A volume of 2.5 uL of DNA
sample (100—5 nM} was mixed with 125 gL of 1 PBS, 10 L
of 0.01 M spermine tetrahydrochloride, and 137.5 gL of buffe-
red silver EDTA colloid in a microtiter plate. Each sample was
analyzed 1 min after preparation using a Raman Microscope
(Renishaw inVia using 514.5 nm laser excitation with ~10 mW
laser power, coupled with a 20 /040 long working distance
objective). SERS spectra were analyzed using Matlab 2008b,
spectra were imported usmg Ihl.' free GSTm]s toolbox from
Gussem et al.™” Fl L ion was carried
out according to Lieber et al.* SERS signal peak intensities at
1632 ecm " were plotted against the concentration of DNA.

For experiments where the target concentration was varied,
SERS analysis was carried out using 2.5 gL of 100 nM SERS
primer and 2.5 gL of its complementary sequence as target in
110 1L of PBS buffered at pH 7.3 £ 0.2 as a positive control and
a 20 base pair long nonsense DNA sequence as a negative
control, prehybridized for 10 min at 95 °C and 10 min at 20 °C
using a Stratagene MX4000 thermocyeler. The target
trations were varied over a range of concentrations from 0.1 to 3
nM final ion after the addition of 10 pL of 0.01 M
spermine tetrahydrochloride and 125 uL of silver EDTA
nanoparticles. Samples were mixed in microcuvettes and ana-
lyzed within 1 min using a Raman Probe {Renishaw system
coupled to a 514.5 nm Melles Griot laser with ~6 mW laser
power using a 20%/0.35 long working distance objective).
Typical integration times were between 1 and 10 s and 3 accu-
mulations. The fluorescent dye attached to the 5'-terminus of
the SERS primer was 5-(and 6)-carboxyfluorescein (5,6-FAM)
wh ch has a A, 0f 490 nm. Data analysis was carried out using

in the previous section was modified with a self-
probe sequence with a melting temperature (T, )thutw.\s 15 “C
lower than that of the primer sequence using four mismatches in
the self-complementary sequence. Oligonucleatides were HPLC
purified and ohtained from ATD Bio (Soudmnplm)

were obtained from Sigma Aldrich
(United ngdnm) unless stated otherwise.

SERS Analysis. Silver ethylenedi,

nanoparticles were d using a i
method'” The basic native pH of the calloid {pH 1 l) was
adjusted by the addition of TRIZMA hydrochloride (0.5 mL of
200 mM, pH 7.0) and Tween 20 (05 mL 0f0.2%) to 9 mL of the
as prepared colloid. This reduced the pH to 7 preventing the
denaturation of dsDNA into ssDNA. The A, of the buffered
colloid was 421 + 2 nm, and the full width half- i

i add (EDTA)

g peak in the spectrum at 1632 em ™" which represents
the xanthene ring C—C stretch.”™* Matlab 2006b and a
fluorescence background subtraction method published by
Licher et al. were used for data analysis.*!

Bacterial Culturing. Bacterial strains of Staphylococcus epider-
midis (NCTC 13360} and Staphylococcus aureus (NCTC 8325)
were obtained from the national health protection agency culture
colections (HPACC Salisbury, UK) and cultured in sterile
Tryptone Soy Broth (Oxoid). The cells were centrifuged at
16.110g for 10 min at 4 °C; the supernatant was then remaoved,
and 1 ml of Lysostaphin was added The suspension was
incabated for 30 min at 37 °C to lyse the cells. DNA was
extracted according to the manufacturer’s protocol from the
Iys.arc using a QlAamp DNA minikit (Qiagen, Crawley, UK).

(fwhm) was 85 + 2 nm, indicating no significant changes or
aggregation effects due to buffering the colloid (Figure 51,
Suppordng Informauon) The size of the silver EDTA nano-
particles was d ined with d ic light ing using a
Mal HPPS particles sizer. The hydrodynami radius of the
particles was measured as 90 = 1 nm. The concentration of
nanoparticles was calculated to be 22 £ 1 pM.

UV=vis spectroscopy was carried out on a Varian Cary 300
BIO spcctmphntmeter with Pe]uet thermal control cycling
from 10 to 90 °C and back with 1 "C increments per minute,
and the UV absorbance was measured at 260 nm every minute,
Samples were prepared using 50 uL of SERS primer {10 uM}),
50 uL of diethylpyrocacbonate (DEPC) treated water (Bicline,
London, United Kingdom), target or nontarget DNA (10 tM]),

Chain Reactions. PCR reactions were setup in a
mhl vﬂ]urne of 25 ul. for each reaction. Each reaction contained
05uLof 2 U L™ DNA polymerase Phusion Hot Start I (New
England Biolabs, UK), 5 gL of 5% Phusion HF buffer (New
England Biolabs, UK), 0.5 ¢ of deoxynucleoside triphosphates
(dNTP’s), 10 mM each (New England Biolabs, UK). Two
microliters of 2.5 4M forward and 2 ul. of 2.5 piM reverse primer
were used. Volumes were made up to a total volume of 15 #L
using DEPC treated water, and finally, 10 ¢il. of 0.09 ng L~
geromic template DNA was added. Thermal cycling was carried
out using a Stratagene MX4000 Real Time PCR machine. The
cycling protocal was as follows: 30 s at 98 °C; thereaiter,
30 repeats of 10 s at 98 °C, 60 s at 62 °C, and 60 s at 72 °C;
and a final extension at 72 °C for 1 min. After cycling, the sample
was cooled to 20 °C.

&g ducoion 1001021 /ac 2005 14e Pnol Chem 2011, 83, 58176821



List of publications

Analytical Chemistry

(A)
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No target present
Low SERS Signal
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Figure 1. Schematic representation of the SERS probe. Ag NP represents a silver nanoparticle. (A} In the case of a negative sample (when target DNA is
absent), the SERS primer is closed and predominantly dsDNA. This means it does not adsorb onto the negatively charged nanoparticle, resulting in a low
SERS response. (B) In the case of a positive sample, the complementary target DNA displaces the partly self-complementary region of the SERS primer
which is destabilized using mismatches and consists of a dye labeled ssDNA region which is then free to adsorb onto the negatively charged |

surface resulting in a high SERS response.

Capillary Gel Electrophoresis. Capillary gel electrophoresis
was carried out using an Agilent Bioanalyzer and DNA1000 kit
including microfluidic chips and reag; (Agilent Technologi
UK). All procedures were carried out following the manufac-
turer's protocol.

