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Abstract

Surface enhanced Raman spectroscopy (SERS) has emerged as a surface sensitive
vibrational technique that leads to the enhancement of the Raman scattering molecules on
or close to the surface of a plasmonic nanostructure. The enhancement is found to be in
orders of 104 to 105, which allows the technique to be sensitive enough to detect a single

molecule.

In this study, we report on the synthesis of different sizes of gold and silver nanoparticles
(AuNPs and AgNPs) and gold nanorods (AuNRs). These are functionalized or co-stabilized
with different stoichiometric ratios of HS-(CH2)11-PEG-COOH and alkanethiols (Raman
reporters), i.e.; HS-(CH2)11.-NHCO-coumarin(C), HS-(CH2)11-triphenylimidazole (TPI), HS-
(CH2)11-indole (HSI), HS-(CH2)11-hydroquinone (HQ) to form mixed monolayer protected
clusters (MMPCs). The alkanethiols were chosen as Raman reporters to facilitate the self-
assembled formation of monolayers on the metal surface, thus resulting in stable MMPCs.
The optical properties and stability of MMPCs were obtained using ultraviolet-visible (UV-
vis) spectrophometry and a zeta sizer. Size and shape of the as-synthesized nanoparticles
were obtained using transmission electron microscopy (TEM). The tendency of thiol-
capped nanoparticles to form self-assembled ordered superlattices was observed. Their
Raman activities were evaluated using Raman spectroscopy, with the enhancement factor
(EF) being calculated from the intensities of symmetric stretch vibrations of C-H observed
in the region of about 2900 to 3000 cm in all SERS spectra. In all four different
alkanethiols (Raman reporters), smaller size metal nanoparticles (14 nm for AuNPs and 16
nm AgNPs) showed higher EF compared to 30 and 40 nm metal nanoparticles. The EF

was observed to increase proportionally with stoichiometric ratios of alkanethiols from 1%
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to 50%. The prepared MMPCs with small sizes were used as a SERS probe for the

detection of malaria and tuberculosis biomarkers.

The conjugates of monoclonal anti-Plasmodium Lactate Dehydrogenase (anti-pLDH) pan-
malaria and Protein A with four different alkanethiols were used to capture 1 mg/mL of
recombinant Plasmodium Vivax Lactate Dehydrogenase (Pv-LDH) and or Mycobacterium
Tuberculosis 38 kDA (MTB), respectively. The capturing of the antigens with the
conjugates was confirmed by an immunochromatographic test and Raman spectroscopy.
Immunochromatographic tests confirmed the presence of the coloured test line which
revealed the interaction of the immobilised antigens and antibodies on the conjugates,
whereas Raman spectroscopy confirmed the presence of the alkanethiols’ vibrational peaks
on the conjugates which confirmed the capturing of the antigen. The intensity of
vibrational peak by Raman spectroscopy at 1020 cm-! was found to be dependent on the

alkanethiols used, and on the captured concentration of an antigen.
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Chapter One

1.0 Motivation of the study

Nanoscience and Nanotechnology offer the opportunity to design multifunctional
nanostructures for various applications because of the possibility of combining more
functionalities into a single entity on the nanoscale in an unprecedented way. These
multifunctional nanostructures not only monitor and detect the cellular changes associated
with disease pathogenesis, but also offer possible treatment of these diseases at cellular level
[1-3]. Recently, the multidisciplinary developments in the fields of chemistry, physics and
biology have led to the rational design and use of multifunctional nanostructures for
biomedical applications, such as cell imaging, drug delivery, diagnosis and therapeutics [3-
6]. In diagnostics, development of immunoassays has been an active field in the past years
due to accurate methods imparted by antibody specificity [7-9]. In last two decades,
significant efforts have been put on improving the analytical performance of immunoassays,
with the majority effort focusing on lowering the detection limit using novel detection

modalities, such as Surface enhanced Raman scattering (SERS) [8-12].

Surface enhanced Raman scattering is a surface sensitive spectroscopic technique that leads
to the enhancement or detection of vibrational molecules near the plasmonic
nanostructures, greatly extending the role of Raman spectroscopy. Generally, Raman
scattering is a relatively weak optical process that provides information about the unique
vibrational modes of molecules; this phenomenon was discovered by an Indian physicist in
1928[13]. The scattering that occurs in Raman spectroscopy can be categorized into either
elastic (Rayleigh) or inelastic (Stokes or Anti-Stokes shift) as shown in Figure 1.1. After
the discovery by Raman, the scattering was assumed to be of the same energy as the

incident radiation, termed elastic scattering. Inelastic scattering refers to the Stokes and
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Anti-Stokes scattering which result in a change in energy. Stokes scattering is observed
when the energy of the emitted photon is lower than the energy of the incident radiation,
and anti-stoke result from higher energy of the emitted photon. Stokes-shift Raman

scattering is dominant by anti-stokes shift.

