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Abstract

Hollow gold nanospheres (HGNs) demonstrate a tunable localised surface plasmon
resonance ranged from the visible to near infrared (NIR) which is of significant
importance for bioimaging due to the better penetration depth and reduced
autofluorescence. They consist of high quality nanoshells with a small size and
spherical shape. However, the reproducibility of the synthesis is an issue especially for
HGNs with localised surface plasmon resonances (LSPRs) in the NIR region. Also the
optical properties of these nanostructures are not yet well understood. In this thesis, the
improved synthesis of hollow gold nanospheres (HGNSs), which extends their localised
surface plasmon resonances up to 1320 nm with citrate covered surface, is
demonstrated. Their optical properties are systematically interrogated and compared to
citrate-reduced gold and silver nanoparticles with similar physical properties. The
scattering properties are shown through the investigation of surface enhanced Raman
scattering (SERS) responses and the absorption properties are illustrated by a study of
their photothermal properties. The comparison results show that HGNs make superior
substrates over standard solid nanoparticle substrates for SERS and photothermal
applications in the NIR region and the detailed synthesis can be used to tune the LSPR
to the required position allowing their activity to be maximized. A new nanostructure
based on HGNs is also developed and the relationship between nanostructures and
SERS activities is demonstrated by correlation of Raman maps and scanning electron
microscopy (SEM). Finally, the combination of SERS and spatially offset Raman
spectroscopy is used to demonstrate the potential in vivo applications by showing the
successful detection of bisphosphonate functionalised SERS-active nanotags through 20
mm thick porcine muscle tissue. The work in this thesis not only provides insights into
the interesting optical properties of hollow gold nanospheres, but also adds to the

growing body of evidence in relation to nanostructures and surface enhancement of



Raman scattering and shows the promising future of applications of surface enhanced

spatially offset Raman spectroscopy.
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Chapter 1. General Introduction

Gold is chemically inert and relatively non-toxic compared to other heavy metals
and is therefore very useful for biological applications. Gold nanoparticles (AuNPS)
possess unique physical and chemical properties which make them excellent
scaffolds for the fabrication of chemical and biological sensors.* First, the synthesis
of AuNPs is straightforward and can be made highly stable.> Second, AuNPs have
distinct optical properties which are being widely applied for surface enhanced optical
techniques.*  Third, they provide a high surface-to-volume ratio with excellent
biocompatibility using appropriate ligands.* Finally, these properties of AuNPs can
be tuned by varying sizes, shapes and surface chemistry.> These unique properties
have allowed researchers to develop novel sensing strategies with improved
sensitivity, stability and selectivity. In the following sections, gold nanoparticles and

their derived structures will be introduced and their applications discussed.

1.1 Synthesis of Gold nanoparticles

Gold nanoparticles have a rich history in chemistry and the modern way of AuNP
synthesis was discovered by Michael Faraday 150 years ago when he investigated
the red colour of the colloidal nature of AuNPs.” High-yielding and reproducible
methods for the synthesis of AuNPs with spherical and nonspherical shapes have
been developed over the last half century.* Now, AuNPs from 1 nm to more than

200 nm can be obtained.

1.1.1 Citrate reduced preparation approach

In 1951, Turkevich et al. developed one of the most popular synthesis methods of
Au NPs, using citrate reduction of HAuUCI, in water.® In this approach, citric acid
acts as both reducing and stabilizing agent (equation 1) and provides AuNPs with
diameters of 20 nm.

BAUCI, + CeHgO7 + 5H,0 — 6CO, + 24CI+ 6AU° + 18H" 1

Further studies by G. Frens and colleagues enabled control over AuNP sizes by
varying the feed ratio of gold salt to sodium citrate.” The kinetics of the Turkevich

process was provided by Chow and Zukoski.® The biggest issue of this method is the



polydispersity especially for particles larger than 40 nm. Recently, a two step
synthesis has been developed providing a relatively monodispersed AuNPs with size
larger 40 nm.® Generally, gold seeds with size ~15 nm are firstly synthesized using
the citrate reduced method and then a further gold layer is deposited on the seeds in
the presence of an excess amount of sodium citrate producing high quality large
AUNPs.

1.1.2 The Brust-Schiffrin Method for Thiol-protected Au NPs

Brust and Schiffrin reported a two-phase synthetic strategy, using strong thiol-gold
interactions to protect AuNPs with thiol ligands in 1994 which is a breakthrough in
the field of AuNPs synthesis after the initial attempt from Mulvaney'® of stabilizing
AuNPs with alkanethiols.** AuCl, was transferred from the aqueous solution to
toluene using tetraoctylammonium bromide as the phase-transfer reagent and
reduced with aqueous sodium borohydride in the presence of dodecanethiol.** After
the addition of sodium borohydride, the organic phase changes colour from orange to
deep brown within a few seconds which produces AuNPs with the diameters in the
range of 1-6 nm. These thiol-protected AuNPs feature superior stability because of
the strong thiol-gold interaction and they can be easily handled, characterised, and
functionalised. The nanoparticles can be thoroughly dried and then redispersed in
organic solvents without any aggregation or decomposition.*

1.1.3 Other preparation methods

The previous two synthesis methods cover the range of gold nanoparticles from 1
nm up to 200 nm. Further manipulation of the structure of AuNPs can be achieved
by physical methods. For example, thermolysis,** digestive ripening,”* and
conventional ripening** have significantly reduced average particle size and
polydispersity and resulted in the formation of superlattices in 2D and 3D. The
particle sizes and structures can also be modified by UV and laser irradiation.!
Ultrasonic fields provide an approach to control the reduction rate of AuCl, in

aqueous solutions and therefore affect core sizes with the intensity of the ultrasound



and the reactor position.”® Radiolysis is one of the other methods that can control the
particle size.® Once formed, size-exclusion chromatography can separate suspended

AuNPs by shape and size.!’

1.2. Properties of gold nanoparticles

Metals such as gold have different optical properties compared to standard
dielectrics because of the presence of free conduction electrons.’® The free electrons
of metals move in a background of fixed positive ions ensuring overall neutrality.
This forms a plasma which can also be called a free-electron plasma.’® The optical
properties of metals are governed by the optical response of this free-electron
plasma.’® A plasmon is a quantum quasi-particle representing the elementary
excitations of the charge density oscillations in a plasma and the surface plasmon is a
mixed plasmon-photon mode.’® When at the particular frequency (wavelength) of
the incident light, the optical response (scattering and absorption) of the metal
substrate is very large which is called plasmon resonance. While the metals come to
the small objects in particular for nanoparticles, where the size is compatible or
smaller than the excitation wavelength, the nature of the electromagnetic modes of
the system is modified which results in localised surface plasmon.*®

Gold nanoparticle suspensions show a very intense color, which is absent in the
bulk material as well as in the individual atoms.? In the presence of an external light
field, an electron gas that moves away from its equilibrium position is formed,
creating induced surface polarization charges that act as a restoring force on the
electron gas. (Figure 1) This results in collective oscillatory motion of the electrons
characterized by a dominant resonance band (localized surface plasmon resonance)

lying in the visible and near infrared for gold.*®
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Figure 1. Schematic representation of a dipolar plasmon oscillation in a gold
nanoparticle.™®

Mie theory describes the extinction of metallic nanoparticles and specifies that the
dielectric constant of the metal and the surrounding medium, as well as the size,
shape and monodispersity of the nanoparticles all have an effect on the resultant
spectrum.”>  The sensitivity of the localised surface plasmon resonance (LSPR) to
changes in the local refractive index surrounding the nanoparticles that makes gold
nanoparticles ideal candidates for biosensing.* In the following subsections, the
general applications of gold nanoparticles are discussed.

1.2.1 Colourimetric detections

The aggregation of AuNPs of appropriate sizes (d > 3 nm) results in interparticle
surface plasmon coupling, inducing a visible colour change from red to blue at
nanomolar concentrations.”” The colour change caused by the AuNP aggregation
provides a practical platform for absorption-based colourimetric sensing of any target

analyte that directly or indirectly triggers the AuNP aggregation or redispersion.

1.2.1.1 Detection of Oligonucleotides

In 1996, Mirkin et al. demonstrated the DNA-meditated AuNP assembly.?®
Fabrication of AuNPs functionalised with thiolated DNA strand makes it possible to
tailor the optical, electronic and structural properties of the colloidal aggregates by
using the specificity of DNA interactions to direct the interactions between particles
of different size and composition.?® This discovery has stimulated extensive use of

oligonucleotide-directed AuNP aggregation for colourimetric detection of



oligonucleotides and fabrication of structured assemblies.” In this approach, two
single strand DNA-modified AuNP probes were used for colourimetric detection of
target oligonucleotides.  The base sequences in the AUNP probes were
complementary to both ends of the target oligonucleotides (Figure 2). The presence
of target oligonucleotides induced the aggregation of AuNPs with concomitant
colour change as a result of hybridization of the DNA strand. Highly specific base-
pairing of DNA strands coupled with the intense absorptivity of AuNPs enabled the
subpicomolar quantitative colourimetric detection of oligonucleotides.
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Figure 2 Aggregation of oligonucleotide AuNPs in presence of complementary
target DNA (A), leading to change in color of solution from red to blue (B).?

Recently, a novel sensing strategy using single-stranded probe DNA, unmodified
gold nanoparticles, and a positive charged, water-soluble conjugated polyelectrolyte
to detect a broad range of targets including nucleic acid (DNA) sequences, proteins,
small molecules, and inorganic ions was reported by Xia et al..”> This is a nearly

"universal™ biosensor approach which significantly extents the colourimetric method.
1.2.1.2 Assays for cations
The contamination of Hg?* in water and soil will transform into methyl mercury to

accumulate in human body through the food chain which may damage many
organs.?’ The detections of Hg** based on AuNPs have significantly developed in



the past decade. The most important example is based on DNA-conjugated
AuNPs.?"?®  Hg*" -induced complexation of ligands such as short single-stranded
DNA or double-stranded DNA from the surfaces of AuNPs can cause the
aggregation of AuNPs, which can be used to detect Hg**. Single-stranded DNA with
thymine-rich (T-rich) domains can absorb onto the surfaces of unmodified AuNPs.
The functionalized AuNPs are monodispersed in aqueous media due to the
electrostatic repulsion between the nucleic acid. Upon the addition of Hg®*, the
complexation of Hg®* with T-rich domains induces aggregation of AuNPs causing
the color change. The system utilizes a combination of oligonucleotides and NPs at
low concentrations, which readily detects Hg®* in aqueous solutions and in the
presence of an excess of other metal ions with the detection limit of sub-10nM.%
The method can also be modified for the detection of other metal ions by replacing

natural DNA bases with metal-dependent synthetic artificial bases.”

1.2.1.3 Detection of proteins

Many disease states are usually linked with the presence of certain biomarker
proteins or irregular protein concentrations. AuUNPs have been successfully applied
for colorimetric detection of proteins.! The detection of carbohydrate binding
proteins has been achieved from a diverse range of carbohydrate functionalized
AuNPs.!  For example, Kataoka et al. utilized the aggregation of B-D-
lactopyranoside (Lac)-functionalized AuNPs for the detection of Recinus communis
agglutinin.*® The degree of colloidal aggregation was proportional to the protein
concentration, allowing the quantitative detection of lectin.

In an aptamer-based method, platelet-derived growth factors (PDGFs) specific
aptamer functionalised AuNPs were used to detect PDGFs by monitoring the
changes in the colour and extinction of the aptamer-AuNPs that occur as a result of
aggregation. In addition, a general antigen-antibody interaction has also been
employed for the AuNP aggregation-based immunoassay for proteins.*> Using this
method, a detection limit of 2 pg/mL of antiprotein in serum samples has been

achieved by Rosenzweig et al..*®



1.2.2 Fluorescence-based assays

Fluorescence resonance energy transfer (FRET) is a nonradioactive process and it
usually occurs over the distances of 10A to 100 A which is comparable to the
dimensions of most biological macromolecules.** FRET happens between an excited
state donor D (usually a fluorophore) and a proximal ground state acceptor A
through long-range dipole—dipole interactions (Figure 3). The emission spectrum of
the donor and the absorption spectrum of acceptor must overlap, but the acceptor
does not necessarily have to re-emit the energy fluorescently itself (i.e. dark
quenching). The rate of energy transfer is not only dependent on the distance
between the donor and acceptor molecules, but also on many other factors, such as

the extent of spectral overlap, and the relative orientation of the transition dipoles.®*
FRET

Emission

Excitation

Donor Acceptor
Fluorescein Rhodamine
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Figure 3 Schematic of the FRET mechanism.*

AUNPs can serve as excellent fluorescence quenchers for FRET-based assays due
to their extraordinary high molar extinction coefficients and broad energy
bandwidth." Murray and co-workers have reported a FRET based assay for the
detection of various metal ions including K* and Ca**.* This quenching system has

also been employed in Hg?* sensing.*® For example, highly fluorescent rhodamine B



(RB) molecules would be quenched when they are adsorbed onto AuNP surfaces. In
the presence of metal ions such as Hg**, RB molecules are released from the AuNP
surface and therefore restore the florescence of RB.*  Under the optimum
conditions, the selectivity of this system for Hg”* over other metal ions in aqueous
solutions is remarkably high, and a 2.0 ppb limit of detection for Hg®" in the matrix
pond water is achieved.*® Besides the detection of metal ions, FRET based AuNP
assays were utilized for sensing small organic molecules like thiols at submicromolar
levels.¥” Hairpin FRET-based systems for sensing DNA have been created by
labeling molecular beacons with AuNPs.®® The nucleic acid probe modified with the
organic dye is self-complementary, forming the hairpin structure on AuNP with
effective FRET fluorescence quenching. The hairpin structure changes to rodlike
through complementary hybridization with the target DNA, resulting in an increase
in fluorescence of the dye.*® By utilizing the similar principle, Nie et al. have shown
that fluorophore-modified oligonucleotides labeled on small AuNPs (2.5 nm) can
spontaneously assemble into a constrained arch-like conformation. Binding of target
molecules results in a conformational change, which restores the fluorescence of the
quenched fluorophore.®

In addition to the hairpin FRET-based systems, another similar detection strategy
based on DNA hybridizations is also widely used. Hybridization of dye-modified
DNA reporter sequences with oligonucleotide-functionalised AuNPs quenches
fluorescence of the reporter. The presence of a target then displaces and releases the
reporter from AuNPs by forming more stable duplex between the target and the
oligonucleotide on AuNPs. For example, Mirkin et al. have developed AuNP
probes, (nanoflares) which are designed to detect and quantify intracellular analytes,
such as mRNA in cells.***2

Besides normal fluorophores, semiconductor quantum dots (QDs) have also been
used for FRET-based AuNPs assays for detection of proteins.** For example, a
fluorescent competitive assay for DNA identification using QDs and AuNPs have
been reported by Malvin et al..** AuNPs were assembled with CdSe QDs through
short DNA strands, causing fluorescence quenching of the CdSe QDs.* Addition of



complementary oligonucleotides then displaces the AUNP-DNA from the QD-DNA,

resulting in QD fluorescence restoration.

1.2.3 Localised surface plasmon resonance (LSPR) sensing

The most common method for LSPR sensing is the wavelength-shift measurement,
in which the change in the maximum (or minimum) of the LSPR extinction curve is
monitored as a function of changes in the local dielectric environment caused by
analyte adsorption.”> LSPR assays have been conducted both in solution phase and
on surfaces coated with nanoparticle monolayers.® In the case of solution phase, the
LSPR of AuNPs was red-shifted when functionalized with monoclonal antibodies
interacted with analytes.® Moreover, the wavelength shift was found to be
proportional to the amount of ligands.*® However, most AuNP-based LSPR sensors
have been fabricated by immobilizing nanoparticles onto surface.® Owing to the
high dielectric constants of AUNPs and the electromagnetic coupling between AuNPs
and the metal film on the surface, the introduction of AuNPs onto the sensing surface
provides an effective way to increase the sensitivity of SPR sensors.*” For example,
a gold film-coated chip was used to detect dopamine in nanomolar concentration by
immobilizing a molecularly imprinted polymer gel with embedded AuNPs.*®
Various substrates, such as quartz, optical fibers, ITO glass, sol-gel matrix, etc.,
have been used for supports for AuNPs, allowing the detection of numerous analytes
such as human serum albumin, BSA, human IgG, streptavidin, interleukin-1p,
propanethiol etc..!

Based on Mie’s theory, nanoparticles with same composition but different sizes or
shapes will generate different optical responses due to their different localised
surface plasmon oscillation. In the next section, several recently developed

nanomaterials based on gold are introduced.

1.3 Gold nanorods

Gold nanorods have promising applications in the fields of drug delivery and

photothermal therapy. These promises come from their unique optical and



photothermal properties, the availability of synthetic protocols that can tune the size
and shape of the particles, the ability to modify the surface and conjugate
drugs/molecules to the nanorods, and the relative biocompatibility of gold

nanorods.*

1.3.1 Synthesis of gold nanorods

The growth of gold nanorods is, within the field of anisotropic nanoparticle
synthesis, the most established protocol, in terms of the degree of control of the size,
shape and monodispersity.? Of the reported procedures for gold rod formation, seed
mediated growth has been by far the most efficient and popular approach.*® (Figure
4) The original idea was that cationic surfactant micelles could serve as a “*soft
template’” for directing nanoparticle growth and could additionally provide colloidal
stability for the synthesized nanoparticles. The role of the seed particles is also
critical. Furthermore, the presence of small amounts of silver nitrate during the
synthesis has a dramatic effect on the final shape and crystalline structure of the
particles.?

10
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Figure 4 a. Synthesis of gold nanorods from spherical gold seeds in the presence
of CTAB as a shape-directing agent in water at room temperature. b: UV-Vis
spectra, transmission electron micrographs, and photographs of aqueous solutions of
gold nanorods of different aspect ratio (length/width). Aspect ratio increases from
left to right. All scale bars=100 nm. The yellow shaded area of the spectra is the

biological “water window”.*

1.3.2 Properties of gold nanorods

For gold nanorods, the LSPR band is split into two, corresponding to a transverse
(short axis) band and a longitudinal (long axis) band, whose position depends on the
aspect ratio (length/width) of the particles.(Figure 4) The ability to tune the optical
absorption and scattering through the vis-NIR region which is widely considered to
be the best spectral region for imaging and therapy® for gold nanorods provides an
inherent advantage over their spherical gold nanoparticle counterparts, which absorb
only in the visible region. Here, two most important applications of gold nanorods

are featured.
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Upon NIR irradiation into the LSPR bands of gold nanorods, the excited
conduction band electrons decay to the ground state by releasing their energy as heat
to the surrounding medium; thus gold nanorods can be considered “nanoheaters”.*®
This photothermal effect is the fundamental basis for the potential therapeutic
applications of gold nanorods themselves, in addition to any delivery capability they
may have for small drug molecules. It has been reported that the temperature
increases range from ~10 °C to nearly 100 °C, depending on laser power, time of
irradiation, and concentration of gold nanorods in the spot size of the laser.*®

Gold nanorods have been used as contrast agents via laser optoacoustic imaging in
live mice.>* Gold nanorods were injected deeply into a mouse, and irradiated with a
pulsed near-infrared laser which is resonant with the longitudinal LSPR band of the
nanorods. Energy absorbed by the nanorods was released to the environment as heat,
which thermoelastically expanded the tissue and generated acousticwaves, which
were measured at ultrasound frequencies at various positions and times around the
animal.>> The ability to detect Au-NRs at a very low concentration deep within a
tissue using optoacoustic methods, along with the fact that Au-NRs can be attached
to vehicles such as monoclonal antibodies to target cancer cells, is promising in the
development of new diagnostic modalities that employ optoacoustic methods
targeting Au-NRs as molecular-specific contrast agents for the early detection of

cancer.>?