SERS Analysis of PCR samples. PCR samples were analyzed
in the SERS assay as follows: | uL of the PCR sample was added
to 499 L of PBS buffer. Sample (115 gL) was mixed with 10 gL
of 0.01 M spermine hydrochloride and 125 uL of five times
concentrated silver EDTA nanoparticles buffered in 10 mM
TRIZMA hydrochlonide and 0.01% Tween 20. SERS analysis was
carried out as discussed above,

B RESULTS AND DISCUSSION

The assay reported here relies on the difference in adsorption
I double stranded and single stranded DNA (dsDNA and
ssDNA) onto negatively charged silver nanoparticles. The differ-
ential adsorption of ssDNA gnta gold nanoparticles was first
observed by Li and Rothberg.™” Several assay formats have been
previously investigated using salt .lggrcgatlcn aggma:hes. colori-
metric detection, fluorescence, and SERS. ™! The investi-
gated assays were all mlcmmch'lc assays not capable of multiplexing,
ive assays, or fl e assays whose multiplexing cap-
abllrt‘y is limited by spectral overlap.
In order to make a positive SERS assay, a SERS primer was
designed which contained a dye labeled segment which was
dered single ded upon hybridization to a target sequence
(Figure 1). This single stranded region will have a higher affinity
for the metal surface than double stranded, resulting in an increase
in the SERS signal. The SERS primer can be used to detect target
DNA directly or as a primer when used in combination with PCR.

between the target and the SERS primer with a region of single
stranded dye labeled DNA attached. In the case of nontarget
DNA (red diamonds), the SERS primer did not form a duplex
with the added ssDNA and forms a duplex with its partly self-
complementary sequence. The water control (cyan cirdes) showed
no increase in absorbance upon heati

The UV-—vis data showed that the target DNA hybridized to
the SERS primer before the self-complementary region of the
SERS primer hybridized back to itself. In the presence of nontarget
DNA, the SERS primer closed itself at the same temperature as
without target DNA proving that the SERS primer is spedific to
its complementary ta

Figure 2 shows the SERS response for this positive assay.
‘When no target or nonsense DNA is present, alow SERS signal
intznsity was observed (blue triangles, red diamonds), and
when the SERS primer hybridized to its target sequence, an
increase in SERS signal intensity was observed (green squares).
The blank control (cyan circles) showed no SERS signal as
expected. Spermine hydrochloride was used to aggregate the
silver EDTA particles and enh the SERS resp of
the FAM labeled DNA. Without the use of spermine hydro-
chloride, no SERS response was observed from the FAM
labeled DNA.

A dilution series of the SERS primer and target with a ratio of
1:1 was conducted in order to find the limit of detection. A
positive signal was observed from just 90.9 pM of SERS primer
and target. It is clear that below this level discrimination between
target and nontarget is not obvious by the eye (Figure 83, Support-
ing Information). The ratio of SERS primer to target needed to
afford a dear discrimination between target and nontarget DNA
was, therefore, investigated by keeping the SERS primer con-
c ion constant at 1 nM and varying the concentration of

UV - vis spectroscopy was used to the hybridi
profile of the SERS primer in the presence of complementary
target DNA and nontarget DNA (eg, reverse primer). The
absorbance at 260 nm was itored against temp and
shows the formation of single stranded DNA (Figure $2, Support-
ing Information). The SERS primer (blue triangles) denatures
and becomes ssDNA, when heated above 50 °C, and when
coaled in the presence of target DNA (green squares), forms a
duplex before the partly self-complementary part of the SERS
primer can hybridize back to itself. This results in a duplex

target and nontarget DNA over a range of 0.01 -5 nM (Figure 2).
The ratio bcmccn bERb prrmcr and target was found to be
important in the discri a positive and a negati
sample. Reliable discrimination between target and nontarget
DNA becomes problematic below a 1:1 ratio. Meanwhile, the
upper limit of the dynamic range was dictated by the available
sutface area on the nanoparticles, However, when there is a need
for an extended dynamic range, the nanoparticles can be
concentrated to increase the available metal surface area.

5819 dudoion/10.1021/5:200514e aal Chem 2011, B3, 58178421
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Figure 2. (A) SERS specira of 1 nM SERS primer (blue triangles), SERS primer and 1 nM perfect match (gm«m squares), SERS primer and 1 nM
nontarget DNA (red diamonds), and blank (cyan circles). Exposure time was 1 s using 3 accumulations. (B) SE ities of SERS primer wnh a
concentration of 1 nM and different concentrations of target and nontarget DNA. For the three repeats of the gmpllm the peak at 1632 cm ™' was

1 following 3 I of 15 exp SERS primer | nM no DNA was added (blue triangle), SERS primer 1 nM and different
concentrations of tr\mpkmmlary target DNA {green squares ), and SERS primer | nM and different concentrations of single stranded nontarget DNA
(red diamonds). Each point represents the mean of 3 replicates, and error bars represent the standard deviation. The detection limit of target DNA was |
nM, using 1 nM of SERS primer (3 times standard deviation of the control).

(A) (B)

4000 z 4000
- g 3 3500
o
i g~ 20
g 1000 " 2000

B Positive B Negative B No Template Control

Figure 3. (A} SERS of PCR products, no template control PCR (blue triangles), positive PCR sample (green squares), negative PCR sample (red
diamonds), and blank (cyan circles). (B) Average SERS signal peak intensity at 1632 em ™ ' and standard deviation for three positive (Staphylococas
epidermidis) PCR samples (green hocizontal shading), three negative (Staphylococeus aureus) FCR samples (red disgonal shading), and three no
template control (NTC) PCR samples (blue vertical shading).

PCR Products. To show the full compatibility of the SERS spectra obtained from the samples that underwent the PCR
primer with biological samples, 1 ng of genomic DNA from cyding process. The most intense SERS response was observed

Staphylococcus epidermidis was amplified using the SERS primer from the positive sample (green squares); lower intensities were
in PCR. The schematic mechanism is shown in the Supp i d for the negative samples (blue triangles, red diamonds).
Information (Figure $4). After the PCR reaction, capillary dlec- This system is a unique approach that allows the first direct
trophoresis showed specific amplification of the femA-SEgene of detection of DNA sequences and PCR product using SERS in a
Staphylococcus epidermidis with a yield of $7.5% (product output positive assay. The of this methodology to the pre-

(nM)/primer input (nM)*100%) (Figure S5, Supporting In- viously shown multiplexing n:a;uhulmes of SERS will make this
formation). Amplification of DNA was not observed when 1 ng assay a useful tool for high degree multiplexing of DNA

of Staphylococcus aureus DNA or the no template control (NTC)
was used, Supporting Information (Figure $6, Figure §7).
Nanoparticles were added after the PCR reaction to avoid

B CONCLUSION

unwanted artifacts such as adsorption of PCR comp onto We have shown a new positive SERS assay that can discriminate
the nanoparticles during the PCR and aggregation of the between target and no target DNA in a homogeneous sample
nanoparticles by salts present in the PCR. without additional separation steps. Starting from a bacterial culture,

When the SERS assayis applied to PCR products, it is important DNA was isolated; a specially designed primer was incorporated
that the yield of the PCR reaction is above 50% in order to into the PCR products, and the presence or lack of target was
discriminate between target and nontarget DNA. Furthermore, identified within 2 h. The high multiplexing capabilities of SERS
the single stranded reverse primer, INTPs, and other components make this a very promising approach for future DNA analysis, This

in the PCR reaction could compete for adsorption onto the silver method has the p ial for single molecule detection of nudeic
nanoparticle surface, thereby hindering the adsorption of the SERS acid nrgmmapunﬁw manner when SERS is combined with PCR,
primer. T this problem, five times ¢ d colloid and this is the first step toward a highly competitive SERS based

was used to increase the available surface area. Figure 3 shows the malecular diagnostic assay.