¥irtual slale —==—-ge-—memmmemmgem—mmr | e e e mmms | e

M E 8 F. 3
LExvited vibrallen ¥
state
1 h 4 L 4
Orround state
Rayleigh scattering Stokes scattering Anti-Stokes scattering
Elastic scattering Inelastic scattering

Figure 1.1: Energy diagram showing the difference between Rayleigh scattering and

Raman scattering (Stokes and Anti-Stokes) [14]

A Raman spectrometer consists of a light source, monochromator, sample holder and the
detector. Several factors affect the analysis on Raman spectroscopy including the signal to
noise ratio, stability of the instrument, fluorescence impingement and resolution. The
development of the effective fourier transform (FT)-Raman spectrometers with red or near-
infrared laser sources solved the problem of fluorescence impingement that affects the
signal. The improvement on the sensitiveness of the detectors in conjunction with coupling
of optical filters and microscopes enhanced the capacity of analysis [15]. Raman
instrumentation is based on two technologies; dispersive Raman and FT-Raman, shown in
Figure 1.2. The two technologies differ in terms of the laser source and also by the way in

which the scattering is detected [16-18].
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Figure 1.2: Raman instrumentation (a) dispersive Raman and (b) FT-Raman

spectroscopy

In the early 1970s, Fleischman and co-workers discovered that the Raman signals from
pyridine were significantly enhanced when adsorbed on a roughened silver electrode [19],
and SERS was born. SERS has been applied in a number of analyses ranging from
biochemistry to life sciences [20-26]. The classic application of SERS is the direct sensing
of various analytes attached onto a metallic substrate, yielding both qualitative and

quantitative information [27].

The nanotechnology evolution has enabled the design of novel SERS probes that combine
metallic nanostructures and specific organic Raman reporter molecules. Such SERS-active

probes produce strong, characteristics Raman signals and can be used to indirectly detect
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the target molecules by using laser Raman spectroscopy demonstrating optical labelling
functions similar to those of external chromophores, such as organic dyes and fluorescent
guantum dots (QDs). However, this kind of probe has the ultra-sensitivity, multiplexing,
and quantitative abilities of the SERS technique, and it shows extraordinary features for
bio-analysis. The development of the multifunctional optical SERS-based detection
technique in the life sciences bears some advantages over the other techniques, namely

[28,29];
v/ Improved photo-bleaching resistance.
v Narrow vibrational band signatures.

v Excitation with a single laser source even in the red region which minimises

fluorescence background.
Vv Rich spectral information with enhanced sensitivity.
v Facilitated multiplexed immunoassays.

Despite tremendous interest to exploit such properties, the setback to bring the SERS-based

detection technique onto practical application has been due to the challenges such as;
Vv Robustness and reproducibility of metallic nanoparticles used as substrates.

v Chemical and biological compatibility of metallic nanoparticles which

require controlled chemical functionalization.

v Activity loss of biomolecules conjugated to metal nanoparticles which

mostly depend on the stability of metallic nanoparticles.
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These challenges were avoided by using alkanethiols as Raman reporters which lead to the
formation of highly stable mixed monolayer protected clusters (MMPCs). The
incorporation of polyethylene glycol (PEG) layer influenced water solubility,

biocompatibility, stability and also lowers the non-specific binding.

1.1 Aims and approaches to the study

The aim of the project was to design and develop the multifunctional Raman active probes
of AUMMPCs and AQMMPCs using difference Raman reporters. The developed SERS
probes were used to design an immunoassay for malaria and tuberculosis. Several objectives

were set-out to achieve the aim of the study as follows;

1. To synthesize and characterize different sizes and shapes gold and silver

nanoparticles.

2. To functionalize these nanoparticles with the monolayer bearing -COOH
group an one of the four Raman reporters to form mixed monolayers

protected clusters (MMPCs).

3. To conjugate the functionalized MMPCs with specific biomarkers for the

detection of malaria and tuberculosis.

4. To test the prepared Raman probes as SERS probes for diagnosis of malaria

and tuberculosis.

1.2 Thesis outline

The format of the thesis is as follows:

Chapter one-Motivation of the study
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The chapter briefly gives the motivation of the study, history of the Raman technique which
leads to the discovery of Surface enhanced Raman spectroscopy. The chapter also presents

the outline of the thesis.

Chapter two-Literature review

This chapter presents the general literature associated with surface enhanced Raman
scattering, in particular, the evolution, fundamental mechanisms and how the varied
parameters used, i.e. affect the metal nanoparticle size, shape and the choice of the Raman
reporter. The chapter also focuses on the literature of adsorption of alkanethiols on a
metallic surface to form self-assembled monolayers, the conjugation strategies of the

biomolecules and the applications of SERS probes.

Chapter three-Synthesis and functionalization of different gold nanoparticles sizes

with different Raman reporters

This chapter focuses on the synthesis and characterization of different gold nanoparticle
(AUNP) sizes and their functionalization with four Raman reporters to form gold mixed
monolayer protected clusters. The synthesized AUMMPCs were evaluated for Raman

activities.