1.4 Gold nanocages

Gold nanocages comprise a novel class of nanostructures possessing hollow
interiors and porous walls. Due to their unique structure and related optical
properties, gold nanocages have been extensively used for drug deliveries® and

photothermal therapies™*.
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1.4.1 Synthesis of gold nanocages

The galvanic replacement reaction represents a simple mean of preparing multi
metal hollow structures. The electrochemical potential difference between two
metals drives the reaction, with one serving as the cathode and the other as the
anode.®® In the case of the preparation of Au-based nanocages, the reduction
potential of AuCl,/Au (0.99 V vs SHE) is more positive than that of AgCI/Ag (0.22
V vs SHE).>®> Thus, Ag nanocubes prepared by polyol reduction®® can serve as a

template for reaction, being oxidized by HAuClI, according to

3Ag(s) + HAUC|4_>AU(5) + 3AgCI(S) + HC|(aq) 2

The produced Au is confined to the nanocube surface, growing on it and adopting
its morphology, as interior Ag is oxidized to produce a hollow structure. In
principle, this Ag template-engaged replacement reaction can be applied to any metal
whose redox potential is more positive than the AgCI/Ag pair, although morphology
differences have been observed in other systems.”® The synthesis schematic and

TEM images of precursors and final products are shown in Figure 5.
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Figure 5 (A) SEM image of Ag nanocubes; electron diffraction (inset) indicates
that they are single crystals. (B) SEM image of product after 0.30 mL of 1 mM
HAuUCI, solution was added to a 5 mL of 0.8 mM Ag nanocube suspension; a pinhole
(lower inset) is observed on the exposed face of ~1 in 6 nanocubes and TEM image
(upper inset) of a microtomed sample reveals early hollowing out. (C) SEM image of
product after 0.50 mL of HAuUCI, solution was added; TEM image (inset) of a
microtomed sample reveals the hollow interior of the nanobox. (D) SEM image of
product after 2.25 mL of HAuUCI, solution was added; porous nanocages were
produced. (E) Hlustration summarizing morphological changes. Coloration indicates
the conversion of a Ag nanocube into a Au/Ag nanobox then a predominately Au

nanocage.”
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1.4.2 Properties of gold nanocages

By changing the amount of AuCl, and silver during the galvanic reaction, the
morphology and LSPR of gold nanocages can be tuned.”® They have been used for
targeting cancer cells,”’ contrast enhanced agents through photoacoustic tomography
(PAT), drug carriers®® and photothermal therapies.>* Recently, Xia et al. developed
a smart drug carrier based on gold nanocages for controlled release with NIR-light.*
In principle, gold nanocages were firstly loaded with a model drug and then
functionalised with thermoresponsive polymers. At the normal human body
temperature, the polymers block the pores on the cage surface to prevent releasing
loaded drugs. Once these nanoparticles are illuminated by NIR light, the heat
generated by the photothermal effects of nanocages will cause the change of the

polymer morphology and release the drugs from the cages.>®

1.5 Hollow gold nanoparticles

Very recently a new metal nanostructure with strong NIR localised surface
plasmon resonances (LSPRs) consisting of high quality nanoshells with small size
and spherical shape has been developed and termed hollow gold nanospheres
(HGNs).®

1.5.1 Synthesis of hollow gold nanospheres

Figure 6 shows a schematic of the synthesis. Cobalt nanoparticles are formed in
the presence of NaBH, which reduces Co** to Co®. Gold shells are then grown onto
these Co nanoparticles via galvanic reaction introduced in the last section. The
solution is finally exposed to air and the oxygen sensitive Co nanoparticles are
removed forming a hollow structure. Co nanoparticles were used as sacrificial
templates for the synthesis of hollow gold nanospheres. The quality of the resultant
HGNs highly depends on the quality of the starting Co nanoparticles which are very
sensitive to oxygen. The size of the Co nanoparticles correlates to the inner diameter
of the HGNs and this is tuned by changing the amount of sodium citrate while the

shell thickness is controlled by altering the amount of Au®* ions present. This results
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localized surface plasmon resonance of HGNs in the region of 550-820 nm shown in

Figure 7.%°

Co/Au NP Co/Au NP
Co NP
5
3C0" + 2AU3* =t 3Co02* + 2AU° <
2
g
E.

AuCl,;/Au: 0,935V
Co**/Co: -0377V

Au shell

Figure 6. Schematic of HGN synthesis process. Reproduced from ref.60.

Shell Diameter Wall Thickness

245+ 1.7 nm 57 0.6 nm
28 £ 2.4 nm 6+0.6 nm
32+ 45nm 58+0.7nm
41 £ 3.7 nm 6.8 £ 0.5 nm
41 £3nm 6.3 £ 0.65 nm
37+ 2 nm 5.6+ 0.6 nm
36 + 2 nm 3.7 £ 0.6 nm
44 £ 8 nim 54 0.7 nm

44 £ 5 nm 3+ 0.6 nm
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Figure 7. UV—visible absorption spectra of nine HGN samples with varying
diameters and wall thicknesses.”

Like a normal gold nanoparticle, the LSPR bandwidth of HGN depends on the
uniformity of the particle diameter and shell thickness, and poorer uniformity results
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in broader spectral width. This synthesis must be carefully controlled to make high-
quality HGNs, especially those with a LSPR in the NIR region. One critical factor is
the removal of O, before and during the reaction using Ar or N, gases.®* The further
discussion of the synthesis is shown in section 2.3.1.

1.5. 2 Applications of hollow gold nanospheres

Due to their optical properties and small sizes (usually from 30 to 60 nm), HGNs
have been used for pH sensing,’> SERS imaging of cancer markers in single cells,®®
on-chip immunoassays,®* and as a DNA biosensor.”® They also have been
successfully utilized for both in vitro and in vivo photothermal ablation therapy

(PTA) of carcinoma and melanoma cancer cells.®®®’

Figure 8 demonstrates the
principle behind PTA. HGNs are actively linked to target cancer cells though
antibody (Ab)-antigen (Ag) or ligand (e.g., hormone)-receptor interaction. Heat
(represented by the symbol A) generated from light illumination of the HGNs is used
for thermal imaging and/or destroying of the cancer cells.** Using a small molecular
weight peptide as a targeting ligand and attaching it at the end of PEG chains,
receptor-mediated active targeting of melanoma and efficient PTA with

photothermal coupling agents in vivo have been shown for the first time.®
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Figure 8. Illustration of the principle of PTA. HGNs were firstly functionalized
with specific targeting groups for tumor cells and then heat generated by the

conversion of the illumination light selectively killed the malignant tumor cells. ®
1.6. Characterisation of nanoparticles

1.6.1. UV-Visible-Near infrared (Extinction) spectroscopy®

UV-Visible-Near infrared spectroscopy provides two important pieces of
information. Firstly, the information on the energy of the electronic excitation is
indicated by the position of absorption (Amax). Secondly, it provides the information
of molar extinction coefficient (¢). This value is constant for a given molecule at the
given wavelength and it is the measure of the ease of the transition caused by the
absorption of the radiation. The Beer-Lambert Law links the molar extinction
coefficient (¢) and the concentration of the chromophore (c) and is described as:
e=A/cl where A is the absorption value at the particular wavelength and 1 is the
distance the light travels through the material.®® Importantly, regarding the
characterizations of nanoparticles, it also indirectly provides the information of sizes
of various nanoparticles. The extinction spectrum is the combination of scattering and
absorption properties of the sample. For organic molecules such as dyes and DNA, the

scattering effect is extremely weak and normally can be ignored. However, in the case
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of gold nanoparticles, it highly depends on the sizes. AuNPs with a diameter smaller
than 20 nm essentially show absorption, but as the size increases to 80 nm, the ratio
of scattering to absorption also increases which is required for biological imaging
based on light scattering.’

1.6.2. Zeta potential

Zeta potential is the potential difference between the dispersion medium and the
stationary layer of fluid attached to the dispersed particle. The value of zeta potential
indicates the stability of colloidal suspensions. It gives the information of the degree
of repulsion between adjacent, similarly charged particles in a suspension. A high
zeta potential will be considered as a stable suspension which will resist aggregation.
When the potential is low, (between 0 and £5 mV) attraction exceeds repulsion and
the nanoparticle suspension will break and flocculate. Therefore, colloids with high
zeta potential (negative or positive) are electrically stabilized while colloids with low

zeta potentials tend to coagulate or flocculate.

1.6.3. Dark-field Microscopy™

Dark-field Microscopy only collects the scattered light from the samples which
excludes unscattered beam from the image which creates a general dark background
for unscattered environment. Dark-field microscopy has been widely used for
imaging live and unstained biological samples, such as a smear from a tissue culture
or individual water-borne single-celled organisms. As mentioned above, noble
nanoparticles scatter light creating “shinny” spots in the images which also makes

dark-field microscopy useful for preliminary optical characterizations.
1.6.4. Scanning Electron Microscopy (SEM)"

SEM generates images by scanning a focused electron beam across the surface of a
sample. The electron beam interacts with the sample producing signals that contain

information about the sample's surface topography, composition, and other properties

such as electrical conductivity.
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1.6.5. Transmission Electron Microscopy (TEM)"

TEM is a technique whereby an electron beam is transmitted through an ultra thin
sample, interacting with the sample as it passes through. An image is formed from
the interaction of the electrons transmitted through the sample and magnified and
focused onto a CCD camera. TEM provides the ability of imaging at a significantly
higher resolution than light microscopes enabling the examination of fine detail such
as atomic arrays and diffraction information if the ordered structures involve crystals.

1.6.6. Electron Energy Loss Spectroscopy (EELS)"™

The basic mechanism of the electron energy loss spectroscopy (EELS) is to expose
a material to a beam of electrons with a known, narrow range of kinetic energies.
The inelastic scattering of some electrons means that they lose energy and have their
paths slightly and randomly deflected. The amount of energy loss can be measured
via an electron spectrometer and interpreted in terms of what caused the energy loss.
The inner-shell ionizations which is one of the inelastic interactions are particularly
useful for the detection of the elemental components of a material. Looking at a
wide range of energy losses, the types of atoms, and the numbers of atoms of each
type, being struck by the beam can be determined. The scattering angle (the amount
that the path of the electron is deflected) can also be measured, giving information
about the dispersion relation of whatever material excitation caused the inelastic

scattering.

1.7. Raman spectroscopy

1.7.1 History of Raman Scattering

In 1921, Raman scattering was discovered by Chandrasekhara Venkata Raman in
India.” It is interesting to note that Raman used a very rudimentary optical tool, the
sun as a light source and his eyes as a detector to observe the effect. Importantly,

what he observed is what we call today “anti-Stokes Raman scattering”, which is
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normally quite weak. In the case of anti-Stokes Raman scattering, the scattered
photons have an energy that is larger than the incoming ones (following interaction
with an excitation already present in the sample). In fact, it was this up-conversion
process in energy that convinced Raman that he was in the presence of a new optical
scattering phenomenon. The “up-conversion” Raman observed by eye in several
organic liquids” implied an inelastic scattering process, which is what we now call
the Raman scattering. The measurement and analysis of the signals (photons) arising
from the Raman effect is called Raman spectroscopy.

1.7.2 Raman scattering and Raman spectrum

Raman scattering is a form of vibrational spectroscopy and is concerned with the
inelastic scattering of light from a molecule. It differs from the majority of light scattered
by molecules which is termed Rayleigh scattering; an elastic process that does not
induce any molecular energy changes. For Raman scattering, if the scattered photon has
less energy than the incident photon (Es < E_), then the molecule is excited to a higher-
energy level by E, - Es which is called a Stokes process; if on the contrary, the scattered
photon has more energy than the incident photon (Es > E,), then the molecule has
relaxed from an excited vibrational state to its ground state and the energy of the

vibration is given as Es - E_ which is called an anti-Stokes process. (Figure 9)

virtual states

m

n vibrational states

Raman: Stokes Rayleigh Raman: anti-Stokes

Figure 9 Vibrational transitions involved in light scattering.

The energy lost by the photons in the scattering event is called the Raman shift and

is denoted in energy as AEgr = E, - Es. It is therefore positive for a Stokes and
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negative for an anti-Stokes process. Raman shifts are commonly expressed in wave-
numbers and will then be denoted Avg (usually in units of [cm™]).%

The Raman spectrum corresponds to the wavelength- (or energy-) dependence of
the Raman scattered intensity at a given incident wavelength. It is commonly shown
as Raman intensity as a function of Raman shift (rather than wavelength), as shown
in Figure 10 for an example of a Raman spectrum. Peaks in the Raman spectrum
correspond to vibrational modes of the molecule, in a similar fashion as for an
infrared absorption spectrum. The Raman shift of a peak is equal to the vibrational
energy of the corresponding mode. There is some broadening (homogeneous and
inhomogeneous) of the peaks, but Raman peaks for molecular compounds are
typically narrow (5-20 cm™).*® The total intensity (power) scattered by a given
vibrational mode is therefore the integrated intensity of the corresponding Raman

peak.™
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Figure 10 A typical Raman (in fact SERS) spectrum of malachite green at 633 nm

excitation.

1.7.2.1 Raman polarizability™

The lasers that are normally used for excitation in Raman scattering are usually at
least partially polarized. When a photon interacts with a molecule, the electron cloud
is distorted by an amount that depends on the ability of the electrons to polarize (i.e.

the polarizability, o). The light causing the effect is polarized in one plane, but the
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effect on the electron cloud is in all directions. This can be described as a dipole

change in the molecule in each of the three Cartesian co-ordinates X, y and z. Thus,

to describe the effect on molecular polarizability of an interaction with linearly

polarized radiation, three dipoles require to be considered. The simple expression is

that a dipole [ is created in the molecule by the field from the incident photon E.
u=aE 3

To allow for the polarization angle of the linearly polarized light, the polarizability
components of the molecule are usually labelled, for example oyx.

The first subscript x refers to the direction of polarisability of the molecule, and the
second x refers to the polarization of the incident light. Thus, px=oxExt oxyEy+
axzE. Similar expressions will exist for both p, and P,

Thus, the polarizability of the molecule is a tensor,

Hy Uxx  Hxy  Uxz Ly
By | = | %y Oy Oly: L,
408 Ozx  Uzy Az L

In Raman scattering the incident and scattered beams are related. If radiation of a
particular polarization is used to create the Raman scattering, the polarization of the

scattered beam is related to but not necessarily the same as that of the incident beam.

1.8 Surface enhanced Raman scattering

One in every 10°-10° photons involves a change in energy and is termed Raman
scattering.’® Therefore, Raman scattering is an intrinsic weak effect. Surface
enhanced Raman scattering (SERS) effect is about amplifying Raman signals by
several orders of magnitude and is an ultra-sensitive vibrational spectroscopic
technique that can be used for the detection of molecules on or in close proximity to
the surface of metal nanostructures.”” Generally, the detection limits of SERS are at
least compatible with the rival optical spectroscopic technique of fluorescence.™

However the vibrational nature of SERS means that identification of the components
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of a mixture without separation is superior to fluorescence. For example, six labelled
oligonucleotides can be detected in solution without separation of the individual
species using SERS as reported by Faulds et al..”

SERS is purely a nanoscale effect and there are two main factors that account for
this effect, one is the electromagnetic enhanced mechanism (EM) and the other is the
chemical enhancement mechanism (CE).2° Electromagnetic enhancement applies to
all analytes, while chemical enhancement is probe-dependent and in general requires
chemical bonding of the analyte to the metallic nanoparticle surface and therefore, in
this section, we will focus on the EM mechanism and briefly introduce the CE

mechanism.

1.8.1 Electromagnetic Enhancement Mechanism

Under the excitation of a laser source at a frequency o, the electric field E, at the
molecule position induces a Raman dipole ping=a Ejn where a is Raman polarizability
tensor, oscillating at the Raman frequency wgr. This oscillating Raman dipole
radiates a power proportional to |wingl® at frequency og and in fact the Raman signal
we detect is this radiation.’® These processes will be affected in a number of ways
when the noble nanopartilces (Au or Ag) present.