5820 chudoiong 0,107 1/a 20051 4e Psal Chem. 2011, B3, S817-8821
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ABSTRACT: SERS primers have been used to directly detect
spml’u: PCR products utilizing the difference in adserphrm nl’

(L]

ded and doubl ded DNA onto
sefaces. Herein, seven p t for i d
positive SERS assays for real .\pp]mmns were |nvesllgamd.

First, we applied a model system for op
followed by a PCR assay to detect pathogen DNA, and then
the introduction of a new assay that utilizes the 5'—3'
exonuclease activity of Tag DNA polymerase to partly digest

lm!ﬂ primer llnmpﬂ-n SI.R.'s probes gDNA Tag Ag nansparticle

the SERS probe, generating dye-labeled single-stranded DNA increasing the SERS signals for detection of pathogen DNA.
Applying the model system, it was found that uni-molecular SERS primers perform better than bi-molecular SERS primers.
However, within the PCR BHY, it was found that uni- and bi-molecular SERS primers performed very similarly, and the most

P ible results were ol
o b

usmg the §'=3' mnudm dly:s!mn assay. Thm SERS- based assays offer new routes over

without

q P

imultancous detection of multiple discases where sample

volume and concentrations are limited remains a challenge
in the field of molecular diagnostics. Sensitive and fast detection
of specific gene markl.'rs are based on target or sugnal
amplification in bi with
An approach that competes with these existing approaches is
surface enhanced Raman scattering (SERS). Because of the
10-100 times narrower Raman bands of the labels compmd to
bsorption and emission bands of fluoroph
detection of analytes could be increased.®™ However, for
successful detection of multiple diseases, an assay system is
required to link the Raman reporter signal to a specific disease.
Over the past 15 years, multiple SERS-based DNA detection
assays have been developed. Unfi 1y, there are drawback
with these assays: either no genetic information was obtained
due to the nonspecific i lation of DAPL,” multiple washing
steps were required that increase the number of|abor intensive
handling steps and the risk of sample ion,'*"'* o

W y or

to detect pathogen deoxyribonudeic acid (DNA) directly using
a surface enhanced Raman spectroscopy (SERS)-based
detzction approach.'” SERS primers consist of double-stranded
DNA labeled with a SERS active molecule. When SERS primers
interact with target DNA, a dye-labeled part of the SERS primer
becomes single-stranded DNA (ssDNA) and interacts with a
nanoparticle surface, resulting in an increase in the SERS
response.

In this approach (Figure $1, Supporting Information), SERS
pnnm are incorporated into PCR pmducu, exposing the

phore-labeled ssDNA, all g P onto the
icles surface Iting in an d SERS resp
dv.-rehy detecting the specific gene of a pathogen.

The aims of this study were to investigate the performance of
SERS primers in a uni- and bi-molecular manner using a
synthetic model system and the introduction of a new SERS
assay that utilizes the 5'—=3" exonuclease activity of Tag DNA

the assay resulted in a reduced signal in the presence of Lhc
target molecule,””™'* making the judgment of the assay
performance more difficult because of the lack of signal when
target DNA was present. An advancement was carried out by
Graham et al. who developed a DNA detection assay that
utilized the coupling of DNA modified nanoparticles via target
DNA resulting in an increased SERS response o&' dv.- Raman
reporter dye attached to the nanoparticle surface.'® A ssDNA
concentration of 1.25 nM was detected using that method. To
be dinically useful, a method is required with lower detection

poly to partly digest the SERS probe, generating dye-
labeled singl ded DNA i g the SERS signals for
separation free detection of pathogen DNA by SERS.

W EXPERIMENTAL PROCEDURES
Materials. All ials were obtai
unlzss stated otherwise.
DNA Oligonucleotide Design. DNA oligonucleotide
design and characterization methods can be obtained from
the Supporting Information.

d from Sigma Aldrich

limits; an increase in SERS signal i ity in the p of
the target and without separation or washing steps is the
preferred method. Recently, SERS primers have been
incorporated into polymerase chain reaction (PCR) products
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Figure 1. Schematic representation of the synthetic model assay formats investigated. (A) Uni-molecular SERS primer where the dye-labeled region
of the SERS primers is attached via a HEG linker to the 5 terminal end of the primer region of the SERS primer with overhangs. Stepwise, the uni-
molecular SERS primer addition of target DNA binding of the target to the uni-molecular SERS primer opens the uni-molecular SERS primer, which
then becomes a SERS active DNA dye complex, and after addition of nanopartides creates an increase in the SERS signal. (B) Bi-molecular SERS
primer where the dye-labeled region was not attached to the primer region of the SERS primers with overh Stepwise, the bi-molecular SERS
primer binding to the target producing more dye-labeled SERS active single-stranded DNA. (C) Bi-molecular SERS primer where the primer region
is without overhangs. (D) Uni-molecular SERS probe with mirrored orientation, where the dye-libeled region is linked to the 3" terminal end of the

priming region via a HEG linker.

UV-Vis Spec UV—vis spec py was camied
out on a Varian Cary 300 BIO spectrophotometer with Peltier
thermal control cycling from 10 to 90 *C and back with 1 °C
increments per minute, and the UV absorbance was measured
at 260 nm every minute. Samples were prepared using 50 pl. of
SERS primer (10 uM), 50 uL of diethylpyrocarbonate
(DEPC)-treated water (Bioline, London, UK.}, or target or
nontarget DNA (10 gM), and 250 pL of 1 X phosphate
buffered saline (PBS) obtained from Oxoid (Hampshire, U.K.).
Finally, the volume was made up to 500 gL with DEPC water.

Bacterial Culturing. Bacterial strains of Staphylococeus
epidermidis (NCTC 13360) and Staphylococcus aurens (NCTC
8325) were obtained from the national health protection
agency culture collections (HPACC Salisbury, UK.)) and

triphosphates (ANTPs) 10 mM each (New England Biolabs,
UK) were used. Teh reactions used 2.5 pM forward and 2 L of
2.5 uM reverse primer, and for the exonuclease assay, 1 pL of
2.5 uM premixed probes was used. Volumes were made to a
total volume of 15 yL using DEPC-treated water, and finally, 10
ML of 001 ng pL™" genomic template DNA was added.
Thermal cycling was carried out using a Stratagene MNX3005P
thermo cycler. The cycling was 30 s at 98 °C,
thereafter 30 repeats of 10 s at 98 °C, 60 s at 62 °C, and 60 s at
72 °C, and a final extension at 72 °C for 1 min. After cycling,
the sample was cooled to 20 °C.