Chapter four-Synthesis and functionalization of gold nanorods with different Raman

reporters

The chapter presents the synthesis and functionalization of gold nanorods (AuNRs) with
four different Raman reporters and their Raman activities. A part of this chapter was
published as: Mbuso Mlambo, Phumlani S. Mdluli, Poslet Shumbula, Siyasanga Mpelane, Nosipho

Moloto, Amanda Skepu and Robert Tshikhudo. Synthesis and characterisation of mixed monolayer
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protected gold nanorods and their Raman activities. Materials Research Bulletin 48 (2013) 4181-

4185.

Chapter five-Synthesis and functionalization of different silver nanoparticles sizes

with different Raman reporters

This chapter focuses on the synthesis and characterization of different silver nanoparticle
(AgNP) sizes and their functionalization with four Raman reporters to form silver mixed
monolayer protected clusters. The synthesized AQMMPCs were evaluated for Raman

activities.

Chapter six-Design and development of gold and silver nanoparticles SERS

immunoassay for the detection of malaria and tuberculosis biomarkers

The chapter reports the design and development of SERS immunoassays using gold and
silver nanoparticles functionalized with four different Raman active alkanethiols. The

immunoassays were used to detect malaria and tuberculosis.

Chapter seven-Conclusions and future prospects

This chapter gives the general conclusions based on the objectives highlighted at the

beginning of the thesis and the future prospects of the study.
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Chapter Two

General literature review on SERS

2.1 Introduction to Surface-Enhanced Raman scattering/spectroscopy

The SERS effect is about amplifying or enhancing the Raman signals (almost exclusively
coming from molecules) by several orders of magnitude. The amplification of the signals in
SERS comes through the electromagnetic interaction of light with metals; this produces
large amplifications of the laser field through excitations known as plasmon resonances.
The molecules must be adsorbed on a metal surface or be in a close proximity to benefit.
The coinage surface enhanced Raman scattering or SERS, is summarized in the following

three foundations of the effect:

v Surface (S): SERS is a surface sensitive technique; the molecules must be on or close
to the metal surface. This is a major point for applications of SERS, the compound
to be attached must bear the functional groups capable of binding the metal

substrate.

v Enhanced (E): The signal enhancement is provided by the plasmon resonances in the
metal substrate. The magnitude of enhancement is determined by the optical
properties of the metal used, as the interaction with light will differ from metal to

metal.

v Raman (R): The technique involves measuring the Raman signals of molecules
(SERS probes or analytes). Raman spectroscopy is the study of inelastic light
scattering as shown in Figure 1.1, and it provides information on the vibrational

structure of molecules.
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\/ The final S in SERS represents scattering or spectroscopy, depending on whether
one prefers to emphasize the optical effect (scattering) or the technique

(spectroscopy).

2.2 Fundamental theory of SERS

The fundamental theory of SERS has been well documented in the form of excellent reviews
and books [1-11]. There are two well understood primary theoretical mechanistic models
used to explain SERS, a long-range electromagnetic (EM) enhancement and the short-

range chemical enhancement (CE) models.

2.2.1 Electromagnetic enhancement

The EM enhancement occurs when the incident light illuminates a metal surface, causing
the collective oscillations of the electrons of a metal nanoparticle called surface plasmon
resonance (SPR) [12]. When the wavelength of the incident light matches the SPR
wavelength, the metal nanoparticle will radiate a dipolar field and be coherent with the
exciting electric field. The process results in redistribution of the local field and a greater
enhancement of the EM field at a specific position of the nanostructure called a ‘hot spot”.
The molecules that are near or adsorbed on the hot spot will experience greater enhanced
incident intensity that will excite the Raman modes. The Raman signal scattered will be
enhanced in the same way, yielding greater total output. When both the incident light and
the scattered photon of molecules are in resonance with the plasmon frequency, the SERS
signal is enhanced by a 104 enhancement [7]. The selection rule for the EM enhancement
is distance-dependant, it only applies to those molecules on or close to the metal surface and
the EM enhancement is chemically non-selective [1]. The EM enhancement is also a main
contributor to the SERS effect [5, 7] and dependent on the inherent properties of the metal

nanostructure (material type, size and shape) [13].
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2.2.2 Chemical enhancement

The second mode of enhancement is related to the short-range mechanism of the chemical
nature, and is known to contribute an order or two of magnitude of enhancement to the
Raman signal intensity [14-16]. CE involves the interaction between the chemisorbed
molecules and the metal surface, and can further be explained in two ways. The first
explanation is that the molecule (adsorbate) to the metal surface induces a novel charge
transfer intermediates that have larger Raman cross sections than those of molecules
unadsorbed [3]. The other explanation is that the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) of the chemisorbed molecules fall
symmetrically about the Fermi level of the metal surface, and the excitation of half energy