Firstly, the amplitude of the electromagnetic field at the molecule position can be
dramatically enhanced which results in a strong local field enhancement. This is
particularly true when the excitation wavelength A, is close to the localised surface
plasmon resonances of nanoparticles. Therefore, the electric field E_ oc at molecule
position is very different to the incident field E;, and the magnitude |E oc| on the
metallic nanoparticle surface is much larger than |Ej|. The local field induces a
Raman dipole ping=0. E_oc(®) whose magnitude is enhanced by a factor of
[ELoc(@U)/|Ewm|. Therefore, the energy radiated which is proportional to |wing/® is
enhanced by a factor of [ELoc(oy)|/|En/>.*°

Secondly, the radiation properties of the Raman dipole ping are modified which

results in a radiation enhancement. And as mentioned above, it can be concluded
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that is this case, the energy radiated is also enhanced by a factor of
[ELoc(@r)Z/[Enf*.*

Thirdly, the Raman tensor o may be modified. However, this modification is
typically classified as the chemical enhancement which is discussed in section
1.8.2."°

If only two main mechanisms of enhancement which are local field enhancement
and radiation enhancement are considered, the overall SERS EM enhancement for a
single molecule can be simply expressed as:

2 2
SMEF((DL, (DR)N|ELOC((DL)| X |ELOC((‘)R)| 4

|EIn|2 |EIn|2

In many cases, the Raman shift is also small and we can make a further
approximation that wgr=w_.. Therefore, for zero-Stokes shift, the equation is

simplified as:

4
SMEF(o, )x2roc@nl’ 5

|EIn|4

1.8.1.1. Electromagnetic couplings

The previous section discussed the electromagnetic (EM) enhancements of single
metallic nanoparticles. Here, the EM enhancements that arise from the interaction of
two or more nanoparticles is discussed. The interaction becomes particularly
important when nanoparticles are close enough, together to generate large local fields
with a single molecule enhanced factor (SMEF) value up to 108" The interaction
between the two nanoparticles creates new localised surface plasmon resonances
(LSPRs) which are the result of the coupling of the individual LSPRs of isolated
nanoparticles. The most red-shifted resonance is usually the most important one for
SERS which arises from the dipolar coupling between two or more single

nanoparticle dipolar LSPRs.” This coupled LSPR is very sensitive to the exact gap
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size; a change of ~ 1 nm can result in a large difference in the resonance
wavelength.*

The most important aspect of coupled LSPR is not the position or the red shifted
effect but the generation of the extremely large local field enhancements in particular
at the gap between two nanoparticles, the so called “hot spot”. The enhancement
factor (EF) of SERS at the hot spot is very large with up to ~ 5x10"  and the
magnitude of the SERS EF is also highly sensitive to the gap size. The highest EF is
obtained at the smallest gap between two nanoparticles. ® However, the extinction
spectrum only reflects the position of the resonances but not the magnitude of the
SERS EF.% It is impossible to infer the SERS EF from an extinction measurement
in the presence of interacting particles which points out the fundamental differences
between far-field and local-field properties.™

Recently, the group from Van Duyne found that SERS EFs do not correlate with
aggregation state, meaning that a single hot spot between two particles is sufficient,
and the “extra” particles are not contributing significantly to the SERS signal.®* In
addition, based on the finite element method (FEM) calculations, the hot spot with
the smallest interparticle gap size dominates the overall enhancement. In contrast to
what has been observed for isolated nanoparticles,® no direct correlation between

LSPR wavelength and EF is observed.®

1.8.2 Chemical enhancement

Charge-transfer mechanism is the most studied mechanism for chemical

enhancement. This mechanism is illustrated in Figure 11.
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Figure 11 Schematic of a charge-transfer mechanism in the SERS cross-section,
appearing as a “resonant contribution” to the measured intensity. The laser energy
can be directly in resonance with an electronic transition of the molecule-metal
complex (case (a)), or can profit from an indirect coupling (charge transfer)through
the metal ((b) + (c)).**

It contains the presence of a surface complex either by direct (covalent) binding to
the metal or by indirect binding with the assistance of an electrolyte ion (typically
chloride).”® This may create a substantial change in the intrinsic polarizability of the
molecule. It is important to realize that the magnitude of the polarizability depends
explicitly on the available optical transitions. The “new” indirect transitions
provided by the overlap of molecular orbitals give a channel for the modification of
polarizability. It is also possible that the surface complex creates a new electronic
state that is explicitly in resonance or close to resonance with the laser, hence
providing a contribution to the enhancement of a resonant- Raman type.™

1.8.3 Surface enhanced resonance Raman scattering (SERRS)

Raman scattering is particularly strong for molecules (dyes) with electronic
energies close to the laser excitation which results in resonance Raman scattering
(RRS). When these molecules are imobilised on the metal suface, and excited by a
resonant laser excitation, an enhancement up to 10* can be achieved compared to
normal Raman measurement.®® The generation of SERRS invovles several steps.

Firstly, a chromophore or fluorescent dye adsorbed onto a roughened metal surface
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and the fluorescence of chromophore or dye will be quenched by the metal surface.”
Then, a suitable laser coincident with the absorption maximum of the chromophore
or dye is chosen to exite the molecule. Therefore the presence of a chromophore or
dye gives the contribution of resonance and an extra enhancement can be obtained.”
However, the main enhancement mechanisms between SERS and SERRS are the

same. Therefore, we will not make this distinction in the rest of this thesis.
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1.9. Aims of this thesis

The near infrared (NIR) region provides a relatively transparent optical sensing
window for bioimaging due to the minimized absorption and scattering effects of
tissues in this range. Hollow gold nanospheres (HGNs) demonstrate a tunable
localised surface plasmon resonance ranging from the visible to near infrared
consisting of high quality nanoshells with small size and spherical shape. However,
the reproducibility of the synthesis is a large issue especially for HGNs with LSPRs
in the NIR region. Also, the optical properties of these nanostructures are yet to be
elucidated. Therefore, in the first part of this thesis, this problem is investigated and
use of various optical techniques to characterise the optical properties of these
nanoshperes is reported. In addition, use of the newly developed nanostructures
consisting of connected HGNs to demonstrate the relationship between
nanostructures and surface enhanced Raman scattering is also reported.

Currently, even with an optimized set-up, the depth of penetration (less than 10
mm) remains an obstacle for most in vivo SERS applications. In the last part of this
thesis, spatially offset Raman spectroscopy is combined with SERS active nanotags

to provide an alternative solution to overcome this obstacle.
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Chapter 2. Synthesis of Hollow Gold Nanospheres and
Their SERS properties

2.1. Introduction

The penetration depth of photons in biological tissues is limited by the inherent
absorption and scattering of the components which make up tissues such as blood
and water. These components have reduced absorption and scattering effects in the
near infrared (NIR) region which provides a relatively transparent optical sensing
window for bioimaging.>> Due to their low toxicity and rich surface modification
methods, gold nanoparticle have been widely used in biological sensing via surface
enhanced optical techniques.™® However, the localised surface plasmon resonances
(LSPRs) of typical gold nanospheres are in the visible range, which limits their
applications in turbid media like blood. Therefore, significant effort is being put into
developing novel nanostructures based on gold which are active in the NIR window.
For example, gold nanorods>, nanostars®” and nanocages® have been synthesized
with a desirable localised surface plasmon resonance range. Unfortunately, these
nanostructures are normally covered by surfactants due to synthesis methods, which
are usually toxic and hard to replace. Halas and coworkers established and improved
the synthesis of gold nanoshells that consist of a dielectric silica core nanoparticle
surrounded by an ultrathin metal shell with tunable localised surface plasmon
resonance up to one micrometer.®%® Because of their optical properties and easily
functionalised surface, these nanoshells have been used for immunoassays,”

92-94

photothermally modulated drug delivery,”* photothermal ablation as well as in

vitro®>%

and in vivo” molecular imaging. However, the size of the silica/gold
nanoshells with LSPRs close to one micrometer is typically larger than 200 nm®
which could be problematic for cell membranes penetration.*®

Hollow gold nanospheres (HGNSs) consisting of a spherical gold shell filled with
embedding medium (usually water) were introduced in section 1.5.1. The biggest

advantage of this type of material is its red-shifted localised surface plasmon
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resonance yet relatively small size (less than 100 nm) which facilitates its use in
biological applications.”®  Recently, an improved synthesis of hollow gold
nanospheres in the NIR region using poly(vinylpyrrolidone) (PVP) was reported by
Zhang et al.* Although the reproducibility of the synthesis was improved, the PVP
covered nanoparticle surface may become an obstacle for further surface
functionalization. In addition, the reported localised surface plasmon resonances of
the HGNs were still below 900 nm which is not ideal for human tissue imaging.®

In the first part of this chapter, the localised surface plasmon resonances of HGNs
are extended up to 1320 nm and importantly the resulting HGNs possess a citrate-
covered surface, which can be easily replaced to allow functionalisation of the
HGNS.

SERS from metallic nanospheres'®1%*

and nanoshells'®'% have been extensively
investigated. However, as a recently developed material, the SERS performance of
hollow gold nanospheres has not been thoroughly investigated.'® To gain a better
understanding of the SERS response of HGNs, HGN samples with different localised
surface plasmon resonances were functionalised with different Raman reporters
which were either on or off resonance with the laser excitation wavelengths. This
study gives an insight into the basis of the SERS properties for these kinds of

materials.
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2.2. Experimental

2.2.1. Synthesis of hollow gold nanospheres

99105 and carried out in a

The synthesis of HGNs was adapted from previous reports
standard Schlenk line (Figure 12) under Ar. In a typical synthesis, 100 pL of 0.4 M
cobalt chloride hexahydrate (Fisher Scientific, 99.99%) and 400 (HGN-1320) to 650
(HGN-650) puL of 0.1 M trisodium citrate dihydrate (Sigma-Aldrich, >99%) were
added to 100 mL of deionized water and degassed twice. One mL of 0.1 M sodium
borohydride (Fisher Scientific, 99%) was injected into the solution under rigorous
stirring. The magnetic stirrer was replaced with bubbling argon through a glass
pipette in the solution for the synthesis of HGNs with a LSPR above 800 nm. This
solution was allowed to react for 20 min under constant argon flow until hydrogen
gas evolution ceased, indicating complete hydrolysis of the reductant. 500 pL of 0.2
M trisodium citrate dihydrate was then injected and reacted for a further 10 min.
Next, 33 mL of chloroauric acid trihydrate (Fisher Scientific, ACS reagent grade) of
different concentrations ranging from 10 uM (HGN 1320) to 130 uM (HGN 650)
was injected under rigorous stirring/constant bubbling. This mixture was reacted for
a further 10 min under argon before being exposed to air. Finally, 500 pL of 0.1 M
sodium citrate was added under vigorous stirring/constant bubbling to stabilize the
HGNs, and a colour change (from brown to light green or colorless) was observed.
After synthesis, the solution was filtered through a 0.45 um Millipore filter and
concentrated through centrifugation (3466 x g). The precipitate was redispersed into
2 (HGN 1320) to 15 mL (HGN 650) of 0.6 mM sodium citrate solution.
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Figure 12 Schlenk line consists of a dual manifold with several ports. One
manifold is connected to a source of purified inert gas, while the other is connected
to a high-vacuum pump. The inert gas line is vented through an oil bubbler, while
solvent vapors and gaseous reaction products are prevented from contaminating the
vacuum pump through a liquid nitrogen or dry ice/acetone cold trap.'®

2.2.2. Characterization

The HGN samples were investigated with high resolution scanning/transmission
electron microscopy S/TEM, FEI Titan 80-300 operated at 300 kV.

Before SERS measurements, the concentrations of the hollow gold solutions were
adjusted to the same level with the aid of a Nanosight® LM10 based on the Rayleigh
scattering technique via the procedure described in the instrument technical notes.
The original concentrated solutions were diluted with filtered milli-Q water until 20
to 60 nanoparticles per frame were obtained. The imaging videos were recorded for
60 s and analyzed using the provided software (NTA 2.1). The required dilution
factor was then applied to the rest of the samples.

Investigations into the SERS properties of hollow gold nanospheres were carried
out by mixing 135 puL of the concentrated hollow gold solution (for HGNI1, it was
firstly diluted by half before used) and 15 pL of different Raman reporters: 2x107 M
Trans-1,2-bis(4-pyridyl)-ethylene (BPE, Sigma-Aldrich, 97%) in water, 2x10” M
NIR-797 isothiocyanate (Sigma-Aldrich, >70%) in water, and 2x107 M Malachite
green isothiocyanate (Invitrogen Life Science, UK) in water. This was followed by
150 pL of water or 30 mM KCI, the samples were left to stabilize overnight before

SERS measurements.
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Two excitation wavelengths, 632.8 and 785 nm, were used during the SERS study.
632.8 nm solution SERS spectra were recorded using a Renishaw Ramascope system
2000 with a 632.8 nm line of a helium-neon laser as the excitation source. An
Olympus 20x/NAO0.4 long-working distance objective was used for excitation and
signal collection in a 180° backscattering geometry from a microcuvette. The
unfocused power output was measured to be ~4.8 m\W at the sample. Dielectric edge
filters were used to reject the Rayleigh scattered light. Spectra were accumulated for
10 s, and five replicates were carried out at each sample point; the signals were
normalized to a cyclohexane standard.

785 nm solution SERS spectra were recorded using a 785 nm diode laser fibre
optically coupled probe system attached to a Renishaw inVia microscope system,
using an f18 focusing/collection lens. The power at the sample was measured to be
~90 mW, and a 1200 groove diffraction grating was used. Spectra were accumulated
for 10 s, and five replicates were carried out at each sample point; the signals were
normalized to a cyclohexane standard.

Samples for SEM analysis were prepared on polyelectrolyte functionalized silicon
wafers as reported previously.***%®® \Wafers were cleaned using water and ethanol
then dried in a N, flow. They were then placed in an oxygen plasma cleaner for 60 s
before being coated with poly(diallyldimethylammonium chloride) (Sigma-Aldrich)
(PDDA). 30 uL of PDDA was dissolved in 1 mL of 1 mM NaCl and then dropped
onto the clean wafer for 30 min under a water-saturated atmosphere before being
washed off and dried in a N, flow. 100 puL of each HGN sample was put onto the
PDDA-functionalized silicon wafer for 15 min under a water-saturated atmosphere.
The sample was then washed off and dried in a N flow.

SEM was carried out on a Sirion 200 Schottky field-emission electron microscope
operating at an accelerating voltage of 5 kV. The samples did not require additional
metallic coating before imaging and the particle size was analyzed using image-J.

The extinction spectra were acquired using a Cary 5000 UV-vis-NIR spectrometer.
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2.3. Results and Discussion

2.3.1. Synthesis of hollow gold nanospheres

Previously, the Co nanoparticle suspension was transferred from a controlled
atmosphere to an open air solution containing different concentrations of Au®*
ions.’®® This method requires very high experimental skills. Firstly, a large syringe
was partially filled with argon and then the Co NPs solution was quickly removed
from the round bottom flask. The Co solution was injected into diluted chloroauric
acid trihydrate solution with vigorously stirring as soon as possible. Although every
step was performed very carefully, the Co NPs can still be partially oxidized.

Figure 13 shows the extinction spectrum of one HGN sample (HGN-1) using this
method with the maximum absorption wavelength at 619 nm.
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Figure 13 Extinction spectrum of HGN-1 produced according to ref. 60

Through a careful examination of SEM images (Figure 14) of samples
synthesized by this method, only nanoparticles with rough surfaces were obtained.
There are two probable reasons for this. First, during the transferring process, some
Co NPs were inevitably oxidized by air even if the process was done rapidly. Once
Co NPs are partially oxidized, only non uniform HGNs can be obtained. More

likely, at the initial injection point, the amount of Au ions is much more than the
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amount of Co NPs, therefore all Co NPs in the solution will be oxidized after
injection. Furthermore, due to the electron transportation, the reduced reaction will
happen not only at the surface of Co nanoparticle, but also in close proximity to the
surface. Figure 15 reveals the schematic of this possible mechanism.

Unive

Figure 14 Representative SEM image of HGN-1 produced according to ref. 60.

Figure 15 Schematic of a possible mechanism of non uniform hollow gold
formation.

To overcome this issue, the same group recently reported an improved method
which introduced PVP as a capping agent to protect the Co nanoparticles from
oxygen when being transferred provides better reproducibility.”® However, as
mentioned previously, the presence of PVP on the nanoparticle surface will hinder its
further functionalisation.

In this work, a slightly modified method using the injection of Au ion solution
instead of Co NP solution was initially developed resulted a much better quality of
HGNs. Figure 16 demonstrates the extinction spectrum of a typical sample named
HGN-2 using this method. The maximum absorption wavelength is at 700 nm.
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Figure 16 Extinction spectrum of HGN-2 using the improved synthesis method.

From the SEM image of HGN-2 (Figure 17), the surface of HGNs is smooth,
however, some obvious pin-holes are found. This can be explained by the
mechanism of formation of the HGNs. At the beginning, gold ions are reduced by
cobalt nanoparticles and a Co@Au core-shell structure is formed. After exposing to
air, Co NPs are oxidized into Co®* in the presence of oxygen, and pin-holes should
be formed at this stage. Finally, samples synthesized by this method are

demonstrated in Figure 18.

0 | 0 500 TL University of Str ]

Figure 17 SEM image of HGN-2 using the improved synthesis method.
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Figure 18 Hollow gold nanoparticles with different LSPRs. The Amax Of red (left),
blue (middle), and green (right) are 550 nm, 618 nm, and 700 nm respectively.

However, after one or two days, some black sediments were observed from the
produced HGN samples and the suspensions became colourless indicating the
synthesized samples were not very stable. Therefore, a further improvement was

made. Inspired by Zhang et al.,*

the Co nanoparticle suspension was further
stabilized by the injection of 500 pL of 0.2 M sodium citrate solution instead of PVP
and the Au®* solution was degassed with argon before being injected into the Co
nanoparticle suspension. The different order of addition avoids the oxidation of the
Co nanoparticles allowing high quality and reproducible hollow gold nanospheres to
be generated. In addition, due to Co nanoparticles being magnetic, the use of a
magnetic stirrer would result in the formation of chain structures instead of
individual nanospheres, especially when less sodium citrate is used.'® (Figure 19)
Therefore, the magnetic stirrer was removed when HGNs with localised surface
plasmon resonances larger than 800 nm were desired. The issue of achieving
suitable mixing to form a homogeneous solution was solved by continuously
bubbling argon through the solution while simultaneously providing manual
agitation of the flask. These modifications in the synthetic protocol created
extremely red-shifted HGNs.(Figure 20)
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Figure 19 SEM image of HGN with less amount of citrate presented under the

external magnetic field generated by a magnetic stirrer.

The reproducibility of the synthesis is determined by several factors. First, the
glassware should be clean without any organic residues. This can be done by rinsing
the glassware with aqua regia following by piranha solution. (Caution: the aqua
regia should be completely removed and rinsed with water several times before the
addition of the piranha solution.) Secondly, the quality of the hollow gold
nanospheres is decided by the quality of the cobalt nanoparticles. Sometimes, after
the addition of 1 mL of 0.1 M NaBHy, a grey coloration was obtained which meant
highly poly-dispersed Co nanoparticles. This can be solved by further removing the
dissolved oxygen in the main solution and increasing the mixing speed. NaBH, was
dissolved in oxygen free water which also enhances the synthesis quality. Bubbling
Argon into the solution is a good way of mixing when a magnetic stirrer needs to be
avoided to solve both mixing and dissolved oxygen problems. Finally, although
reducing the amount of sodium citrate can increase the size of the Co nanoparticles
which would produce more red-shifted hollow gold nanospheres, the Co
nanoparticles would aggregate if insufficient citrate were present. Therefore, a
balance should be found here. Occasionally, when the flask was replaced, different
results were obtained. This is probably due to the presence of scratches inside the
original or replacement flask which might change the reaction dynamics and
therefore the result. However, the exact mechanism is still unknown. To obtain

constant results, the same flask is recommended but the different results between
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flasks can be compensated by tuning the amount of sodium citrate and the
concentration of the gold ions. In addition, both Milli-Q water and double distilled
water were used for the synthesis and no differences were found.