Gel Electrophoresis. Capillary electrophoresis of the PCR
products was carried out using an Agilent Bioanalyzer and
DNAI00O reagent kit, al\d handling prooodum were carried

cultured for 24 h in 10 mL sterile Tryptone Soy Broth out g to the p
(Oxoid). The cells were centrifuged at 16,110xg for 10 min at 4 N icles. N | hesi: and t
°C, the supernatant was then xcmnw:-d, and 1 mL of hods can be ob § from the § pporting Inf

Lysostaphin was added to the g pellet. The
was mmlmtd fot 30 min at 37 °C to lysc the cells. DNA was
g to the fa T's | from the
lysate using a QLhn1p DNA minikit (Q_agm Crawley, UK.).
Polymerase Chain Reactions. PCR reactions were set up
in a total volume of 25 uL for each reaction. Each reaction
contained 0.5 uL of 2 U pL™" §'=3" exonuclease deficient
DMNA polymerase Phusion Hot Start I (New England Biolabs,
UK.}, and for the 5'=3" exonuclease digestion assay, 0.5 yL of
2 U uL™" DyNAZyme Il Hot Start DNA polymerase (New
England Biolabs, UK), 5 uL of 5% Phusion HF buffer (Nw

Surface Enhanced Raman Spet:m:bsccmiI For the model
system experiments where the target concentration was varied,
SERS analysis was carried out using 2.5 pL of 100 nM SERS
primer and 2.5 pL of its complementary sequence (101000
aM) in 110 gL of PBS buffered at pH 7.3 & 0.2 as a positive
sample and a 20-25 base pairs long nontarget DNA sequences
as 3 negative sample, prehybridized for 10 min at 95 °C and 10
min at 20 °C using a thermocycler (Agilent MX3005P). The
target concentrations were varied from 0.1 to 10 nM final

ion after the addition of 10 L of 0.01 M spermine
mr:hydmclllondc and 125 pl of concentrated silver EDTA

England Biolabs, UK), and 0.5 uL of deoxynucl

ly 250 pM).

P ‘PP
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PCR samples were analyzed in the SERS assay as follows: 1
#L of the PCR sample was added to 499 gL of PBS buffer; 115
HL of this sample was then mixed with 10 uL of 0.01 M
spermine hydrochloride and 125 ul of concentrated silver
EDTA nanoparticles ( ly 500 pM} buffered to pH 7
in 10 mM TRIZMA ]\ydmd\londe and 0.01% Tween20.

All samples were prep:nd in at least mphme in PMMA
microcuvettes and an. 1 min using an Avalon
probe system Ramanstation R3 optlc:l fiber equipped with a
532 nm diode laser excitation and laser power of approximately
24 mW at the sample. Typical exposure time was 3 s (1s

and 3 acc lations ). Data analysis was carried out

using the xanthene ring C—C stretch!®!? of the fluorescent dye

carboxyfluorescein (FAM) at 1632 em™ minus the 1660 cm™

position in the spectrum. The threshold line was plotted and

used to find the detection limits, which were calculated using

the mean plus three times the standard deviation of the control
5.

B RESULTS AND DISCUSSION

The performance of the SERS primers in the positive assay was
investigated in several different ways. A model system for
optimization experiments was applied, followed by application
to a PCR assay to detect pathogen specific DNA. A schematic
representation of the synthetic model systems (Figure 1) shows
the variation in the structure of the SERS primers used in this
study. These models were applied to investigate SERS primer
performance using uni- and bi-molecular SERS primers with
and without overhangs and the mi d ion of the uni-
molecular SERS pnmer

The following seven factors were considered with respect to
the assay performance. (1) SERS primer design: The correct
folding of a SERS primer will be affected majorly by the
sequence composition. The han'pm folding of the SERS primers
was modeled using P fitv and the effect of
this folding on the assay was investigated with a syntheti

sequence by the target to ensure maximum signal generation in
a sthetic SERS model. (6) Terminal ove on the SERS
primer: The fist SERS primer developed'’ had terminal
overhangs of ssDNA when in closed conformation. These
overhangs were in contradiction with the theory of DNA
adsorption, in which ssDNA adsorbs wﬂh higher affinity onto
the nanoparticle surface then dsDMNA™ and therefore SERS
primers without these overhangs were investigated. (7)
Orientation of the SERS pdmer In order to use SERS primers
in §'—=3 1 di says, a mi d SERS primer
was developed that had the 5' tcrmmus free for digestion by
Tag DNA polymerase. This was then used as an intermolecular
probe and introduced in a new assay that utilizes the 5'—3'
exonuclease activity of Taqg DNA polymerase to partly digest
the SERS probe and release the dye-labeled ssDNA, which was
then detected by SERS. This method might have several
advantages; one of them is the generation of more target than
SERS probe by using a higher concentration of primers to
SERS pm'bc.s. When usmg the SERS pmbﬁ an extra level of

¥ was created; fi i | primers can be used
to minimize the number of oligonucleotide sequences needed
to detect multiple targets. The latter method was not
investigated in this study but will be considered for further
work.

SERS Primer Design. Clearly, for the most successiul SERS
primers, the affinity for the target has to be higher than for the
haimpin fi ion. This was optimized for target binding by
incorporation of mismatches and a reduced number of bases in
the hairpin folding region of the SERS primer. Mismatches and
base reductions were chosen such that they minimized the
number of alternative hairpin structures. UV—vis spectroscopy
was used to investigate the hybridization profiles of the hairpins
in combination with target and nontarget DNA and provided
good insights into the performance of the SERS primers in a
uni- and bi-molecular fashion. The data shown in Figure S2 of
the & ing Inft shows the preferved binding of the

model. (2) Type of silver nanoparticles: In order to test the
robustness of the ssDNA VS dsDNA assay and the importance
of the surface stabilizing layer, three types of nanoparticles were
tested in the assay, ie, EDTA, c.lmre :md sodium borohydride
reduced silver icles. (3) particle and analyte
concentration effscts: To ensure a fu]ly quantitative assay, dose
response curves with respect to the nanoparticle and analyte
concentrations on the SERS response were assessed. (4) SERS
primer to target molecule ratio: Because of the competitive
nature of the SERS primers, the effect of the SERS primer to
target ratio was investigated to determine if higher target to
SERS primer ratios could increase the SERS signal intensity by
opening more SERS primers, which could then significantly

SERS pnm:r to the target. When no or nontarget DNA was
present, the closure of the seli-complementary region onto the
SERS primer was observed. The melting temperatures for the
SERS primers to their targets are very similar as expected
because these were exactly the same DNA sequences, When the
closure of the SERS primers was measured, there were
difizrences in melting temperatures between uni- and bi-
malecular SERS primers due to the complete different nature of
these SERS primers. These experiments were the fisst steps
toward successful SERS primers.

Type of Silver Nanoparticles. Three types of silver
nanopacticles (silver citrate, silver EDTA, and silver sodium
bomwhydride) were tested with respect to assay performance.
Characterization of these icles can be found in Table

improve the perfmmce of the assay. (5) Uni-molecular and
bi-molecular SERS p The use of a bi-molecular over a
uni-molecular systgm reduces the cost of the SERS primer,
which makes the commercialization and impl tation of

lecular and bi-melecular

52 and Figure 53 of the Suppt:mng Information.

Data in Figure 2 and Table $3 (Supporting [n[ormauon)
shaws tl\at EDTA and citrate-reduced silver

i d in a similar fashion with a ratio of ssDNA:dsDNA of

these probes more attractive. Uni
Scorpion primers in combination with fluorescence detection
have been reported™ and intensively studied by Thellwell et al,
who concluded that uni-molecular probes result in a more
sensitive method.*' However, for SERS detection, there still
appears the question of whether ssDNA attached to dsDNA
hinders the adsorption and thereby the achievable SERS

2.1:2.4, and slightly more intense signals (approximately 5313
versus 5328 counts) were observed when citrate-reduced silver
nanoparticles were used. These slight differences were possibly
due to the ease of citrate displacement and slight differences in
nanoparticles size, where silver citrate nanoparticles had on
average a bigger dumerer of about 6 nm compared to silver

intensity. This also leads to an investlganon of the closure of EDTA particles. Sodium borohydride-reduced silver
Ih: SERS primer to minimize backg alg:naland imi icle fe i with lower discrimination between
displ of the fluorophore-labeled ¥ double- and smgle-str.mdrd DNA with a ssDNA:dsDNA ratio

1410
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Figure 2. Offset SERS intensity from FAM-labeled single-stranded and
double-stranded DNA (1 nM) and silver nanoparticles (20 pM) with
different surface chemistry using 532 nm laser excitation and three
aceumulations of 1 5. (A) Blue line, Ag citrate with ssDNA. (B) Green
line, Ag citrate with dsDNA. (C) Red line, Ag EDTA with ssDNA. (D)
Black line, Ag EDTA with dsDNA. (E) Purple line, Ag BH, with
ssDNA. (F) Cyan line, Ag BH, with dsDNA.

of ~14, and the SERS peak intensity was less intense (~500
counts) when compared to the EDTA and citrate nano'pamclcs.
possibly due to the smaller size of the nanoparticles ™ From
these experiments, we conclude that from the types of
nanoparticles used, silver citrate nanoparticles and silver
EDTA nanoparticles were most successful for this assay with
a slight preference for EDTA silver nanoparticles due to the
ease of nanoparticle preparation and strong SERS peak
intensity.
Nanopartide and nndwe Concentration Effects. The
imized (Figure 54, Support-
ing lnforrnahon) and in the furthcr model assay studies, a final
nanoparticle concentration of 125 pM was wsed to take
| ge of the ded analyte conc range with a
linear Further di can be obtained from the
Supporting Information. In the model system, the SERS
primers were exposed to increasing concentrations (0.1—10

positive and negative samples was obtained when the target to
SERS primer ratio was greater than one and preferably five to
ten times higher than the SERS primer concentration (Figure
3A). These results are in agreement with our theoretical
hypothesis that a higher target concentration was needed to
open more SERS primers due to the competitive and bi-
molecular nature of the events.

This knowledge can be used in practical design of an assay by
using a SERS primer concentration that suits the application
and relevant target concentrations. These results also indicate
tha: it might be important for a PCR-based system to run the
PCR reaction until all sample concentrations reach the plateau
phase and incorporating as much of the SERS primers as
possible,

Uni-Molecular and Bi-Molecular SERS Primers. Uni-
molecular SERS primers are more likely to fully form double-
stranded DNA structures than bi-molecular events. Bi-
molecular SERS primers are commercially more attractive
due to the significant reduction in cost (Figure 1). Therefore,
the use of bi-molecular SERS primers was investigated in a
synthetic SERS model assay. Uni-molecular probes had a
slngﬂ]y higher rtplﬂdutlbll.‘lt}' :nd a highly reduced rate of false

and false g in lower detection limits
(Flgure 3Avs B and C vs D). The reduced performance with
bi-molecular SERS primers might be due to a cross reaction
between oligonucleotide sequences at 20 °C.

As a result, uni-molecular SERS primers were chosen as the
preferred SERS primers over bi-molecular SERS primers due to
their lower detection limits and higher reproducibility in the
synthetic model assay. Bi-molecular SERS primers might still be
useful in PCR-based detection assays because other assay
panmeters such as the free availability of the dye-labeled
ssDNA sequence might also play an important role; however, in
this case, the perfc ¢ of the lecular SERS primer is
the leading factor.

Terminal Overhangs of the SERS Primer. The influence
of the overhangs in the SERS primer was investigated in bi-
molecular manner (Figure 3B vs C). There was no significant
effect observed on the SERS assay performance from the 17 (3
+ 12) bases overhang with respect to sensitivity, and only a
slightly lower backgmund signal was observed.

Or of SERS Primer. In order to use the SERS

nM) of either target or nontarget DNJ\. After hybridi the
i d was followed by SERS
analysis of the 1632 cm™ pﬂak intensity of FAM dye.

SERS Primer to Target Molecule Ratio. The hairpin
foldmg of the SER.S pnma is a uni-molecular event and

more f; ble, whereas the binding of the
target DNA to the SERS primer is a bi-molecular event in
competition with the SERS primer hairpin folding. Therefore,
our hypothesis was that when the target to SERS primer ratio
was increased a higher discrimination between target DNA and
control samples would be obtained due to an increased
occurrence of opened SERS primers. The mpartance of SER}.
primer to target ratio was i a
experimental model approach (Fugum 1).

Following this model system, it was possible to carefully
study the behavior of the SERS primer in the assay when more
target and nontarget DNA was added. As expected addition of
more target DNA resulted in an increase in SERS peak

whereas the addition of more DNA did not
result in an increase in SERS peak intensity. Although it was
possible to detect target concentrations 0.5 times lower than
the SERS primer concentration, the best contrast between

B

141

primer as a SERS probe that can be digested by the 5'—=3'
exonuclease activity of the DNA polymerase, the positions of
the fluorescent molecule and HEG linker were changed to leave
the § terminus of the probing sequence free for digestion
(F|gure 4) First, a SERS probe sequence was designed that

da3’ FAM fluorophore and an intemnal HEG
[mh:r mulccu]c Tllcn the pcrformancc of this SERS probe with
i in our hetic model,

and the results in Fugun: 3D showed that this SERS probe
performs with similar itivity as the lecular SERS
primer shown in Figure 3A.

These results confirm that the fluorophore can be either
positioned at the 3' terminal end of the SERS primer as well as
at the 5" terminal end of the SERS probe with no significant
changes in the performance of the SERS primers or probes.