Figure 20a shows the tunable localised surface plasmon resonances of the prepared
HGNs which ranged from 610 nm up to 1320 nm. When the LSPRs are below 750
nm, the shells were found to be nearly complete as they did possess some non-
obvious pin-holes on the surface (Figure 20b) which is consistent with previous
reports.**1% Interestingly, when the LSPRs of the HGNs were red-shifted, not only
did the overall size of the nanosphere increase slightly; from 53 + 8 nm for a LSPR
of 650 nm to 87 £16 nm for a LSPR of 1320 nm, (Table 2) but the pin-holes grew to
be quite substantial holes. Figure 20c shows a TEM image of HGNs with a LSPR of
1320 nm. Surprisingly, the overall size of these HGNs is relatively small with a
diameter of just 87 + 16 nm; unfortunately, the shell thickness is hard to measure
precisely due to the porous structure. An image showing the details of this type of
HGNSs is shown in Figure 20d, the hole sizes range from several nanometers up to 25
nm. Importantly, the hole size can be controlled by the addition of different
concentrations of Au®* solution which also tunes the localised surface plasmon
resonance. The presence of surface cavities provide a more red-shifted localized
surface plasmon resonance™ and that is the reason that these HGNs can generate the
extremely red-shifted localised surface plasmon resonance yet keep their overall size
small compared to other nanospheres in the literature.®® In addition, as seen in
Figure 20a, when the LSPRs of the HGNs are red-shifted, their extinction spectra
become broader and a small shoulder at ~700 nm is observed in the case of HGNs
with a LSPR of 1320 nm. The observed shoulder is probably due to the
polydispersity of the Co nanoparticle sizes during the synthesis resulting in a sub-
population of smaller sizes of hollow gold nanospheres. The broader spectrum effect
is an inherent property of LSPR at longer wavelength but could also be due to the
surface cavities present which create less well-defined structures, especially in the

NIR region.
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Figure 20. Normalized extinction spectra of synthesized hollow gold nanospheres
associated with representative TEM images. a) Normalized extinction spectra of
differently prepared hollow gold nanospheres; b) Representative TEM image of
hollow gold nanospheres with a SPR of 750 nm; c¢) representative TEM images of
hollow gold nanosphere with a SPR of 1320 nm; d) close up TEM image of a part of
C.

2.3.2. SERS Investigation of Hollow Gold Nanospheres

2.3.2.1. Characterization of hollow gold nanospheres

Two different sizes of hollow gold nanospheres, HGN1 and HGNZ2, with LSPRs
overlapping standard laser excitation wavelengths were synthesized according to the
above section. Their normalized extinction spectra are shown in Figure 21. HGN1
is resonant with 632.8 nm laser excitation and has an average size of 54+6 nm with a
shell thickness of 8.3+0.6 nm while HGNZ2 is resonant with 785 nm laser excitation

60,111

and has an average size of 65+9 nm with a shell thickness of 6.5£1.3 nm. In
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addition to the localised surface plasmon resonance of the nanoparticles, SERS is
dependent on the number of nanoparticles present within the laser volume and the
enhancement factor of each particle or cluster.® Therefore, to compare the SERS
properties of different kinds of nanoparticle solutions, it is important to normalise the
particle concentration. HGN1 was firstly diluted by half then further diluted by
1000x while HGN2 was diluted by 1000x directly before imaging was carried out
using a Nanosight®LM10. The final concentrations of diluted solutions were found
to be 3.33x10° particles/mL for HGN1 and 3.46x10° particles/mL for HGN2 under
the same imaging conditions. Thus HGN2 had a very slightly higher particle
concentration than HGN1 (diluted by half) but the difference in practical terms was

deemed to be negligible.
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Figure 21. Normalised extinction spectra of two types of hollow gold nanospheres.

The laser excitations used in the SERS experiments are marked.
2.3.2.2. Aggregation profiles of hollow gold nanospheres

It has been stated that the majority of the SERS signal in an aggregated sample

originates from a very small number of molecules on the surface of the
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nanoparticles.**? Aggregation of nanoparticles results in the coupling of plasmons
between particles leading to the formation of “hot spots” where the electromagnetic
field is significantly enhanced.”” Aggregation is achieved by the addition of an
electrolyte, normally a simple inorganic salt, which screens the Columbic repulsion
energy between the nanoparticles. The van der Waals attraction then dominates and
coagulation of the colloid occurs.*'® Partial aggregation can create effective “hot
spots” consisting of dimers and trimers.*** Importantly, the formed suspension does
not contain large clusters, which would sediment, and therefore it remains stable for
a period of time, which is preferred for further analysis. A very low concentration of
analyte, 10 nM final concentration, which is insufficient to significantly affect the
columbic repulsion was used to avoid any aggregation caused by the addition of
reporter molecules ensuring all aggregation was only induced by the salt.**>*'® The
partial aggregation extinction spectra of HGN1 and HGN2 are shown in Figure 22
and Figure 23. For HGN2, a big blue shift was observed after the addition of analyte
but there was a negligible change for HGN1. The aggregation profiles of hollow
gold nanospheres are quite different from that of normal gold and silver
nanoparticles. A blue shift instead of red shift was observed upon aggregation,*’
HGN2 showed a much larger shift compared to HGN1. The coupled LSPR of

1,** thus, from the extinction

hollow gold highly depends on the thickness of the shel
spectra it can also be concluded that HGNZ2 has a thinner wall compared to HGNL.
Upon aggregation of thin-shell HGNs, a pronounced, newly formed longitudinal
LSPR that was blue-shifted with respect to the transverse LSPR of isolated HGNs
was observed.*® Importantly, the concentration of analytes was extremely low, this
trend was found to be analyte independent; therefore only nanospheres functionalised

with malachite green are shown as an example.
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Figure 22. Normalized extinction spectra of isolated HGN1, functionalized HGN1
and partially aggregated HGN1.
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Figure 23. Normalized extinction spectra of isolated HGN2, functionalized HGN2
and partially aggregated HGN2.

The aggregation states of HGNs pre-functionalized with Raman reporters were
investigated by SEM. HGNs were deposited on PDDA functionalized silicon wafers,

which were positively charged and could therefore capture the negatively charged
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nanoparticles. Deposition was carried out under a water-saturated atmosphere over
15 min to avoid the formation of large surface aggregates due to the drying of
nanoparticle suspensions. Figure 24 shows typical SEM images of partially
aggregated HGN1 and HGN2 samples. For clarity, dimers and trimers are marked
with different shapes. Through careful examination of the original SEM images it
could be seen that the surface of HGN1 particles were complete while there were
several obvious cavities on the surface of the HGN2 particles.(Figure 25) The
number and size of the aggregates formed were counted and the percentages of
particles involved in each sample are reported in Table 1. The approach we have
undertaken was found to ensure that the observed aggregates deposited onto the
surface were representative of those in solution due to a controlled deposition time
and by focusing on the use of comparative studies rather than absolute assignment of

aggregate morphology percentages.

Figure 24. SEM images of partial aggregates of HGN1 (a) and HGN2 (b). The

scale bar in each image is 1 um; for clarity dimers are circled, and trimers are boxed.
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Figure 25. High magnification SEM of isolated HGN1 (left) and HGN2 (right).

Table 1. SEM cluster analysis, values are percentages of nanoparticles involved in

each cluster type

total colloid
] small )
monomers  dimers ] particles
trimers(%)  tetramers(%) aggregates
(%) (%) (%)
(5-10) (%)
Isolated
96.3 2.3 14 218
HGN1
Partially
aggregate 75.0 14.1 5.4 2.4 3.1 540
d HGN1
Isolated
95.5 2.0 1.0 1.0 0.5 201
HGN2
Partially
aggregate 78.1 15.8 4.5 1.0 0.6 494
d HGN2

Note that the result of counting the aggregates immobilized on a surface from an
HGN2 suspension and characterized by SEM is not consistent with its extinction
spectrum (Figure 23). The large blue shift of the spectrum should be normally

caused by the presence of a large portion of aggregates; however, Table 1 shows the
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majority of the colloidal suspension is made of monomers and the reasons for this
needs further investigation.

The isolated HGNs, without salt addition, were found to contain small numbers of
dimers and trimers, but the vast majority of particles existed as monomers. The
addition of a salt concentration of 30 mM KCI reduced the percentage of monomers
and increased the percentages of dimers, trimers and tetramers. As the number of
aggregates formed is sensitive to the concentration of nanoparticles and equilibration
time, differences between HGN1 and HGN2 should be small since their
concentrations were very similar before salt addition. In addition, as a low
concentration of Raman reporters (10 nM final concentration) was used, the

aggregate status was found to be analyte independent.

2.3.2.3. SERS performance of hollow gold nanospheres

Malachite green is resonant with 632.8 nm excitation therefore an extra
enhancement is expected from the dye. The LSPRs of isolated and partially
aggregated HGN1 show that this substrate is also resonant with the excitation
wavelength (Figure 22). Although the isolated HGN2 has a LSPR of 760 nm, a large
blue shift (around 100 nm) caused by the addition of 30 mM KCI brought it close to
the resonance region of 632.8 nm excitation (Figure 23). Figure 26 shows the offset
SERS spectra of malachite green from the different substrates using 632.8 nm
excitation. Unlike isolated HGN1 (Figure 26b), non-aggregated HGN2 (Figure 26d)
gave negligible SERS presumably due to the small overlap between the LSPR and
the excitation wavelength. Both partially aggregated HGN1 and HGN2 samples
show increased signal compared to when they were non-aggregated. As previously
described, nanoparticle aggregates form “hot spots” where the electromagnetic field
is significantly increased. Importantly, when HGN2 was partially aggregated, its
LSPR was close to the 632.8 nm laser excitation. (Figure 23) However, even when
partially aggregated, the SERS signal intensity of HGN2 was of a similar level to
isolated HGN1 under the same experimental conditions.
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Figure 26. SERS spectra of malachite green using 632.8 nm excitation wavelength,
spectra have been offset for clarity. a) partially aggregated HGNL1; b) isolated

HGN1,; c) partially aggregated HGNZ2; d) isolated HGNZ2.

When the non-resonant reporter molecule trans-1,2-bis(4-pyridyl)-ethylene (BPE)
was added to HGN and 632.8 nm excitation was used, the signal was significantly
weaker but still distinguishable above the background (Figure 27). Partially
aggregated HGN2 generated the same signal intensity as the isolated HGN1 sample.
The similar trends observed regardless of whether resonant or non-resonant

molecules were analyzed suggest that the effect is molecule independent.
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Figure 27. SERS spectra of BPE at 632.8 nm excitation. a) partially aggregated
HGNZ1,; b) isolated HGN1,; c) partially aggregated HGNZ2; d) isolated HGNZ2.

When the laser excitation was changed to 785 nm, isolated and partially
aggregated HGN1 were no longer resonant (Figure 22) however the isolated HGN2
were in resonance (Figure 23). Surprisingly, isolated HGN2 functionalized with
BPE still gave negligible signals (Figure 28d). As shown in Figure 28, the partially
aggregated HGN1 (Figure 28a) still gave the highest SERS intensity despite having a

SPR maximum away from the laser excitation wavelength.
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Figure 28. SERS spectra of BPE at 785 nm excitation. a) partially aggregated
HGNZ1,; b) isolated HGN1,; c) partially aggregated HGNZ2; d) isolated HGNZ2.

To rule out the influence of the reporter molecule, NIR-797 dye which is resonant
with 785 nm excitation was used and a similar trend was observed. (Figure 29) In
addition, different batches of HGN1 and HGN2 were used to repeat the experiments
under the same conditions. Although slight SERS intensity variations were
observed, the same trends were obtained.
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Figure 29. SERS spectra of NIR-797 at 785 nm excitation. a) partially aggregated
HGNZ1,; b) isolated HGN1,; c) partially aggregated HGNZ2; d) isolated HGNZ2.

2.3.2.4. Discussion of SERS properties of hollow gold nanospheres

From the SERS results, HGN1 was observed to generate a higher SERS
performance than HGN2 irrespective of whether it was isolated or partially
aggregated or its LSPR was resonant with the laser excitation or not. Recently,
Chandra et. al. simulated the electric field spatial profiles of HGNs with fixed outer
diameters but different wall thicknesses.'® For isolated HGNs, when the shell
became thinner, the outer electric field decreased when compared to thicker shell
particles.’®  The same theoretical results were also obtained for hollow

nanoframes.'*°

In the work reported here, the reporter molecules were attached to
the outer surface thus it is reasonable to expect that HGN1, with its thicker shell,
generates higher SERS signals than HGN2. When isolated HGNs became partial
aggregates, the particles were in contact as seen by the blue shifts in the extinction

spectra. !’ 18

In electric field calculations of touching nanoshells, a significantly
increased electric field was observed along the cavity walls when HGNs with thinner

shells were in contact with each other. In contrast, HGNs with thicker shells
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exhibited the majority of the electric field intensity at the conical region at the
particle interface.’*® Therefore, an increase in signal was observed for every SERS
measurement carried out in partially aggregated samples compared to the isolated
HGN samples. The signal differences obtained between partially aggregated HGN1
and HGN2 is assumed to be because of the intrinsically weak electric field
distribution of HGN2. In addition, surface pin-holes formed during the synthesis are
considered to generate an extra enhancement in the surface electric field.**** In fact,
from SEM images, obvious cavities were observed on the surface of HGN2 (Figure
25).  Although surface cavities can provide a red-shifted surface plasmon
resonance,™' these holes are too big to play a role in enhancing the surface electric
field. In addition, HGN2 is larger than HGN1 and has a larger surface area therefore,
with the same analyte concentration, HGN2 should load at least an equal amount of
analyte on the surface yet it generates lower signals. Hence, although HGN2 with its
thinner shell generates a red-shifted SPR, it is not a good choice for a SERS substrate
based on the experimental results which are also backed up with the previously
published electric field distribution stimulations.
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2.4. Conclusions

In this chapter, an improved synthesis of hollow gold nanospheres, which extends
their localised surface plasmon resonances up to 1320 nm, has been demonstrated.
HGNs with different localised surface plasmon resonances were functionalized with
different Raman reporters. HGNs and Raman reporters on and off resonance with
standard laser excitations were systematically interrogated in isolated and partially
aggregated situations respectively. HGN1 which had a thicker shell always gave
higher SERS performance than HGN2 independent of whether it was isolated or in a
partially aggregated state or if its SPR was resonant with the laser excitation or not.
For isolated HGNs, when the shell thickness becomes thinner, the outer electric field
decreased. When isolated HGNs became partially aggregated, a significant electric
field was observed at the particle interface. The signal differences between HGN1
and HGN2 in the partially aggregated situation is due to the intrinsically weak
electric field distribution of HGN2. This suggests that it may be worth trying
functionalization of the inner wall of thin shelled HGN based on the spatial electric
field distribution maps.

In the following chapter, the further SERS study of HGNs at longer excitation will
be discussed. In addition, after comparing the SERS activities between different
types of HGNS, it is important to know how these nanomaterials actually perform
comparing to the standard solution based SERS substrates such as solid gold and
silver nanoparticles. Therefore, in the next chapter, the comparison of optical

properties among different types of nanoparticles will also be presented.

53



Chapter 3. Comparison of Optical Properties in the NIR
Region between Hollow Gold Nanospheres and Standard
SERS Active Nanospheres

3.1. Introduction

1064 nm excitation provides a better penetration ability in turbid media such as

human tissues (Figure 30), *® however, the scattering intensity depends on the 4™

120

power of the excitation frequency, " therefore Raman scattering at this wavelength

tends to be weak. To take advantages of 1064 nm excitation wavelength for sensing,
an appropriate SERS substrate to enhance the weaker scattering at this wavelength is

needed. Several efforts have been put into developing new SERS substrates suitable

121

for this excitation wavelength including gold nanoshells,"** carbon nanotubes,'?

123 124
d,

silver colloi and gold nanorods.
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Figure 30 The optical penetration depth & of light into skin over the wavelength
range from 400 to 2000 nm.*®°
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Hollow gold nanospheres (HGNs) demonstrate tunable localised surface plasmon
resonances from the visible to NIR range which is favorable for biological sensing.**
In section 2.3.2, we have already investigated the SERS properties of two different
types of HGNs with LSPRs overlapping standard laser excitation wavelengths (632.8
and 785 nm). To further demonstrate the increased optical sensing abilities of HGNs
in the NIR region, different types of HGNs with the same concentration are coupled
with non-resonant Raman reporter molecules and measured at an excitation
wavelength of 1064 nm. Furthermore, SERS comparison results with citrate reduced
gold and silver nanoparticles of similar physical sizes and surface properties are
measured using a 1064 nm excitation wavelength. Finally, the absorption properties
of HGNs are probed using their photothermal responses under a continuous
illumination with 785 nm excitation. This study provides insights into the interesting

optical properties of hollow gold nanospheres in the near infrared region.
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3.2. Experimental

3.2.1. Synthesis of different types of nanoparticles

The synthesis of HGNs has been shown in Section 2.2.1.

45 nm Au nanoparticles were synthesized using a two-step method.® Gold
nanoparticles of 14 nm diameter with a narrow size distribution were prepared
following the Turkevich-Frens preparation method introduced in section 1.1.1. 38.1
umol (15 mg) of HAuCl, trihydrate were dissolved in 150 mL of milli-Q water and
heated until boiling. Subsequently, 4.5 mL of the 1% w/w aqueous trisodium citrate
solution, previously warmed to ca. 70 °C was added, and the mixture was refluxed
for 30 minutes. The solution was then allowed to cool to room temperature under
vigorous stirring.

37 umol of HAuUCI, trihydrate was added to 125 mL of Milli-Q water and heated
until boiling. Subsequently, 5 mL of gold colloidal dispersion (14 nm sized
nanoparticles acting as seeds) was added, followed by the addition of 1% w/w
aqueous trisodium citrate (638 uL). The mixture was refluxed for 30 min under
vigorous stirring. To ensure the stability of the colloidal dispersion, 4.9 mL of 1%
w/w aqueous trisodium citrate was then added and further refluxed for 1 h. The
colloidal dispersion was filtered through a 0.45 um Millipore filter before
centrifugation.

Silver colloid preparation was synthesized according to a previous report.**
Briefly, 90 mg of silver nitrate was added to 500 mL of water at 45 °C, this was then
rapidly heated to boiling, whereupon 10 mL of 1% sodium citrate was added and the
temperature reduced to 98 °C for 90 minutes. After this time, the heating was
removed and the solution allowed to cool to room temperature. The colloidal

dispersion was filtered through a 0.45 um Millipore filter before centrifugation.

3.2.2. Characterization

Before SERS and photothermal measurements, the concentrations of the different

types of nanoparticle solutions were adjusted to the same level with the aid of a
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Nanosight LM10 via the procedure described in the instrument technical notes which
has been described in Section 2.2.2. The required dilution factor was then applied to
the rest of the samples.

Investigations into the SERS properties of HGNs and citrate reduced gold and
silver nanoparticles at 1064 nm excitation were carried out by mixing 140 uL of the
nanparticle solution with 10 uL of 1.5 uM 4,4’-Azopyridine (Sigma-Aldrich) in
water. This was followed by 150 pL of distilled water or 100 mM KCI solution; the
samples were left for 8 min before SERS measurements. The Raman measurements
at 1064 nm excitation wavelength were made using a Real Time Analyzer FT-Raman
spectrometer. A 10 s acquisition time with a laser power of 420 mW was used for all
measurements.