SERS Primers and Probes in PCR-Based SERS Assay.
The previous parameters have all been investigated with
synthetic models. In this section, our results were transferred to
the identification of bacterial cultures by coupling PCR-based
DNA amplification with SERS detection. First, the performance
of the uni- and bi-molecular SERS primers coupled with PCR

dxdoiorg/101021/acI02Z54h | Anal Chem. 2013, B5, 14081414
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Figure 3. Response of the uni-molecular SERS primer (P) with increasing concentration of target (T) and nontarget (N, N1, and N2) DNA, The
horizontal line in each graph represents the threshold values set as three times the standard deviation of the negative control sample. (A) Uni-
molecular SERS primer: Intense SERS signals were obtained when the ratio of SERS primer to target was greater than 0.5, (B) Performance of the

bi-molecular SERS primer (P) with 3' terminus overhang. (C) ¢ of the bi-molecular SERS prabe (P} without overhangs. (D}
Performance of the uni-molecular SERS probe (P} with :ilfmnt dye orientatior. In the case of SERS primers (A and B), one nontarget sequence
(M) was used because in the following PCR this was used as the reverse primer. In the case of the SERS probes experiments

(C and D}, two nontarget sequences were used ' because in the fo]lmns PCR experiments these SERS probes were used in combination with reverse
(N1) and forward (N2) primers. A 532 nm laser excitation and three accumulations of | s were used. Error bars represent +1 standard deviation of
three individual samples. Threshold values are the mean phus three times the standard deviation of the negative control sample (NTC). Threshold
values were 215 (A), 346 (B), 264 (C), and 270 (D), respectively.

were investigated. The PCR yield was similar for both SERS SERS primer, the FAM labeled ssDNA was not linked to the
primers with only a slight difference in length of the PCR dsDNA PCR product (which was twice the length of the
product in the case of the uni-molecular SERS primers due to synthetic model dsDNA) thereby enabling more reproducible
the HEG linker and ssDNA attached to the PCR product adsorption of the FAM-labeled ssDNA onto the nanoparticles
influencing the electrophoretic properties of the PCR product surace. Nevertheless, bi-molecular as well as uni-molecular
(data shown in Figure 56, Supporting Information). The SERS primers could successfully be used in coupling PCR and

nptlmal spermine concentration for direct detection and SERS in a separation free assay system significantly reducing
ive sample discrimination in the SERS primer the cost of the SERS primers and thereby the overall SERS

PCR SERS assay was determined to be 400 gM as a I'mal assay system.
concentration (data shown in Figure §7, Supp 2 M from our synthetic experiments, it is known that a
Information ). higher ratio of target to SERS primer was better for the overall
From the results in Figure 4A and B, we concluded that there assay perf e. Therefore, the main challenge in using the

was no difference between uni- and bi-molecular SERS primers SERS primers in a PCR-based SERS assay was in the yield of
when coupled with PCR; both uni- and bi-molecular SERS the PCR reaction, which is typically 50% corresponding to a
primer methods gave a distinet discrimination between negative SERS primer to target ratio of 1:0.5.

and positive samples. The bi-molecular SERS primer method In an attempt to overcome the PCR yield issue, we have
contained fewer false negative samples due to a slightly higher incorporated uni- and bi-molecular SERS probes in a PCR
ducibility and tl lower threshold value. The reaction where the SERS probes were digested by the 5" — 3

differences in results between uni- and bi-molecular SERS exenuclease activity of the Tag DNA polymerase. This method
primers in the synthetic model system and the PCR-based assay offers the possibility to partly digest the SERS probe generating
can be explained by the fact that in the case of the bi-molecular ssDINA that is in this case not attached to the dsDNA PCR

1412 chxddolong/10.1021/ac302354h | Anal Chem. 2013, 85, 14081414
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Figure 4. Schematic representation of a PCR reaction incorporating the SERS primer as an internal probe to be partly digested by the polymerase.
(A) Denaturation of the DNA using heat: Generation of single-stranded SERS primer and target DNA occurs. (B} Hybridization by cooling the
sample: Specific hybridization of the primers and SERS probe occurs. (C) Extension phase: DNA polymerase extends the 3° prime ends of the
primers and digests the target binding sequence of the SERS probe g ing dy- labeled sing ded DNA that results in an increased SERS
signal. Repeating step (A) until (C): Multiple copies of product can be generated (D). (E) After the reaction, a double-stranded PCR product is
generated and short single-stranded dye-labeled sequences. (F) After addition of nanoparticles, SERS can be obtained from the single-stranded picce
of DNA. In the case of a negative sample, the SERS probe remains double-strasded resulting in low SERS of the dye.

(A} Uni-moleculsr SERS primer 18) Bi-mokecutar SERS primer [S10 SERS probe digestion (1} ) Uni-molevalar SERS p e

§

it

g i

SERS peak Istenaity (coumts)

[T Tree—— e [ T T [ T T

Figure 5. Schematic representation and results obtained from SERS primers and SERS probes in PCR reactions. (A) Uni-molecular SERS primer is

incorporated into the PCR product (Figure S1, step C, Supporting Information ), and the blue sphere represents §' =3 exonuclease deficient DNA
polymerase. (B) Bi-molecular SERS primer PCR assay. (C) Bi-molecular SERS probe digested by the §'=3" ! active DNA pol

{purple sphere) (D) Uni-molecular SERS probe PCR assay. Error bars represent =1 standard deviation of the sample. Threshold values are the

mean of three individual negative control samples (NTC) plus three times the standard deviation thereof.

product (Figure 4). An advantage of such a system is the use of molecular SERS primers and probes were coupled with the
an increased PCR primer to SERS probe ratio thereby PCR, no clear differences between uni- and bi-molecular
improving the overall assay performance. Our results in Figure approaches were obtained, which significantly reduced the cost
5C and D showed clear discrimination between negative and of the SERS primers and probes and the overall SERS assay
positive samples for both uni- and bi-molecular SERS probes system without compromising the sensitivity or specificity.
with no false negative results, which is a significant improve-

ment over the herein reported uni- and bi-molecular SERS B CONCLUSIONS

primer methods. chmdunhu]:qr and discrimination between
positive and i d, which are Important factors for the performance of the positive SERS

L
important parumlcrs for the bE'Rb assay to find practical use. primer assays were investigated utilizing a synthetic model. The
Additionally, the use of uni-molecular SERS primers and demonstration and evaluation of four separation free SERS
probes only had a performance advantage in direct detection assays for the specific detection of pathogen DNA have been
assays such as our synthetic model system. When uni- and bi- carried out. These assays prove that SERS is a reliable and

1413 chxddolong/10.1021/ac302354h | Anal Chem. 2013, 85, 14081414
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competitive technique for direct target DNA detection with or
witheut the use of PCR. Within the synthetic model assays,
silver citrate and silver EDTA nanoparticles provided the best
discrimination between single- and double-stranded DNA. The
use of partly self-complementary uni-molecular oligomucleotide
sequences for the SERS primer significantly increased the
contrast between positive and negative samples. The results
have shown that a SERS primer or probe to target ratio of 0.5
could be detected, and when increasing the target to probe ratio
significantly, higher SERS signals were obtained for all SERS
probe models, By i ing the ion of particl

the assay was fully quantitative up to a DNA conc ion of

(11) Monaghan, P. B; McCarney, K. M;; Ricketts, A; Littleford, R.
E; Docherty, F; Smith, W. E; Grabam, D.; Cooper, |. M. Amal Chem.
2007, 79, 28442849,

(12) Graham, Dy Mallinder, B. J.; Whitcombe, D; Watson, N. D.;
Smith, W. E. Anal Chem. 2002, 74, 10691074

{13) MacAskill, A;; Crawford, D; Graham, D.; Faulds, K. Anal Chem.
2009, 51, 81348140

{14) Wabuyele, M. B; Vo-Dink, T. Anal Chem. 2008, 77, 7810—
7813,

(15) Faulds, K.; Fruk, L; Robson, D. C.; Thompsen, D. Gi; Enright,
A; Smith, W, E; Graham, D. Faraday Discuss. 2006, 132, 261-168.