The photothermal studies were carried out on an instrument of in-house design.
Briefly, a 785 nm fibre coupled laser (B&W TEK Inc, USA) was used. The laser,
with a power of 250 mW, was focused into a 1 cm sample cuvette using a standard
f=100 mm UV fused silica plano-convex lens (1” diameter). The micro cuvette
contained 700 puL of ~0.2 nM nanoparticle suspension. A thermocouple from a
heating mantle was inserted into the solution perpendicular to the path of the laser
light, ~1.5 cm above the laser focus point. The temperature was allowed to stabilize
for 3 min before the laser block was removed and the solution illuminated, it was

then measured over a period of 45 min with water forming the control.
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3.3. Results and Discussion

3.3.1. Comparison of SERS properties of hollow gold nanospheres and

standard gold and silver nanospheres at 1064 nm excitation

Three different types of HGNs with LSPRs of 650, 775 and 1080 nm (HGN-650,
HGN-775, HGN-1080), as well as citrate reduced gold and silver nanoparticles were
mixed with 4,4’-azopyridine at a final concentration of 100 nM which is a non-
resonant Raman reporter at 1064 nm excitation. To make a reliable comparison,
several parameters of the nanoparticles were tuned; such as particle concentrations,

zeta potentials and average particle sizes (Table 2).

Table 2. Physical details about the nanoparticles.

Shell _
Zeta Outer ] Concentrations
) ) thickness ]
potentials (mv) | Diameters (nm) (hm) (particles/mL)
nm
Ag nanoparticles -40.8+3.20 46+2 NA 2.02x10"
Au nanoparticles -40.2+3.15 4515 NA 1.92 x10™
HGN 650 -42.9+3.36 53+8 8.3+0.6 1.89x10"
HGN 775 -42.0+3.48 66+11 65+1.3 ~1.99x10™
HGN 1080 -39.1+3.27 67+14 NA ~2.28x10™

The average particle sizes were obtained by counting at least 200 nanoparticles
from the SEM images using Image J. Particle concentrations were tuned with the aid
of the Nanosight. Due to the limitation of the laser excitation wavelength (685 nm)
inside the nanosight instrument, it is not sensitive enough to give accurate
concentration results for nanoparticles with a LSPR larger than 800 nm and therefore
these are approximate values. As shown in Figure 31, no SERS signals were
observed when the nanoparticles existed as monomeric suspensions for any of the

nanoparticles. This is due to the combinition of the weak enhancement from the
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individual nanoparticles and the longer excitation wavelength used. From Figure 32,
after the addition of 100 mM potassium chloride, a strong SERS signal was observed
using 1064 nm excitation from HGN-650 and a weaker, yet observable signal was
detected from HGN-775. However, no obvious signals were observed in the case of
standard gold, silver or HGN-1080.
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Figure 31. SERS spectra of 4,4’-azopyridine adsorbed onto the different types of
nanoparticle suspensions, spectra were recorded at 1064 nm excitation with no
additional salt. HGN 650, HGN 775, and HGN 1080 mean hollow gold nanospheres
with LSPRs of 650, 775, and 1080 nm respectively.
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Figure 32. SERS spectra of 4,4’-azopyridine with different types of nanoparticle
suspensions at 1064 nm excitation after the addition of potassium chloride. HGN-
650, HGN-775 and HGN-1080 refer to hollow gold nanopsheres with LSPRs of 650,
775 and 1080 nm respectively.

Salt induced aggregation creates SERS *“hot spots” which are highly localized EM
fields between metal nanoparticles, molecules placed in these areas generate large
Raman signals.®' Therefore, after the addition of 100 mM potassium chloride, “hot
spots” were formed which allowed the SERS signals for some of the nanoparticles to
be obtained using 1064 nm excitation wavelength. The characteristic peaks of 4,4’-
azopyridine are in the region of 650 cm™ to 1650 cm™ which equates to a Stokes-
shifted range, with a 1064 nm excitation source of 1143 to 1290 nm. The extinction
spectra of the nanoparticles before and after the addition of salt are shown in Figure
33. In the region of 1143 to 1290 nm, the extinction values of aggregated HGNs are
much larger than the values of aggregated gold and silver nanoparticles. The
extinction spectrum is the combination of scattering and absorption properties of the
sample, and the scattering effect dominates in terms of SERS. Based on figure 3a,
both the scattering and absorption properties of Au and Ag nanoparticles at 1064 nm

are weak. However, for hollow gold nanospheres, with more red-shifted LSPRs, the
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absorption value dominates the overall extinction value,*® this is one reason why
HGN-775 and HGN-1080 have higher extinction values in the 1143-1290 nm region,
but generated weaker or non-observable SERS signals compared to HGN-650. As
mentioned in section 2.3.2.4, based on the recent electric field simulation of hollow
gold nanospheres, the outer electric field decreased when the shell became thinner

118 and the surface cavities which were

compared to particles with thicker shells,
observed in the HGNs with NIR LSPRs are too big to play a role in enhancing the
surface electric field. Recently, Gibson et al performed SERS mapping on silver
nanotriangle arrays and correlated these with AFM images.**® The correlated images
revealed that the highest intensity of Raman scattering came from the network of Ag
triangles and the holes (gaps) in the arrays demonstrated no Raman amplification.*?®
Although our current system is different from the reported substrate, the structural
similarity provides evidence that highly porous noble metallic nanoparticles are not
good SERS substrates. Therefore, it is reasonable to expect the HGNs with more
red-shifted LSPRs will generate weaker SERS enhancement under the same
conditions compared to HGNs with LSPRs close to the visible range with respect to

the 1064 nm excitation source.
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Figure 33. Extinction spectra of different types of nanoparticle suspensions before
(solid lines) and after (dashed lines) the addition of 100 mM potassium chloride. a)
citrate reduced silver (blue lines) and gold (red lines) nanoparticles; b) HGN-650; c)
HGN-775; d) HGN-1080.

3.3.2. Comparison of photothermal properties of hollow gold nanoshperes
and standard gold and silver nanoshperes

The photothermal effect is a process where by a suitable material converts incident
photons into heat therefore it is highly dependent on the absorption properties of the
materials under study. Due to the interest in photothermal therapies using HGNs, the
photothermal properties of these new red-shifted HGNs were investigated. The
HGN suspensions, which had been normalized to have similar concentrations of ~0.2
nM, were compared to standard citrate reduced gold and silver nanoparticles. The
samples (700 pL) were illuminated by a continuous laser source at 785 nm
excitation, which is the most common excitation source for NIR imaging, for 45 min.

It should be noted, the thermocouple was 1.5 cm above the laser beam to avoid direct
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exposure to the beam; therefore the measured temperatures were from the bulk
solution. From Figure 34, HGNs resonant with the excitation wavelength elevated
the solution temperature from 20 °C to 50 °C within 45 min while standard citrate
reduced gold and silver nanoparticles only elevated the temperature 3.9 °C and 3.3
°C above the control (water) respectively. Although HGN-1080 was further away
from the excitation wavelength compared to HGN-650, the HGN-1080 sample
resulted in a significantly higher temperature than the HGN-650 sample. This is
consistent with the previous discussion that for red-shifted HGNs, the absorption
value dominates the overall extinction value and in this case generates more heat
under the same conditions. The extinction spectra of these nanoparticle suspensions
before and after the photothermal study are shown in Figure 35. At 785nm the
absobance of HGN-1080 is larger than HGN-650 which explains the reason that
HGN-1080 generated higher temperature than HGN-650 at 785 nm excitation. In
addition, there was no obvious change for any of the spectra after being illuminated
by a continuous 785 nm laser source for 45 min suggesting the original

nanostructures were not damaged.
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Figure 34. Photothermal study of the different types of nanoparticles. The colloid
suspensions were illuminated by a 250 mW continuous laser at 785 nm for 45 min.

The recording interval was 30 s during the first 15 min and 1 min there after.
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Figure 35. Normalized extinction spectra of the different types of nanoparticle
suspensions before and after being illumination by a continuous 785 nm laser for 45
min. Most part of the spectra (before and after the illumination) are overlaid and

there are only slight changes in the longer wavelength regions of the traces.
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3.3.3. Derivation of the absorption efficiency

The photothermal efficiency of a nanoparticle is related to its ability to convert an
absorbed photon into heat. However, the absorption efficiency value of the
nanoparticle provides the upper threshold for the photothermal efficiency, i.e. the
photothermal efficiency is calculated with respect to the absorbed photons not the
photons that are being delivered to the sample. Therefore, any material with a larger
absorption efficiency will possess a greater potential photothermal effect at the same
laser power i.e. a greater temperature increase (as we experimentally demonstrated in
this paper) or the same photothermal effect at a lower laser power.

The experimental absorption efficiency 1 is determined by equation 1,

C

_ ater X e X AT
N, xCyp XV x CSA,p, x P x1

n 1)

where C,____ is the specific heat capacity of water; m___ is the mass of water, AT
is the temperature change; AN, is Avogadro constant; C,, is the concentration of the
nanoparticles; ¥ is the illuminated volume; CS4,,, is the cross sectional area of a

nanoparticle; P is the power density of the illuminated volume and £ is the
illumination time. To deduce this equation, the following approximations were
made: all the incident photons falling on a nanoparticle are absorbed; the loss of heat
to the surroundings is minimal and the Brownian motion of the nanoparticles did not

influence the experimental result. The detailed derivation of this equation is shown

below.
f 4
Volume of the focus beam V = 3.21 x A3 x (E) (@)
The focal length of field penetration of the laser into the sample
_ 2
h=nx e 3)
_ 1
N.A =5 (4)
fap = % ()
Cross sectional area of the laser beam (CSA)= % (6)
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Power density in the focus area= laser power 0

CSA

CSA of a nanoparticle = x r2 (8)
Work= CSA of nanoparticle x Power density x Time 9
Number of nanoparticles= Ny X C X V (10)
Total theoretical work= Workx Number of nanoparticles (11)
Actual work=C,,ster X Myqrer X AT (12)
Efficieney e e (13)

Cwater XMwater XATXD? (14)

T AXN gXCXTTZXNXPXAXf2t

A is the excitation wavelength; f is the focal length; D is the lens diameter; n is the
refractive index of the surrounding media; N.A. is the numerical aperture; r is the
average radius of the nanoparticles; C is the concentration of the nanoparticles.
Equations 2-5 are from Ref. 120.

To test the accuracy of this equation, the efficiencies of gold and silver
nanoparticles were firstly calculated. Absorption efficiency values of 0.16% for gold
and 0.12% for silver were obtained which closely matches the previous simulation
results carried out at 785 nm excitation.’®” Finally, the absorption efficiency of the
most photothermally active HGN, HGN-775 was calculated to be 0.81% which is
more than 5 times higher than the efficiency of gold nanoparticles under the same
conditions. To be noted, the values we are discussing are the absorption efficiencies,
however for gold nanoparticles with an absorption efficiency of 0.16% the
photothermal efficiency has been recorded as ~80%.'%" This means that 80% of the
photons absorbed are converted to thermal energy, however only 0.16% of the total
photons entering the sample are absorbed. Therefore even if the photothermal
efficiency of the HGN-775 sample was less than the gold nanoparticles, due to the
larger absorption efficiency, i.e. the greater number of photons the material can
absorb, it should still result in a greater photothermal effect. However, to produce an
actual photothermal value, the theoretical absorption efficiency of the prepared novel
nanoshells would need to be calculated, this is a focus of future work in our lab.
Recently, Chen et al. investigated the photothermal conversion efficiencies of gold
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nanocrystals including different sizes of nanorods and nanospheres.?®  Gold
nanorods resonant with the excitation wavelength showed the highest photothermal
conversion efficiency up to 95%, however, as mentioned previously, these nanorods
were covered by surfactants which are toxic and not easy to replace. In addition, in
our system, the concentration of each nanoparticle suspension was tuned to be the
same and each type of nanoparticles had similar surface properties, which makes our

comparison more robust.
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3.4. Conclusions

In this chapter, the scattering properties of different types of hollow gold
nanospheres were demonstrated through their surface enhanced Raman scattering
(SERS) activity at 1064 nm excitation wavelength and compared to standard gold
and silver nanoparticles of similar physical size and surface properties. After the
addition of salt, a strong SERS signal was observed from hollow gold with a LSPR
of 650 nm and a weaker SERS signal from HGNs with a LSPR of 775 nm.
However, no obvious SERS signals were observed in the case of standard gold,
silver or HGN with a LSPR of 1080 nm. This is due to the combined effects of the
different extinction values in the range of 1143 to 1290 nm and the surface structure
of the HGNs with a LSPR of 1080 nm. The absorption properties of HGNs are
exhibited by their photothermal response. Different nanoparticle solutions including
standard gold, silver, and HGNs were illuminated by a continuous laser source at 785
nm excitation wavelength for 45 min and the absorption efficiencies were found to
be 0.16%, 0.12% and 0.81% (HGN-775) respectively. HGNs will make superior
substrates over standard solid nanoparticle substrates for photothermal and SERS
applications and the detailed synthesis described in the previous chapter can be used

to tune the SPR to the required position allowing their activity to be maximized.
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Chapter 4. Deciphering SERS Properties of Gold

Nanoworms and Their Applications

During the synthesis of individual HGNs, a chain structure consisting of connected
HGNs were accidently obtained. In chapter 4, we will discuss the SERS properties
of these interesting structures and illustrate the relationship between nanostructures
and SERS activities through the optical correlations.

4.1. Introduction

SERS “Hot spots” are the regions where the electromagnetic field is significantly
enhanced beyond the average field intensity surrounding a nanoparticle and results in
much greater SERS activity from these areas. The hottest sites (with local
enhancement factors > 10%) account for just 63 in 1,000,000 of the total potential
sites but contribute 24% to the overall SERS intensity." Therefore, creating and
exploring “hot spot” structures has attracted much attention.

So far, a lot of work has focused on building dimers and trimers of metallic
nanoparticles which are the basic units for SERS “hot spots”. Chen et al. used
differential centrifugation to produce dimer and trimer enriched solutions of Au-Ag
core-shell nanoparticles for a SERS study.*®® Reich and co-workers obtained SERS-
active silver nanoparticles through controlled linking, polymer encapsulation and
small-molecule infusion.”® In order to investigate the SERS “hot spot” structure,
SERS maps have been previously correlated with TEM images of salt induced silver
nanoparticle aggregates and reported the relative SERS activities.’** The resulting
SERS-active order was found to be: aggregates of 10-20 silver particles > aggregates
of 4-9 particles > trimers > dimers > single particles.**! Recently, Van Duyne and co-
workers probed the SERS “hot spot” structures required for single molecule
detection™®? and described the relationship between structure and SERS activity for
gold nanoparticle dimers and trimers.2* The most active “hot spots” were found to be
two particles which were in subnanometer proximity or had fully coalesced to form

crevices.®* Although dimer and trimer SERS systems have been well interrogated,
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the exploration of higher order SERS-active structures in a non-uniform nanosystem
is still rare.

SERS substrates are generally based on noble metals and their enhancement relies
on the optical absorption of the formed substrate.** Hollow gold nanospheres are
particularly good SERS substrates in the near infrared region as they exhibit a
tunable localised surface plasmon resonance from 550 nm to 820 nm by controlling
their inner diameter and wall thickness.°®**' Generally, single hollow gold
nanospheres have a lower Raman activity than that obtained from random aggregates
of silver or gold nanoparticles however their SERS responses are more uniform than

any other nanoparticle substrate.'®

While different shapes and sizes of noble metal
nanoparticles have been achieved, manipulation of these particles into higher ordered
structures remains challenging.*®* Recently, Schwartzberg et al. reported that gold
nanotubes could be formed during the synthesis of hollow gold nanospheres in the
presence of a relatively strong magnetic field.*® This work focused on the synthesis
and possible formation mechanism. In the first part of this chapter, we use the
formed chain structures as a basis for a SERS investigation and add to the growing
body of evidence in relation to nanostructures and surface enhancement of Raman
scattering.

Unlike colloidal suspensions, immobilization of nanoparticles onto a two
dimensional planar substrate can provide a fixed geometry, as opposed to the
complex dynamics that may exist in colloidal solutions.'* This can provide a
consistent enhancement from the probe volume unlike the ever-changing
enhancement seen in solution where different sized aggregates can diffuse in and out
of the laser spot. Such consistency with respect to enhancement is important for
fundamental SERS studies.

134

Solid SERS substrates fabricated from electron beam lithography™" and

nanosphere lithography*®

generate well-controlled substrates with high SERS
enhancement factors. However, the cost of the required instrumentation hinders their
wider application. Placing nanoparticles on a porous substrate to create a SERS-

active substrate has been applied to flow systems for biological applications.™*
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Several attempts have been made to fabricate a SERS-active porous substrate.**” Xu
et al. directly reduced silver ions on an Au-supported polyaniline membrane.*®
These homogeneous three-dimensional Ag nanostructures were found to be highly
efficient SERS substrates. Silver or gold has been deposited on different nanoporous

° and anodic alumina oxides**® with notable SERS

templates such as ceramics™
effects being obtained. However, fabrication of these substrates requires a relatively
complicated process. Recently, gold nanorods adsorbed on filter paper were used for
trace detection using SERS.'" Although it provides a cost-effective SERS substrate,
preparation of this substrate takes two days to allow sufficient coverage of nanorods
and a strong Raman background was observed from the filter paper, which limits its
applications.

In the second part of this chapter, the use of gold nanoworms as the basic SERS
enhancing unit, coupled with assembly on a membrane by simple filtration to
produce a large SERS response is investigated. Gold nanoworms are immobilised on
a commercial membrane surface by simple filtration. The interactions between
individual nanoworms resulted in additional SERS enhancement compare to the
SERS performance of individual nanoworms on ITO glass substrates. In addition,
the order of analyte introduction into the immobilized nanoworm system is also

investigated.
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4.2. Experimental

4.2.1. Synthesis of gold nanoworms

The synthesis of gold nanoworms was carried out in a standard Schlenk line under
Ar, and the procedure was similar to that of gold nanotubes reported by
Schwartzberg et al..'® 1In a typical synthesis, 100 uL of 0.4 M cobalt chloride
hexahydrate (Fisher Scientific, 99.99%) and 100 uL of 0.1 M trisodium citrate
dihydrate (Sigma-Aldrich, >99%) were added into 100 mL of deionized water and
degassed several times. 1 mL of 0.1 M sodium borohydride (Fisher Scientific, 99%)
was injected into the solution in the presence of an external magnetic field. This
solution was allowed to react for 50 min, (under constant argon flow) until hydrogen
evolution ceased, indicating complete hydrolysis of the reductant. The external
magnetic field was then removed and 33 mL of 2.5x10* M chloroauric acid
trinydrate (Fisher Scientific, ACS reagent grade) was injected under vigorous
stirring. This mixture was reacted for a further 10 min under argon before being
exposed to air until a colour change (from grey to light green) was observed.

Finally, 500 puL of 0.1 M sodium citrate was added to stabilize the gold nanoworms.

After synthesis, the solution was filtered (Fisher Scientific qualitative filter paper)
and concentrated through centrifugation (3466 xg). The precipitate was redispersed
into 10 mL of 0.6 mM sodium citrate solution.

Investigations into SERS properties of gold nanoworms were carried out by
mixing 250 pL of the concentrated gold nanoworm solution, 245 pL of deionized
water and 5 pL of different Raman reporters: 10* M 4-mercaptobenzoic acid
(Sigma-Aldrich, 90%) in ethanol, 10* M NIR-797 isothiocyanate (Sigma-Aldrich,
>70%) in ethanol, and 1.2x10° M Malachite green isothiocyanate (Sigma-Aldrich,
>96.0%) in ethanol. For multiplexing, a mixture of 4-mercaptobenzoic acid and

Malachite green isothiocyanate was added into a diluted nanoworm solution.
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4.2.2. Characterization of nanoworms

Two excitation wavelengths, 632.8 and 785 nm, were used in the corresponding
SERS studies. 632.8 nm solution SERS spectra were recorded using a Renishaw
Ramanscope System 2000 and the 632.8 nm line of a helium-neon laser as the
excitation source and an Olympus 20x/NA0.4 long-working distance objective for
excitation and signal collection in a 180° backscattering geometry from a
microcuvette. The unfocused power output was measured to be approximately 4.8
mW at the sample. Dielectric edge filters were used to reject the Rayleigh scattered
light. Spectra were accumulated for 10 s, and 5 replicates were carried out at each

sample point; the signals were normalized to a silicon standard.

785 nm solution SERS spectra were recorded on a 785 nm fibre optically coupled
probe system attached to a Renishaw inVia microscope system. Using an f18
focussing/collection lens, power at the sample was measured at approximately 90
mW and a 1200 groove diffraction grating was used. Spectra were accumulated for
10 s, and 5 replicates were carried out at each sample point; the signals were

normalized to a cyclohexane standard.

Solid phase SERS was carried out on polyelectrolyte functionalized indium tin

oxide (ITO) coated glass slides.'*®

The detailed description has been shown in
section 2.2.2. 100 pL of each sample was put onto the PDDA functionalized ITO
coated glass surface for half an hour under a water saturated atmosphere. The
sample was then washed off and dried in a N, flow. A TEM copper grid was
mounted over each sample for indexing purposes. The SERS maps and dark-field
images were performed on a WITec alpha300-R equipped with a MPLanFL N
100x/NA 0.9 for SERS mappings and a ZEISS EC EPOPLAN dark-field 50x/NA
0.7 for dark-field imaging. A 632.8 nm line of a helium-neon laser with a power of ~
250 uW and a 785 nm line of a diode laser with a power of ~ 750 uW were used as
the excitation sources. The integration time per point was 0.25s for 632.8 nm maps

and 0.3s for 785 nm maps. The geometry of scanned areas was 25 um % 25 pm with

50 points per line.
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SEM correlations were carried out on a Sirion 200 Schottky field-emission
electron microscope operating at an accelerating voltage of 5 kV. The samples did
not require additional metallic coating before imaging except the membrane samples
which required additional gold sputter coating. The samples were investigated at
high resolution using a scanning/transmission electron microscope (S/TEM - FEI
Titan 80-300) operated at 300 kV. It is equipped with a Cs-corrector on the imaging
lens and a post-column electron energy-loss spectrometer (Gatan Tridiem 865).
Electron energy-loss spectra (EELS) were acquired using convergence and collection

angles of 13 mrad and 21 mrad, respectively.

4.2.3. Pre-functionalization of nanoworms for membrane study

2.5 mL of the concentrated gold nanoworm solution, 2.45 mL of deionized water
and 50 pL of different concentrations (10™ and 10° M) of 4-mercaptobenzoic acid
(in ethanol) were mixed together followed by 10 seconds of vortexing and left for 30

minutes before measurements were taken.
4.2.4. Fabrication of nanoworm membrane

5 mL of pre-functionalized nanoworm solution was filtered using a polyvinylidene
fluoride (PVDF) 13 mm diameter membrane with a pore size of 450 nm (Fisher

Scientific FDR-272-010X). The membrane was then rinsed with deionized water

and dried under nitrogen before measurements.

4.2 5. Post-functionalization of nanoworm membrane

5 mL of non-functionalised nanoworm solution was immobilised onto a membrane
and then immersed into 5 mL of 10® M of 4-MBA water solution for 30 minutes. It

was then rinsed with deionised water and dried under nitrogen before measurements.
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4.3. Results and Discussion

4.3.1. Synthesis of gold nanoworms

During the synthesis of individual hollow gold nanospheres, some chain
structures were accidentally found in the presence of a magnetic stirrer. One of
them is shown in Figure 36. Hollow gold nanoparticles in this image are fused

together to form a worm structure with a length of 5 um.

Figure 36 SEM image of a typical nanoworm synthesized under external magnetic
field.

There are two reasons for the formation of this chain structure. First, it is due to
the presence of the external magnetic field. With increasing the intensity of the
magnetic field, the ratio of chain structure increases. However, this structure can not
be obtained all the time, even under a strong external magnetic field. Therefore,
there must be some other factors to affect the formation. The most probable reason

is the amount of sodium citrate which plays a complexation role during the reaction.
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To test this hypothesis, experiments using different amounts of sodium citrate under
the same conditions were performed.

From Figure 37, for the sample of 600 uL. 0.1 M sodium citrate, no chain structure
is observed. However, decreasing the amount of sodium citrate increases the
percentage of chain structures. For the sample using 100 uL of 0.1 M sodium citrate,
the majority are long chain structures. However, if there is no sodium citrate
presented, only black sediments (aggregated Co nanoparticles) were found and
formed a colourless solution suggesting the stabilization function of citrate. When
the insufficient amount of citrate ions was present, their coordination with cobalt
ions in the suspension was not complete. After these incomplete cobalt ions being
reduced into Co nanoparticles, they can be easily manipulated by the external
magnetic field.
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Figure 37 SEM images of samples with different amount of sodium citrate under
the same conditions. A) 600 pL B) 400 uL C) 300 uL D) 200 uL E) 100 pL 0.1 M

sodium Citrate.

The probable mechanism of formation of the chain structure under an external
magnetic field is shown in Figure 38. Followed by the injection of sodium
borohydride, cobalt ions will be reduced to magnetic Co NPs which align according
to the magnetic field. After the addition of chloroauric acid trinydrate to the Co NP
suspension, gold ions are reduced onto the surface of aligned cobalt particles forming
the nanoshell. In the final stage, cobalt naopartices will be oxidized by dissolved

oxygen forming the hollow structure.
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Figure 38 Schematic of the formation of chain hollow structure.*®
4.3.1Characterization of gold nanoworms

The bright field TEM image (Figure 39a) of a single chain exhibits contrast that is
consistent with the chain being formed from hollow gold nanoparticles. The circle of
dark contrast corresponds to the shell being approximately aligned along the electron
beam direction and suggests that the inner diameter of the HGNs are in the range of
20-60 nm, with an average wall thickness of approximately 8 nm (Figure 40). The
lack of dark contrast at the contact point of some adjacent HGNs suggest that some
parts of the nanoworm are tube-like as previously reported.'®® However, in most
cases it is clear that the nanoworms are formed by connection of individual hollow
nanospheres without the loss of the wall between them which could have important
implications for their resultant SERS activity. The STEM high-angle annular dark
field image, which is sensitive to atomic number, shown in Figure 39b further
confirms that the majority of nanoworms are made up of connected individual
hollow nanospheres without loss of the joining wall. The composition of the
nanoworm was investigated using electron energy-loss spectroscopy (EELS), and no
evidence of cobalt or oxygen was found at any position along the line of the

spectrum image indicated by the arrow in Figure 39b (Figure 41).
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Figure 39. Electron microscopy study of a single nanoworm chain. (a) Bright field

(BF) transmission electron micrograph, and (b) the corresponding high angle annular
dark-field (HAADF) image illustrating the position and direction of the EEL

spectrum image.

Figure 40. TEM image of a typical gold nanoworm with HRTEM images of

constituent parts.
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Figure 41. 3D surface plot representation of the EEL spectrum image. The arrows

in (c) indicate the ionization edges for Co and O, which are absent from the spectra.

Interestingly, when a concentrated gold nanoworm solution was aged for more
than 15 hours, two layers naturally formed, which could be discerned by eye. The
upper fraction was light purple and consisted of individual nanospheres with an
average diameter of 56 £ 18 nm which was calculated based on SEM imges. The
bottom fraction was dark green and contained almost exclusively nanoworm
structures of various lengths (Figure 42). The average diameter and the ensemble
extinction spectrum of the upper fraction (Figure 43) indicate that these nanospheres
are hollow.®* Gravitation is the most likely cause for self-separation as the
nanoworms are micrometers in length and therefore much heavier than the individual
nanospheres. It should be noted that the proportion of the mixture that consists of
HGNs as opposed to nanoworms depends on the levels of dissolved oxygen during
synthesis. The proportion of individual particles will increase as the amount of
dissolved oxygen present increases due to the oxidization of Co NPs. Therefore, to
ensure reliable results during the subsequent analysis stages, the sample was shaken
to ensure a homogeneous solution before every SERS experiment.
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Figure 42. SEM images of naturally occurring fractions of a concentrated
nanoworm solution. (a) a large scale SEM image of upper fraction; (b) detail of the
upper fraction; (c) a large scale SEM image of the bottom fraction; (d) detail of the

bottom fraction.
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Figure 43. Extinction spectra of different fractions. (a) the ensemble nanoworm

solution; (b) the upper fraction; (c) the bottom fraction.
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4.3.2. Optimization of mapping conditions

To facilitate correlation between SERS mapping and SEM images, a TEM grid
was fixed onto the indium tin oxide (ITO) glass surface as an indexing reference.
ITO glass was chosen as a substrate due to its conductive surface essential for SEM,
as well as its lower Raman background compared to silicon substrates. The drying
of nanoparticle solutions results in the formation of large surface aggregates which
are detrimental when trying to carry out correlation studies. Therefore, gold
nanoworm solutions with different Raman reporter molecules were deposited on
poly(diallyldimethylammonium) (PDDA) functionalized ITO glass surfaces, which
were positively charged and could therefore capture the negatively charged gold
nanoworms. Deposition was carried out under a water saturated atmosphere. The
density of nanoworms on a substrate could be controlled by variation of the
deposition time, which is a key parameter in terms of successful correlation. If the
density is too low, the number of highly SERS-active areas tends to be low making
correlation difficult. It was found that a deposition time of 30 minutes was optimal
to achieve a suitable balance between correlation and density of highly SERS-active
areas. A typical density illustration is shown in Figure 44, due to the micron
dimensions of some of the nanoworms it was possible to observe them in bright field
images (Figure 46 A). This allowed correlation of the optical and electron

microscopy without the addition of positional markers as previously reported.**!
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20 urmr

Figure 44. Demonstration of the coating density after half an hour. (a) dark-field
image of one TEM square; (b) SEM image of the same square.

Laser power and integration time, not only determine the SERS intensity but also
affect the scanned nanostructures. It was found that too high a laser intensity would
alter the nanostructures and destroy their optical properties. Signals from the
nanostructures became unreliable when their original morphology was changed.
Figure 45 illustrates an example of a nanoworm melt by high laser power. Although
a SERS signal was recorded during the first map, when a second scan was
performed, there was no SERS signal from it. The laser power was therefore
reduced to ~750 pW for 785 nm excitation and ~ 250 pW for 633 nm excitation and
the integration time was decreased to 0.3s and 0.25s respectively. After optimization
of these conditions, the mapping results obtained from the same area can be almost

identical after a second scan.
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200 mm

Figure 45. An example of a nanoworm when the laser power was too strong.
4.3.3. Correlation of SERS maps with SEM images

Three different types of Raman reporter molecules were used for SERS
measurements. They were 4-mercaptobenzoic acid (MBA) which is non-resonant
with the laser wavelengths used, Malachite green (MG) which is resonant with the
633 nm excitation and NIR-797 isothiocyanate which is resonant with the 785 nm
excitation. The ensemble extinction spectrum of a nanoworm solution (Figure 43)
shows a main peak at 743 nm and a small shoulder around 600 nm. Therefore, there
will be some substrate resonance contribution with both laser wavelengths used in

this study.
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Figure 46. Correlation of a SERS map with SEM images. Malachite green was
used as a resonant reporter molecule at 633 nm. (A) bright-field image of the
mapping area; (B) dark-field image of the exact same area; (C) solution SERS
spectrum of MG using 632.8 nm excitation. The marked peak was monitored in the
SERS mapping; (D) SERS map of MG using 632.8 nm excitation; yellow indicates
highest SERS intensity. (E) SEM images of correlated nanostructures.

Figure 46 shows the correlation between nanostructures and SERS intensity using
633 nm excitation and Malachite green. The dark-field image is particularly useful

as the colour represents the scattering property of the nanostructures. In this case,
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the green and yellow/orange points observed in Figure 46B correlate to approximate
scattering wavelengths of 540 nm and 590 nm for these nanostructures.** 1t should
be noted that the LSPR of the same nanostructures in air are usually blue-shifted
compared to those in water due to the changing of the refractive indexes of the
media.** The red fringe in the dark-field image is due to reflection from the copper
TEM grid. In addition, due to the optical limitations of our system, not all

nanostructures were visible in both bright field and dark-field images.

ITO coated glass has a weak Raman background between 1200 cm™ and 1600 cm’
! therefore the peak between 400 and 450 cm™ was monitored (Figure 46C). The
intensity scale bar shown in the top right of Figure 46D indicates that the bright
yellow spots represent the highest SERS intensity. The panels in E illustrate some
nanostructures which gave different SERS activity. The intensity of the monitored
peak for each structure was extracted from every pixel around the correlated spot to
give an approximate quantitative comparison between different structures (Figure
47).
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Figure 47. SERS intensity comparison of different nanostructures in Figure 46.
The intensity values of the monitored peak were extracted from every relevant pixel.
A red circle represents the average value of each nanostructure, and a blue triangle
represents the peak intensity from the nanostructure at an individual pixel. However,
more accurate results proabably can be obtained using statistic methods such as

student’s T test.'*

Trimers in Figure 46 E1 and E4 showed strong SERS signals and this is confirmed
by the extracted peak intensities (Figure 47). For E1, the diameter of the centre
particle is around 100 nm and the two smaller nanospheres are 42 and 50 nm. And
for E4, the diameters of the nanospheres are 42, 45 and 60 nm. The resolution of the
reproduced image in Figure 46B is too low for these trimers to be clearly observed
but through careful examination of the original image, it can be concluded that the
LSPRs of these two trimers are close to 633 nm due to the yellow scattered light
observed using dark field microscopy. Based on the densely packed structure, the
interparticle gaps are very small which has previously been shown to be an essential
condition to achieve maximum SERS enhancements.?* In addition, the sizes of these
trimers in the SERS map are larger than their physical sizes. This is due to the
theoretical optical diffraction limit of the objective used being 352 nm for a 633 nm
laser line. In fact, the actual value will likely be bigger than this. As described in

Figure 48, the SERS signals can be generated when the laser spot is either positioned

87



directly over the nanostructure or close to it, which leads to a blurring effect in the

resultant maps.

9\

a laser spot ctl'o;,

a laser spot

Figure 48. Schematic of deviation between the mapping size and actual size. For a
100x/N.A.0.9 objective, the theoretical optical diffraction limit is 352 nm with a 633

nm laser line and 436 nm with a 785 nm laser line respectively.

Owing to the deviations between size in the SERS map and actual size, the shapes
shown in a SERS map cannot represent the actual shape of a nanostructure.
Although only four SEM images are shown in Figure 46, all the visible spots in the
mapped area were correlated with their SEM images (Figure 49), and no signal was

observed from a single nanosphere which is consistent with previous reports.®*3132
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Figure 49. Illustration of all the visible spots in the mapping result for MG using
633 nm excitation. In panel (d) it appears that nanospheres were artificially
deposited close to one another in a defect within the ITO glass slide. Therefore, this

area was not used for analysis.

In Figure 46 E2, both structures show SERS activity, these are small clusters with
some parts bent or with intra-worm contacts which create additional “hot spots”.
The single chain structure illustrated in E3 gave the lowest signal among the four
structures. The main contribution to the recorded signal for this structure is circled

and contains two small gold nanospheres connected to the side of the main
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nanoworm creating two trimer type structural motifs within the lager nanoworm

structure.

When the laser excitation was changed to 785 nm, Malachite green was no longer
in resonance. Figure 50C shows a solution MG SERS spectrum using 785 nm
excitation. As described previously, the same peak was monitored to create the
SERS map. Some nanostructures correlated to the mapping spots are illustrated in
Figure 50E. The structures of bright spots all show inter/intra nanoworm interactions
or consist of additional individual HGNs positioned on the flanks of the nanoworms.
The intensity of the monitored peak for each structure was extracted using the same
previously described method used for the 633 nm mapping (Figure 51). E1 and E4
are small clusters with inter/intra worm interactions which are expected to produce
“hot spots” as previously discussed. Figure 50 E3 shows the same side attached
nanospheres as seen in Figure 46 E3. There are two different types of structures
shown in E2 which generate different SERS intensity. The left hand nanoworm
structure gives much higher SERS intensity than the right hand chain structure which
can be clearly seen from the SERS map and Figure 51. The full SERS spectra
extracted from the highest intensity pixel of the two structures and normalized to the
same scale are shown in Figure 52. The cluster like structure gives nearly all the
characteristic Raman peaks of Malachite green; however, these characteristic peaks
are obscured by the background in the spectrum from the single chain structure,
except the monitored peak at 400 cm™. This clearly demonstrates the additional
enhancement achievable within a structure which contains inter particle gaps
compared to a simpler one dimensional linear chain consisting of fused particles. In
addition, the spectrum differences between Figure 52 and Figure 50 are mainly due
to the changes of medium (from the solution to air) and instrumentation. All the
visible spots in the SERS map (Figure 50D) were correlated with their corresponding
structures and are shown in Figure 53, j and k should be high SERS-active structures
based on the previous discussion. However, some parts of these structures are over
aggregated which physically reduced the collectable SERS signal. Importantly, none

of them were due to individual nanospheres.
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Figure 50. Correlation of a SERS map with SEM images. Malachite green was
used as a non-resonant reporter molecule for 785 nm excitation. (A) bright-field
image of the mapping area; (B) dark-field image of the exact same area; (C) solution
SERS spectrum of MG using 785 nm excitation. The marked peak was monitored in
the SERS mapping; (D) a SERS mapping of MG using 785 nm excitation; yellow
indicated highest SERS intensity. (E) SEM images of correlated nanostructures.
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Figure 51. SERS intensity comparison of different nanostructures in Figure 50.
The intensity values of the monitored peak were extracted from every relevant pixel.
A red circle represents the average value of each nanostructure, and a blue triangle
represents the peak intensity from the nanostructure at an individual pixel.
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Figure 52. Raman spectra extracted from the highest intensity pixel of the

correlated structures. They were both normalized to a same intensity scale.
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Figure 53. Illustration of all the visible spots in the mapping result for MG using
785 nm excitation.