{16} Grabam, D; Thompson, D. G.; Smith, W. E; Faulds, K. Nar.

hnol. 2008, 3, 548-551.

50 nM. Finally, SERS primer overhangs had no significant effect
on the performance of the synthetic SERS primer assay. For the
detection of PCR. products, it was best to use the new internal
SERS probe digestion assay because with this assay no false
gative results were obtained. A signifi cost red wals
achieved when using bi-molecular SERS primers and probes
coupled to the PCR without any compromises toward
itivity or selectivity. This is a signifi imp for
new approaches using SERS.
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Positively charged silver nanoparticles and their effect on
surface-enhanced Raman scattering of dye-labelled oligonucleotides?
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Improved positively charged nanoparticles are described to provide
a simplified SERS substrate for DNA detection. Complete
flocculation of the particles is pi d due to the lled
analyte induced aggregation. This provides a stable aggregation
state which significantly extends the analysis window simplifying
DNA detection by SERS.

Silver nanoparticles have become widely utilised in diagnostics
in recent years,' * In particular owing to their intrinsic properties,
silver nanoparticles have been extensively used in SERS dne o

its agglomeration.'’ On one hand this detection approach
offered high sensitivity, however the bi-functional nature of
spermine in this system might lead to over aggregation
compromising the stability of the system rendering stable SERS
more difficult over time. As such, controlling the aggregation of
the nanoparticles’' and the interparticle distance have become
important considerations for SERS analysis."

An altemative approach for detection of D\m is to us:
postively charged nanoparticles ing el
between the analyte and the enhancing substrate. Gill et al. recently

their higher mhamemnt ractms over other metallic i

e.g. gold and copper.™ Metallic silver is highly sensitive to
light and air, and the resulting nanoparticles can be casly
oxidised compromising overall particle stability in solution
rendering their preparation and handling more difficult, when
compared to gold.

(CTAB) capped
silver nanoparticles in SERS-based detection of dye-labellad
DNA'" Although this method brings effective adsorption of the
negatively charged analytes, the CTAB double layer surrounding
the nanoparticles hampers, on the one hand, the SERS sensitivity
dueto its intrinsic shell thickness and, on the other hand, limits the
icle stability to the p ol‘a ignifi

For the analysis of DNA by SERS, negatively charged silver
nanoparticles have mainly been used in aqueous solution.™” In
the method of Bell er al, DNA strands were adsorbed onto
metal surfaces with direct interaction ol‘nuclcoudc chains with

of tnbound surfactant in solution. As an alternative, positively
charged polymers such as poly-L-Lysine (PLL) and polyethyl-
eneimine {PEI) have been employed in the preparation of gold

icles 17 1% Although polymer coated particles may

the metal surface and the addition of Ipt
facilitated aggregauon of the nanoparticle to u'nprove the
SERS detection.” Graham er al. further enhanced the SERS
detection by addition of small molecules with positively
charged fi | groups as agents to

the electrostatic repulsion between the negatively charged
DMA phosphate groups and the metal surface ®*

Amongst reported agg ing agents, the pol sperminge
offered high SERS sensitivity when used in combination with
negatively charged particles acting as a sandwich molecule
bringing dye-labelled DNA molecules close to the particle surface
and further aggregating the nanoparticles."” However, spermine
itself can interact with free DNA in solution inducing

Centre for Molecular Nanometrology, WestCHEM,
Department of Pure and Applied Chemistry, University of Strathclyde,
205 Cathedral St., G.faxgaw GI IXL, UK

Eemail: Duncan hoac.uk, Karen Faulds bk

Tel: +44 H.f 548 2507

t El y information (EST) Experimental
i nannparncle h 1sation data, ligand structures and

surfm;eplasmon shifls of the nanoparticles after addition of DNA. See
DOI: 10.1039/c2cc31731a
§ DVL and ZK have contributed equally to this work.

:mrrove overall stability of the particle ligand shell, large
interparticle gaps are created during the formation of particle
clusters substantially limiting the SERS sensing performance.
Polymer coated particles can also present high background
sigrals which compromises both the multiplexing potential of
SERS and decreases the distinction of the analyte signals from
the particle background.

Here we report for the first time the preparation of extremely
stable positively charged silver nanoparticles using spermine, a
h bi-functional amine molecule as the stabilising ligand, which
prevents interparticle aggregation via electrostatic repulsion
producing a stable colloid in aqueous solution. This allows the
creation of a ligand shell with an overall positive surface
charge that is particularly suitable for DNA detection.

These particles bring several ad ges. Firstly, by anct 2
spemmine ligands onto the particle surface, the negatively chargad
anayte adsorbs onto the nanoparticle surface wia controlled
elecirostatic interaction through charged secondary amine moieties
readily available on the particle surface with either the phosphate
backbone andfor DNA bases ™™ Secondly, the addition of
aggregation agents is no longer needed in order to obtain SERS
signals. The DNA induces nanoparticle aggregation allowing

8192 | Chem. Commun,, 2012, 48, 8192-8194
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straightforward DNA detection by SERS. In this way reducing
the number of variables and ation dy ics are more
e these particles very fie T quantitats

i as DNA coousncss ars
5 Thirdly, as DNA sequences are
the interparticle hot spots and close to the nano-
particle surface, high SERS sensing performance, in terms of
sensitivity, is efficiently provided. This system is suitable for the
analysis of both single and double stranded DNA molecules.

To support our findi this study F the SERS
based detection of dye labelled DNA with positively charged
particles previously reported in the literature, We believe that
the results of this study will be of particular use to the scientific

ity aiming to impy implicity, and stability of both
single and double stranded DNA detection strategies. Detailed
experimental procedures are reported in the Supplementary
information. Silver nanoparticles with a diameter of 26.8 £
6.0 nm (n = 225) were prepared wa a sodium borohydride
reduction in aqueous solution using spermine hydrochloride as
a stabilising ligand molecule. Importantly, nanoparticle synthesis
was performed in glass vials that were pre-coated with a
positively charged polymer to prevent binding of the positive
nanoparticles to the negatively charged glass walls, No leakage
of the coating polymer was observed (ES1%). The molar ratio
of the ligand to Ag(1) was carefully tuned to prevent uncontrolled
aggregation of the particles. The obtained nanoparticles were
keptin the dark at room temperature (10-20 °C) and were stable
for several months.

The SERS sensing performance of spermine stabilised
nanoparticles was compared 10 other silver nanoparticles
stabilised with poly-1-lysine, CTAB, citrate and branched PEL

Each of the different types of nanoparticles had similar core
sizes (ESIT), and were adjusted to similar concentrations by
adjusting the optical density (OD), providing nanoparticle
concentrations of ~ 190 pM.* Asa Raman reporter, S-carboxy-
fluorescein covalently attached to a 25-mer DNA sequence was
utilised (ESIt), The negative charge of the dve (FAM) showed
to have limited ibution 1o the DNA ad because
DNA labelled with a positive dye (Cy5) could easily be detected
(ESI¥),/$82.33

Firstly aggregation caused by adsorption of dye-labelled
ssDNA onto the silver nanoparticles was analysed colour-
imetrically. Different concentrations of ssDNA were added
(ranging from 0.05 to 10 aM) to 33 pM silver colloidal
dispersions.” Addition of ssDNA caused aggregation of the
nanoparticles evidenced by colour change and a decrease in
absorbance at 395 nm and an increase in absorbance at 550 nm
(ESIt). Following these findings, DNA in a concentration
range from 1-10 nM was chosen for the subsequent SERS
analyses. The spermine stabilised nanoparticles offered highest
performance, in terms of SERS sensitivity (Fig. 1). For CTARB
coated nanoparticles, signal could only be obtained when the
nanoparticles were diluted. This indicates that the SERS signal
appearance was a result of the CTAB molecules displacement
from the particle surface leading to a high degree of uncontrolled
particle aggregation.'® Otherwise when the CTAB layer was
intact, a surface enhanced Auorescence (SEF) background was
obtained with an approximate factor of 350 times (ESIT).

Detection of dye labelled DNA at 10 nM was not achieved
with PLL-coated nanoparticles, while PEI functionalised

20x10° ~— Ag-Spemina

Off sot SERS intensity (counts)

00 ' ' T T T MR,
200 400 &00 800 1000 1200 1400 1600 1800 2000

Raman shift Icm"}

Fig. 1 SERS spectra obuined from 10 nM FAM labelled DNA
Spectra are off set. Silver nanoparticles with spermine (bloe), PLL
{eyan), CTAB (purple), negative citrate particles (black), and branched
PEI {red). A 532 nm laser excitation of approximately 24 mW at the
sample was used (three accumulations of 1 s).

surfaces allowed the detection of the target analyte, although
with SERS signal approximately three times less intense alter
30 min than those reported for the spermine functionalised
nanoparticles (Fig. 2). We suggest that the use of branched
polvamines and surf; 15 a5 particle induces
larger distances between the adsorbed analyte and the metal
surface, leading to significantly lower of the dye
sigral, The lowest observable concentration of dye labelled
DNA in the case of spermine-stabilised nanoparticles was
I nM. In additi stabilised particles produced
a lower background signal when compared 1o branched
PEl-stabilised nanoparticles (ESIT). The stability of the samples
was measured over a time period of 120 min (Fig. 2) confirming
the higher stability of spermine stabilised Ag nanoparticles over
longer periods of time, This makes spermine stabilised particles
attractive for analysis within an automated system.

40000 -
5 30000
g o Ag-Sperming
L] -BPE|
| 8 Achen
A agcTAB
"E 400001 v AgPLL
E 15000 -
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10000 4
5F v .
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Fig.2 SERS signal stability over a time period of 120 min, Silver
nanoparticles with branched PEI (red squares), negative citrate particles
(black circks). CTAB (purple upwards pointed trangle), PLL
{eyan downwards poimied tangle), and spermine (blue leftwards
poirted triangle). Error bars + one standard deviation of
thre: separate samples. A 532 nm laser excitation of approximately
24 mW at the sample was used {three accumulations of 1 s}
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Fig. 3 OAF st SERS signal fntensity of 1 nM FAM labelled DNA, using
silver nanoparticles with spermine (blue), spermidine (red), or ethylenedioxy-

for iti lysis of multiple analytes in solution. The
affinity of the spermine functionalised particles for ssDNA was
found to be greater than ligands of similar length with lower charge.
These particles may even be usefid for detection of unlabelled DNA
obtaining the Raman specific bands of the DINA bases.

Due 1o their ease of preparation and herein deseribed advan-
tages, we anticipate these particles finding widespread use in the
detection of other negatively charged analytes, improving sensitivity
and allowing direct SERS analyas, circumventing the need for
additional aggregating agents, and this providing extended sample
stakility over the conventional SERS methods.

The authors thank Renishaw Diagnostics Lid. and the
Scottish Funding Council for funding to DvL through a
SPIRIT award, the EU FP7 Project SMD for funding IAL,
the EPSRC (EP/FO05407/1) for funding KF and JAD, and the
Roval Society for a Wolfson Research Merit award 1o DG,

diethylanine (black), higands, A 532 nm laser of app 5
24 mW at the sample was used (three accumulations of 1 5).
Additionall

F; ly, we have i d the effect of the ligand
charge on the SERS peak intensity using three similar length
ligands; spermine { + 4), spermidine ( + 3), and ethylenedioxy-
diethylamine ( + 2) (ESI¥). These ligands vary with respect to
their internal chemistry and overall charge, however the Aq,.
of the functionalised nanoparticles determined by UV-Vis and
the size of these nanoparticles as determined by DLS was
found to be very similar (ESIT). Ligand charge was found to
be directly proportional to the observed SERS peak intensity
of the dye labelled DNA, with more positive charge on the
ligand providing more intense SERS signals (Fig. 3). The
affinity of the spermine for the interaction with single stranded
DNA resulted in highly effective SERS active silver nano-
particles. This data is in agreement with previous studies
reporting the greatest SERS enhancements of dye labelled
DNA using spermine.®* The focus of future work is label free
detection of DNA wig the specific Raman bands of the
individual bases.

In conclusion, we have shown how spermine stabilised silver
particles with positive surface charge are particularly suitable as
platforms for detection of dye labelled DNA with surface

h d Raman s opy. Herein we have used these
particles for the direct detection of negatively charged 5-carboxy-
fluorescein labelled DNA. and 1 them to other p Ty
charged nanoparticles found in the literature. Introduction of
the analyte to the Ag-spermine nanoparticles resulted in their
aggregation giving rise to intense and stable SERS spectra for
up to 120 min. Addition of aggregating agents or diluents were
not required, significantly simplifying quantitative SERS analysis.
In addition the spermine stabilised Ag nanoparticles showed a
limited background signal, which is of particular importance
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