These findings were additionally confirmed with correlated SERS and SEM
analysis using two alternative analytes; 4-mercaptobenzoic acid (Figure 54) and
NIR-797 isothiocyanate (Figure 55) which were also mapped using 785 nm
excitation. All the highest intensity bright spots in the resultant SERS maps were
observed to come from inter/intra worm clusters which is in agreement with the

previous experiments using MG.
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Figure 54. Correlation of a SERS map with SEM images. 4-mercaptobenzoic acid
(MBA) was used as a reporter molecule for 785 nm excitation. (A) bright-field
image of the mapping area; (B) dark-field image of the exact same area; (C) solution
SERS spectrum of MBA using 785 nm excitation. The marked peak was monitored
in the SERS mapping; (D) SERS mapping of MBA using 785 nm excitation; yellow

indicates highest SERS intensity. (E) SEM images of correlated nanostructures.
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Figure 55. Correlation of a SERS map with SEM images. NIR-797 isothiocyanate
was used as a reporter molecule for 785 nm excitation. (A) bright-field image of the
mapping area; (B) dark-field image of the exact same area; (C) solution SERS
spectrum of NIR-797 using 785 nm excitation. The marked peak was monitored in
the SERS mapping; (D) SERS mapping of NIR-797 using 785 nm excitation; yellow
indicates highest SERS intensity. (E) SEM images of correlated nanostructures.

Due to the sharper spectral features obtainable using SERS, there is a greater

79,145

potential for multiplexing compared to fluorescence. In order to test the

multiplexing ability with nanoworms, a highly concentrated (1 puM final
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concentration) 4-mercaptobenzoic acid (MBA) and Malachite green (MG) mixture
was added to the nanoworm solution, ensuring that the nanoworms were fully coated
before deposition on the ITO glass slide. Figure 56 shows maps with SERS spectra
extracted from selected regions. Nearly all bright spots showing MG (blue) activity
also contained MBA (pink) except one area near the top edge. Figure 56¢ shows the
SERS spectrum extracted from this area and none of the MBA peaks could be
observed. Considering the concentrations of both analytes are quite high (around 1
uM final concentration), this shouldn’t be counted as a sign of single molecule
detection.’*® The most probable reason is that the Raman cross-section of MG is
significantly higher than MBA.* Although both analytes were in high concentration
and the solution aged for a long time, the peaks of MG will be dominant.
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Figure 56. Illustration of the multiplexing property of nanoworms. (a) mapping
results of MG (blue) and MBA (pink) mixture using 785 nm excitation; (b), (c)
Raman spectra of the marked areas. The marked peaks were monitored.

4.3.4. Discussion of high SERS intensity structure

The highly SERS-active, “hot spot” structures, are where enhanced
electromagnetic fields are generated. The tiny gap (around 1 nm) between two gold

or silver nanoparticles is used as the simplest model of a hot spot. From TEM and
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SEM analysis of these nanoworms, the single chain structure can be considered as a
linear assembly of fused individual hollow gold nanospheres. Recently, Wang et al.
have done theoretical calculations based on a gold nanochain.**’ They showed field
enhancement within the gaps of a gold particle chain would maximize at a particle
number larger than two.**’ The single chain naoworm such as the right hand structure
in Figure 52 shows that only a weak SERS signal is generated from a chain of fused
particles. All the structures correlated to the brightest points in the SERS maps were
small clusters with inter/intra worm interactions (i.e. with nanogaps being present).
Single fused particle chains which showed enhanced SERS activity were observed to
have additional nanospheres attached to the flanks of the main chain. These findings
were independent of the excitation wavelength and Raman reporter molecules.
However, weak SERS signals were observed from single chains which were not as
intense as the cluster like structures. The simplest example of a 3D array which
contains nanogaps is a trimer as shown in Figure 46 E1 and E4. Undoubtedly, the
inter/intra worm cluster structures are also in this 3D array category and contain
nanogaps between the worms or between a worm and additional HGNs (i.e. Figure
50 E3). Additionally, bent or distorted structures (Figure 49h) can also be classified
as approaching a more complex 3D array where constituent building blocks spatially
separated within the linear nanoworm chain end up creating nanogaps within the
structure. There are two probable reasons for the observed results. Firstly, the three
dimensional array creates enhanced electromagnetic fields due to additional coupling
as a result of the nanoworm geometry. Secondly, the chain structures are produced
during the synthesis unlike salt induced aggregation which tends to occur after
analyte addition. It is reasonable to assume that the inter-particle gaps are blocked
during the synthesis of the nanoworms therefore no analyte molecules will be present
at the interstices, as parts of the nanoworms are also seen to be tube-like as the inter-

particle gap between two hollow nanospheres becomes depleted.

Nanoparticle aggregates work well for SERS because there is a small gap between
particles, but contain no direct metal-metal contact in general. In this case, all the
hollow gold structures in the chain are fused. This means that at the junctions of the
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particles, there may be small hot spots, but this isn't nearly as strong as particle-
particle junctions in aggregates. The enhancement in this case is coming from
worm-worm interactions where there are junctions without metal-metal contact. In
other words, a single nanoworm has a structure which results in a SERS signal
strength between that of an isolated nanoparticle and a nanoparticle aggregate.
However, the interaction between several nanoworms starts to create junctions

similar to those found in an aggregate.

In addition, from dark-field images of each correlation, all the bright spots in the
SERS maps are yellow/orange which means their scattering wavelengths are less
than 650 nm (red light).** Although the LSPR of a nanostructure shows a little
deviation of its maximum scattering wavelength, the structures present on ITO glass
are all off resonance with the 785 nm excitation medium.**® Recently, Van Duyne
and co-workers discovered that enhancement factors for SERS were not highly
correlated to the localised surface plasmon resonance wavelength of metallic
nanoparticles, but they were crucially dependent on the size of the interparticle gap
through finite element calculations.®* Hence, in our case, the major contribution for
bright spots in the 785 nm SERS maps were the three dimensional array structures
containing decreased interparticle gaps and therefore structural “hot spots”, instead
of the localised surface plasmon resonance of the nanostructures.

Recently, there is a debate about the correlation of nanostructures and SERS
activities utilizing electron microscopies. It is common to find a large SERS
intensity variation for the extremely similar nanostructures.®2****3249 The reasons
are still not clear. However, the development of super-resolution SERS may provide

an answer in the near future."%%

4.3.5. Enhancing the SERS Properties of Nanoworms by Matrix

Formation

As mentioned above, the formed gold nanoworms have a three dimensional array
structure and demonstrate outstanding individual SERS properties. In this section,

gold nanoworms were immobilised on a commercial membrane surface by simple
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filtration to produce a simple and cost-effective porous SERS surface for use and
quantitative analytical procedures.

Background signals from the substrate can have a significant effect on the
application of such SERS substrates. The filter membrane used in this study was
made of polyvinylidene fluoride and showed negligible Raman scattering after
deposition of the gold nanoworms (Figure 57). As shown in Figure 58b, the
immobilisation of several high-density layers of gold nanoworms on the membrane
produces a black colouration despite the original nanoworm solution being green.
The manufacturer specified pore size of the membrane was ~450 nm, which allowed
some individual particles and small nanoworms to pass through. Therefore, although
the native nanoworm solution has quite a broad plasmon peak (Figure 59), only a red
colouration was seen under dark-field illumination of the nanoworms on the
membrane (Figure 60) which indicates that the localized surface plasmon resonance
of the deposited nanoworms was around 650 nm.*>* From the SEM images (Figure
58d) it can be seen that the porous membrane is fully coated with gold nanoworms.
This nanoworm matrix provides an excellent substrate for SERS as it creates
additional hot spots among the already SERS-active individual nanoworms due to

the inter-worm electromagnetic couplings.

Relative Intensity (A.U.)
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Figure 57. Average Raman backgrounds of a blank membrane (a) and a nanoworm
membrane (b). The spectra are the averaged of the spectra obtained over a whole
SERS mapping area containing 625 individual spectra. They have been offset for

clarity.
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Figure 58. Characterisation of a nanoworm membrane. (a) Image of membrane;
(b) image of gold nanoworms deposited on membrane; (c) SEM image of membrane;
(d) SEM image of gold nanoworms deposited on membrane under the same

magnification.
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Figure 59. Extinction spectrum of the nanoworm solution with localized surface

plasmon resonance around 745 nm.
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Figure 60. (a) Dark-field image of an empty membrane; (b) Dark-field image of a
nanoworm coated membrane; (c) Bright-field image of a nanoworm coated
membrane.

Due to the variable height of the nanoworm matrix on the membrane, it is difficult
to keep the sample in focus during large scale (>25 um) SERS mapping. (Figure 60
C) Therefore, the average spectrum was extracted from a map with dimensions of
25%25 um. To demonstrate the different SERS properties between the nanoworm
membranes and nanoworms in suspension, 5 mL of nanoworm solution with a final
concentration of 100 nM 4-mercaptobenzoic acid (MBA) was prepared. From
Figure 61, it is seen that the nanoworm solution does not give any MBA signals
when the spectrum was accumulated for 10 seconds. However, when the pre-
functionalised nanoworm solution was immobilized onto a membrane, strong
characteristic MBA peaks at 1586 and 1076 cm™, which are assigned to the vs, and
vi, aromatic ring vibrations,*** were observed . The upper spectrum in Figure 61 was
the average across the whole mapped area as extracted by the instrumentation
software. The highlighted peak was monitored during all subsequent SERS mapping

experiments.
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Figure 61. SERS comparison between a nanoworm membrane and a nanoworm
solution at an excitation wavelength of 785 nm. 100 nM 4-mercaptobenzoic acid
was used as a Raman reporter in both measurements. The highlighted peak was
monitored during subsequent SERS mapping. The spectra were normalized to a

silicon standard under the experimental conditions.

The optical properties of individual gold nanoworms have been previously
investigated. However, the interactions between nanoworms, which could result in
improved SERS properties are yet to be suitably probed. Therefore, to separate the
individual from the collective enhancement, a comparison between these two
systems was carried out.  Nanoworms pre-functionalized with MBA were
immobilized on a membrane and ITO coated glass respectively. The density of
nanoworms on the ITO glass was such that individual nanoworms could be
interrogated (Figure 62) unlike in the case of the membranes where a multilayered
matrix was formed. Three 25 x 25 um SERS maps of different regions on each
substrate were performed under the same experimental conditions. Typical SERS
maps of the nanoworm membrane and nanoworm ITO glass are shown in Figure 63 a
and b. The intensity of the monitored peak was extracted from the maps. A base
value was set at the background intensity/noise level; only values 3 times larger than
the base number around the structures were treated as active pixels. It is important to
note that for the nanoworm on ITO glass substrates, only the active pixels were
selected to calculate the average intensity of the monitored peak since we wish to
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compare only individual and cooperative effects rather than the signal across the
whole area. Although the membrane maps encountered a problem with focusing on
the rough surface (Figure 60 C), the peak intensities extracted from the average
spectra are still seven times higher than the intensities extracted from active pixels on
the ITO glass substrate. In addition, when the peak intensity was extracted only from
the brightest spots (4 times larger than the cut-off number) in the nanoworm
membrane maps, they are nearly ten times higher than the signal from individual
nanoworms on ITO glass. Importantly, based on the standard deviations of the
intensity of the monitored peak shown on Figure 63c, the signal homogeneity from
the membranes is much better than the active pixels extracted from ITO glass
substrates. The reason for the observed increase is due to the formation of a densely
packed nanoworm matrix on the membrane, which creates additional
electromagnetic couplings between individual nanoworms resulting in a large
enhancement of the Raman signals. However, for the ITO glass, the major
enhancement originates from the geometries of individual nanoworms which is

weaker.’

Figure 62. lllustration of the density of nanoworms on an ITO glass substrate.
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Figure 63. (a) SERS map of a nanoworm membrane with dimensions of 25%25 um
at the excitation wavelength of 785 nm with 0.3 s integration time and ~750 pw laser
power; (b) SERS map of individual nanoworms deposited on ITO glass under the
same experimental conditions; (c) comparison of different intensities of the
monitored peak. Three SERS maps of different areas of the same substrate were
carried out; (d) Comparison of intensities of the monitored peak between different
methods.

The order of analyte addition to the nanoworms was also investigated. The first
method involved gold nanoworms being incubated with 1 uM (final concentration)
of MBA in solution before being immobilised on the membrane. The second method
was to immerse a non-functionalised nanoworm coated membrane into the MBA
solution for the same amount of time as used in method 1 which is more realistic for
practical applications. From Figure 63d, a large difference in the recorded SERS

intensity was observed. One possibility for this is that in method one, the full
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nanoworm can become coated with analyte molecules. Any analyte-induced
aggregation in solution does not need to be considered since the solution will be
aggregated upon immobilization on the membrane surface by filtration. Upon
nanoworm immobilisation, additional inter-nanoworm interactions will occur, these
sites will contain more analyte molecules which will benefit from the increased
electromagnetic field. However, for method two, pre-immobilization of the
nanoworms on the membrane leads to densely packed nanoworm layers whose inter-
nanoworm interaction sites are physically blocked, making the diffusion of analyte
molecules into them very difficult. A second possibility is due to the absorption
kinetics of MBA, when in solution both analyte molecules and nanoworms will have
significant motional freedom, unlike when the nanoworms are fixed on a membrane.
Therefore, although the final concentration of MBA and reaction time were the same

for both methods, it is reasonable to assume different final MBA coverage.
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4.4. Conclusions

Gold nanoworms have been synthesized by the addition of an external magnetic
field during the synthesis of hollow Au nanospheres. Their compositions as well as
their SERS properties, including their multiplexing ability have been investigated.
The structures of the nanoworms were correlated with SERS maps with the

assistance of TEM grids.

From TEM and EELS, nanoworms with fused hollow nanosphere segments but
without major tube formation were confirmed and the shell was found to consist of
gold with no traces of cobalt. The SERS properties were studied with three different
reporter molecules: Malachite green, NIR-797 isothiocyanate and 4-mercaptobenzoic
acid and two different laser excitations (632.8 and 785 nm). From the Raman maps
and correlated SEM images, the SERS activity was found to be in the order of: single
nanospheres < fused nanosphere chains < inter/intra nanoworm interactions. This
order is a direct result of the interacting nanoworm structures possessing nanogaps
unlike the case of a single fused nanoworm chain where no inter particle gaps exist.
The localised surface plasmon resonance of the nanostructure was found to have a
minimal effect. This study demonstrates the morphological intermediate case,
between single nanoparticles and aggregates with nanogaps, of a linear chain of
fused nanoparticles. The SERS response is also found to be intermediate between

single nanoparticles and aggregates with nanogaps present.

In addition, the use of gold nanoworms as the basic SERS enhancing unit, coupled
with assembly on a membrane by simple filtration to produce a large SERS response
was also demonstrated. Gold nanoworms immobilized on the membrane provided
significant enhancements of the SERS signal because of the additional
electromagnetic couplings created between nanoworms. This study offers a new way

to construct simple and cost-effective porous SERS substrates.
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Chapter 5. Tracking Bisphosphonates through a 20 mm
Thick Porcine Tissue by Using Surface-Enhanced Spatially
Offset Raman Spectroscopy

5.1. Introduction

One in eight women is at risk of being diagnosed with breast cancer in their
lifetime according to Cancer Research UK and at least 25% of patients with breast
cancer develop skeletal metastases resulting in the site of disease generating the
greatest morbidity.*> Skeletal complications include hypercalcaemia, pathological
fracture, bone pain requiring radiotherapy, and spinal cord or nerve root
compression.*> Randomised trials in advanced breast cancer have shown that one of
these major events occurs, on average, every 3-4 months.*****" The average life
expectancy from diagnosis of bone metastases is 2 years, with only up to 20% of
patients surviving 5 years.'>® There is great clinical need for treatment to reduce
skeletal complications and to improve the quality of life in these individuals.

Bisphosphonates (BPs) are an important class of drugs used in the treatment of
osteoporosis and other conditions involving bone fragility.™®® Tumour cells in the
bone marrow cavity secrete a variety of paracrine factors that stimulate bone
formation and the stimulation of osteoclast function is of key importance.**® This
results in osteolysis, which is typically associated with disruption of the normal
coupling signals that control the relative levels of osteoblast and osteoclast function.
It is in this situation that bisphosphonates are able to offer their therapeutic potential
in metastatic disease.’® To monitor the progress of the disease and the effectiveness
of therapy, it is vital to identify the bisphosphonate localization in treatments.
Recently, a number of approaches have exploited the specificity of bisphosphonates

9 such as NIR-bisphosphonate dyes'® and

to create bone imaging reagents
9mTcl%abeled bisphosphonates. Their success as therapeutic drugs and bone
imaging agents relies on their exceptional selectivity and strong affinity for solid-

phase calcium hydroxyapatite which is predominantly found in bones.*®® Binding is
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thought to occur through optimised chelation of the bisphosphonic moiety with

superficial Ca®* ions on the bone surface.'®®

Recently, Hernandez-Santana et al.
isolated calcium phosphate crystals from complex biological fluids using
bisphosphonate-modified superparamagnetic beads.’®® However, this work focused
only on the isolation of the calcium phosphate crystals and lack of subsequent
detection limited its further applications.

Surface enhanced Raman scattering (SERS) is a molecular detection technique that
can be tuned to the near infrared (NIR) region, which is of significant biological
importance as this region provides a clear spectral window for both therapeutic and
imaging applications in tissue.”™®" However, even with an optimized set-up, the
depth of penetration (less than 10 mm) remains an obstacle for most in vivo SERS
applications.> An alternative approach is to redesign the instrument and maximize
the penetration depth that resulted in the development of spatially offset Raman
spectroscopy (SORS). (Figure 64)*°#1% Importantly, the collected signals from the
setup shown in Figure 64 contain different relative Raman contributions from the
surface and subsurface layers. This is the key effect on which this technique is based.
As the collection point is moved away from the probe launch point, the contribution
of the spectrum from the top layer diminishes much faster than that from deeper
layers.'® As shown in Figure 64 Raman photons that are generated deeper within
the sample are more likely to drift laterally before they are emitted from the sample
surface. By collecting a set of spectra at different distances from the launch point
and processing them using a multivariate data analysis technique, to the pure Raman
spectra of the individual layers can be extracted approximately. A SORS
measurement will make at least two Raman measurements; one at the surface and
one at an offset position of typically a few millimeters away.'® This method relies
on moving the area of collection of the scattered light away from the laser
illuminated zone and allows highly accurate chemical analysis of objects beneath
obscuring surfaces, such as tissue, coatings and bottles.™®® Preliminary results from
our group in collaboration with Stone and Matousek'®®*®" allowed a recognizable

signal from SERS active NPs at a depth of around 50 mm in tissues to be obtained.
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Subsequent work by Van Duyne on the subcutaneous detection of glucose also
shows the great promise of SORS in biological applications.**"®® In this case, silver
film over nanosphere (AgFON) surfaces were functionalized with a mixed self-
assembled monolayer (SAM) and implanted subcutaneously in rats. The glucose
concentration was monitored in the interstitial fluid of six separate rats using SORS.
This approach allows the direct detection of glucose with high accuracy especially in

the low glucose concentration range as well as over a long period of time with only a
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Figure 64. Schematic diagram of the SORS setup. Reproduced from Ref.***.

A SERS nanotag is produced by placing a label molecule on the surface of an Ag
or Au nanoparticle, thereby creating a known SERS spectrum of that molecule.
Once this basic structure is in place, a biomolecule recognition unit, such as an

d.1%9 % and Doering'™ firstly reported Silica

antibody, can be adde Mulvaney*’
encapsulated SERS tags which are being commercialized by Cabot as Nanoplex
biotags.'’> These biotags are composed of one or more SERS active metal

nanoparticles (typically Au, 50-90 nm in diameter), a submonolayer of a reporter

110



molecule adsorbed to the metal surface, and a silica coating, typically 20-50 nm
thick.'®® Figure 65 shows a typical TEM image obtained from a set of biotags,

showing both the Au core and the silica coating of individual tags.

0.2 um

Figure 65 TEM image of typical silica encapsulated SERS nanotags.'®®

Irradiation of these tags with lasers yields the SERS spectrum of the reporter. To
make a different tag, one simply employs a different reporter molecule. Since SERS
features are narrow compared to fluorescence, and since there is a large spectral
window in molecular vibrational spectra, it is possible to create many distinct and
simultaneously quantifiable tags.’®® Figure 66 presents Raman spectra from six
different Nanoplex biotags, showing the variation in the spectra.’®  Silica
encapsulation provides an isolated layer between the Au surface and external
solution components. This prevents desorption of the Raman label molecule,
adsorption of other potentially interfering. In addition, the silanol surface can be
readily functionalized with bioreactive moieties such as thiols or amines using

1.1 Standard cross-linking

methods similar to those reported by Schiestel et a
reagents can then be used to attach proteins or oligonucleotides. For example, one of
the preferred routes for attachment of antibodies is to use the heterobifunctional
crosslinker sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) to link native amines present on the antibodies to thiol-functionalized

tags.
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Figure 66 Raman spectra of six different Nanoplex biotags. From top to bottom,
the label molecules used were 4-[4-hydroxyphenylazo]pyridine, 4,4-azopyridine, ds-
4.4'-dipyridyl, bis(4-pyridyl)ethylene, bis(4-pyridyl)acetylene, 4,4"-dipyridyl.**®

In this work, porcine bones, consisting mainly of calcium hydroxyapatite and
bisphosphonate-functionalized SERS nanotags as Raman reporters were used for a
simulation study of tracking the bisphosphonate localization through SERS which
could be useful both in metastatic breast cancer and bone disease treatments. To
demonstrate the in vivo application potential, bone fragments pre-incubated with
functionalized nanotags were inserted into 20 mm thick specimens of porcine muscle
tissue allowing observation of Raman through surface enhanced spatially offset

k,*" a fine distribution of

Raman spectroscopy (SESORS). Unlike previous wor
nanotags on the surface of the bone was measured rather than a concentrated droplet

injected into the tissue.
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5.2. Experimental

5.2.1. Bone conjugation

Porcine bones from a local butcher shop were cut into small pieces with
dimensions of around 5x10x10 mm. The bones were sonicated in a slightly basic
solution followed by water to remove grease from their surface before further
experiments.

Encapsulated SERS active nanoparticles (SERS-440, 20X) produced by Cabot
Security Materials Inc. (Mountain View, CA, U.S.A.) were used in this study.
Bisphosphonate conjugation was performed according to the technical note
accompanying the nanotags. 18.5 pL (5 mg/mL in water) of Neridronate (Sigma)
(bisphosphonate) solution was placed in a 0.5 mL microcentifuge tube. 6.5 pL
solution of freshly prepared sulfo-SMCC (Thermo Scientific) in water (2mg/mL)
was added and gently mixed at room temperature for 60 min. Then, 150 L of thiol-
modified SERS nanotags were added and incubated for 4 hours with gentle shaking
at room temperature.

As shown in Figure 67, the amine group in the bisphosphonate was firstly
activated by sulfo-SMCC forming the maleimide-activated compound and then it

was conjugated with thiol groups on the nanotag surface.
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Figure 67 Schematic of functionalization of thiol-modified gold nanotags with

Neridronate.
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Finally, functionalized nanotags were separate by centrifugation and redispersed in
1 mL water. For the controls, Neridoronate and sulfo-SMCC were replaced with 50
mM borate buffer (pH= 7.2) respectively. Bone fragments were placed in the
nanotag solution with gentle shaking overnight and washed with water followed by
sonication to remove non-specific binding. Samples were dried under nitrogen

before Raman analysis.

5.2.2. Characterization

SERS maps were performed on a WITec alpha300-R equipped with a MSPLan
20%/NA 0.46. A 785 nm diode laser with a power of ~750 uW was used as the
excitation source. The integration time per point was 0.5 s. The geometry of scanned
areas was 50 pum x 50 pum with 50 lines and 50 points per line (2500 spectra per
map).

Surface enhanced spatial offset Raman spectra (SESORS) were acquired using the
same configuration as outlined in previous papers.’®”**1™> This includes an
Innovative Photonics Solutions 830 nm laser as the source which was filtered with
two 830 nm laser line filters (Thorlabs), leaving a collimated spot of 4 mm diameter
and 219 mW at the sample surface. The transmitted Raman light was collected using
a standard 50 mm diameter fused silica lens with a focal length of 60 mm. The
scattered light was collimated and passed through a 50 mm diameter holographic
notch filter (830 nm, Kaiser Optical Systems, Inc.) to suppress the elastically
scattered component of light. The second lens, identical to the first, was then used to
image, with magnification 1 : 1, the sample interaction zone onto the front face of a
fibre bundle. The laser incident spot was positioned in such a way so that it coincided
with the centre of the fibre probe axis projected through the imaging system on the
sample. A demonstration of signal obtained through increasing depth was achieved
by cutting samples from pork muscle to thicknesses of around 20 mm and mounted

in the experimental apparatus.
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5.3. Results and Discussion

Commercially available SERS nanotags were functionalized with bisphosphonate
(Neridronate), which can provide specific binding to calcium phosphate salts, to
provide a SERS specific identification of bisphosphonate localization.

Figure 68a illustrates the functionalisation of encapsulated SERS active thiol-
modified nanoparticles through sulfo-SMCC couplings.*”®  Bisphosphonate and
sulfo-SMCC were replaced with buffer solution in the three different controls to
prove that binding of bisphosphonate functionalized nantags to the surface of bones
only occurred in positive samples. Bone fragments were placed in the different
nanotag solutions mentioned above with gentle shaking overnight and washed with
water followed by sonication. Raman spectra of bisphosphonate functionalized
nanotag covered bones and blank bones are shown in Figure 68b. The solution
SERS spectrum of nanotags is also given as a reference. The bone surface is not
completely flat making it difficult to perform Raman maps due to issues with
focusing the laser beam onto the rough surface. To minimize this problem, but still
gain enough signals, a 20x objective lens was used and the mapping geometry was
confined to 50 pm x 50 pm. The peak at around 960 cm™ observed in both samples
was due to the phosphate stretch of the bone.!”” This peak was used as an internal
reference throughout, thus ensuring the absence of nanotag signal was not because of

poor objective focusing.
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Figure 68. (a) Schematic illustration of the bisphosphonate functionalised
nanotags. (b) Raman spectra of nanotag only, bone only and positive samples. The
peak at around 960 cm™ due to the phosphate stretch in bone was observed in the
positive and bone samples only (highlighted by the purple box) and was used as an
internal reference. One of the nanotag characteristic peaks (at around 1600 cm™)
highlighted by the red box was chosen as the monitored peak in the subsequent
maps.

False colour SERS maps were constructed using the intensity of the monitored
peak of the nanotag (around 1600 cm™). Three different bone pieces, which were
bound to bisphosphonate functionalized nanotags, show very different images

compared to the control samples as can be seen in Figure 69. This is due to the
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chelation of the bisphosphonic moiety with superficial Ca** ions on the bone surface.
The spectra within each pixel of the maps were also checked to ensure that the
phosphate stretch from the bone could also be observed, especially for the controls
where no nanotag SERS spectrum would be expected, thus ensuring that a signal was
being observed from the surface of the bone and the laser was correctly focused on
the surface. Despite Figure 69d and e showing some very weak signals because of
the non-specific adsorption of a small amount of nanotags, no obvious spots were
observed in the control samples. Bone samples were sonicated in water to reduce the
non-specific binding, however we assume that nanotags could still be trapped inside
the cavities on the bone surface. Nevertheless, a huge discrimination between
positive samples and controls was observed. To ensure reproducible results, another
two different bone fragments were covered by bisphosphonate functionalized
nanotags and the SERS maps were also performed in three different areas of each
bone fragment. These SERS maps of positive and control bone samples are shown
in Figure 70 and Figure 71. From Figure 70, the nanotag signals were observed in
most areas of the maps, however, the control sample maps show almost completely
dark images under the same intensity colour scale which was also observed in Figure
69. Therefore, the bisphosphonate functionalised nanotags show strongly specific

binding to the bone surface (calcium hydroxyapatite).

117



Figure 69. SERS maps of different bone samples using the same false colour scale
(Aex=785 nm). Bright yellow indicates the highest SERS intensity where black
indicates the lowest intensity. (a), (b) and (c) are different pieces of bisphonsphonate
functionalized nanotag (positive) covered bones; (d) control I; (e) control II; (f)

control I11.
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Figure 70. SERS maps of different positive bone samples using the same false
colour scale (Aex=785 nm). Bright yellow indicates the highest SERS intensity where
black indicates the lowest intensity. (a) and (b) are from positive bone I; (c) and (d)

are from positive bone II; (e) and (f) are from positive bone III.
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10 um 10 um

Figure 71. SERS maps of different control bone samples using the same false
colour scale (Ax=785 nm). (a) and (b) are from control bone | without
bisphosphonate; (c) and (d) are from control bone 11 without sulfo-SMCC; (e) and (f)
are from control bone 111 without sulfo-SMCC and bisphosphonate.

To mimic the applications of these nanotags in vivo, bisphosphonate functionalized
nanotag covered bones were inserted into a 20 mm thick specimen of porcine muscle
tissue to simulate the detection of the nanotag functionalized bone through tissue in

the case of detecting skeletal metastases (Figure 72). Spatially offset Raman maps
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were performed across the bone with 2 mm steps 0-20 mm in the x direction and 0-
10 mm in the y direction.

20-25 mm

Figure 72. Insertion of positive bone samples into a 20 mm porcine muscle tissue.

The SESORS map shown in Figure 73 was constructed by calculating the principal
components of the spectral data set and selecting the one most appropriate to
represent the nanoparticle signal from the bone. The second principal component
(PC2), which represented the nanoparticle signal from the buried bone, was selected
and the loading vector and the scores map is shown in Figure 73, alongside the raw
spectrum from the nanotags. The most intense nanotag peak can be seen at around
1200 cm™ and the 960 cm™ signal from the hydroxyapatite is also visible and
obviously directly correlated with the raised nanoparticle signal. From Figure 74, the
other peaks around 900 cm™ and 1100 cm™ shown in Figure 73 (b) may belong to the
porcine muscle tissue. However there is no good correlation between these peaks

167

and spectra of bulk porcine tissue. Unlike previous experiments,™ a fine
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distribution of NPs on the surface of the bone was measured rather than a
concentrated droplet injected into the tissue. A significant signal reduction
particularly above 1250 cm™ was observed through a 20 mm thick tissue when
compared to the previous SERS maps carried out on the bone surface directly. Three
probable reasons are proposed, first, at these wavelengths both water and myoglobin
contribute to the absorption. The 1250 to 1600 cm™ Stokes-shifted range with a 830
nm excitation equals to around 925 to 957 nm, which covers the range where a

strong lipid absorption band (~930 nm)*’

179

and water absorption band (max ~970
nm)-"~ are located. Second, a more subtle contribution also comes from a rising
absorption in this wavelength region from myoglobin.*® In addition, the different
instrumentation used in SORS measurement and the strong tissue Raman background
in this region may also cause this signal reduction.

In the clinical treatment of skeletal metastases, the bisphosphonates would not
diffuse through the tissues but angiogenesis derived blood vessels would deliver
nanoparticles to the tumor site. The nanotag signals observed through a 20 mm thick
porcine muscle tissue shown in Figure 73 provides an alternative way to monitor the

disease progress and treatment.
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Figure 73. False colour SESORS map of positive nanotag covered bone inserted in
a 20 mm thickness porcine tissue (Ax=830 nm). (a) The grey box represents the
bone (approx 8mm across in x dimension, matching 4 pixels in the false colour
image). (b) The nanotag characteristic peaks are highlighted in the top spectral plot
and the principal component loading plot (bottom) shows the characteristic
nanoparticle signal (*) and the hydroxyapatite signal from the bone at 960 cm™ (see
arrow). The falsecolour image demonstrates the distribution of the signals as
described by PC2.
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Figure 74. Typical Raman spectrum of pork loins (original, baseline corrected and

smoothed).
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5.4. Conclusions

In summary, we used porcine bones, containing calcium hydroxyapatite and
bisphosphonate-functionalised nanotags as Raman reporters for a simulation study of
tracking the bisphosphonate localization through SERS which could be useful both
in metastatic breast cancer and bone disease treatments. Functionalized nanotags
(positive) specifically bind to bone due to the optimized chelation of the
bisphosphonic moiety with superficial Ca®* ions on the bone surface. A recognized
nanotag signal was gained from a fine distribution of nanotags on the surface of the
bone when placed in a 20 mm thick specimen of porcine muscle tissues through
surface enhanced spatially offset Raman spectroscopy (SESORS) demonstrating the
great potential for non-invasive in vivo bisphosphonate tracking. This work is the
first bone/calcium hydroxyapatite-specific tag detectable by SERS/SESORS. The
next step is to target tumor calcification in vitro using murine osteoblast model with

an ultimate aim of targeting tumor calcification in vivo.
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Chapter 6. Conclusions and Future Work

6.1. Conclusions

In this thesis, the development of an improved synthesis of hollow gold
nanospheres (HGNS) is presented, which extended their localised surface plasmon
resonances up to 1320 nm with citrate covered surface. HGNs with different surface
plasmon resonances were functionalized with different Raman reporters. HGNs and
Raman reporters on and off resonance with standard laser excitations were
systematically interrogated in isolated and partially aggregated situations
respectively. HGNs with a thicker shell always gave higher SERS performance than
HGNs with a thinner shell independent of whether it was isolated or in a partially
aggregated state or if its LSPR was resonant with the laser excitation or not.

The SERS activity of different types of hollow gold nanospheres was compared to
standard gold and silver nanoparticles of similar physical size and surface properties
using 1064 nm excitation wavelength. After the addition of salts, a strong SERS
signal was observed from hollow gold with a LSPR of 650 nm and a weaker SERS
signal from HGNs with a LSPR of 775 nm. However, no obvious SERS signals
were observed in the case of standard gold, silver or HGN with a LSPR of 1080 nm.
The absorption properties of HGNs were demonstrated by their photothermal
response. Different nanoparticle solutions including standard gold, silver, and HGNs
were illuminated by a continuous laser source at 785 nm excitation wavelength for
45 min and the photothermal efficiencies were found to be 0.16%, 0.12% and 0.81%
(HGN-775) respectively.

The hollow gold nanosphere system was further extended to the higher order
structures called “nanoworms” which consisted of connected hollow gold
nanospheres. Their compositions as well as their SERS properties, including their
multiplexing ability were investigated. The structures of the nanoworms were
correlated with SERS maps with the assistance of TEM grids. From the Raman

maps and correlated SEM images, the SERS activity was found to be in the order of:
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single nanoparticles < fused nanoparticle chains < inter/intra nanoworm interactions.
This order is a direct result of the interacting nanoworm structures possessing
nanogaps, unlike the case of a single fused nanoworm chain, where no inter particle
gaps exist. The localized surface plasmon resonance of the nanostructure was found
to have a minimal effect. In addition, a highly SERS-active substrate was fabricated
by trapping gold “nanoworms” on commercially available filter membranes
providing significant enhancement of the Raman signal as a result of the
electromagnetic couplings induced by the dense packing.

Finally, we used porcine bones, containing calcium hydroxyapatite and
bisphosphonate-functionalised nanotags as Raman reporters for a simulation study of
tracking the bisphosphonate localization through SERS which could be useful both
in metastatic breast cancer and bone disease treatments. A recognized nanotag signal
was gained from a fine distribution of nanotags on the surface of the bone when
placed in a 20 mm thick specimen of porcine muscle tissues through surface
enhanced spatially offset Raman spectroscopy (SESORS) demonstrating the great
potential for non-invasive in vivo bisphosphonate tracking.

In summary, this thesis provides insights into the interesting optical properties of
hollow gold nanospheres in the near infrared region and extends the understanding of
highly active SERS regions present within a complicated nanosystem. In addition, it
also illustrates the first demonstration of a bone/calcium hydroxyapatite-specific tag
detectable by SERS/SESORS showing a great potential for non-invasive in vivo

bisphosphonate tracking in relation to cancers
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6.2 Future work

1. Hollow gold nanotags

SERS study in the NIR region attracts a lot of attentions due to the interesting
optical sensing window for bioimaging. In section 3.3.1, we already demonstrated
the excellent SERS performance of hollow gold nanospheres with a LSPR of 650 nm
at 1064 nm excitation. A further idea is to construct highly SERS active hollow gold
nanotags using controlled aggregation agents. The ideal way is to use a relatively
high concentration of 4-azopyridine which can cause limited aggregation and
generate Raman signals at the same time. The SH-PEG-COOH can be used to
encapsulate the small aggregates and the presence of the carboxylic acid group
provides an opportunity for further surface functionalisations. Preliminary results
showed these nanotags generated very intense signal at 1064 nm and it is reasonable
to assume that these nanotags could also work at 1550 nm which is an eye-safe
wavelength.'®

2. Utilization of photothermal properties of hollow gold nanospheres

In Figure 34, we showed hollow gold nanospheres with NIR localized surface
plasmon resonances demonstrated outstanding photothermal performances. The
temperature measured in that experiment was from the bulk solution and therefore,
the next step is to quantify the localised temperature. The anti-stokes shift is very
sensitive to temperature and we can use the ratio of anti-stokes and stokes shift to get
an estimation of the localized temperature on the nanosphere surface.’® In addition,
we can also do some thermo-dependent organic reactions to investigate the
approximate localised temperature.

3. Tracking bisphosphonate in vitro and in vivo

We already demonstrated that the bisphosphonate functionalised nanotags can
specifically bind to bone due to the optimized chelation of the bisphosphonic moiety
with superficial Ca** ions on the bone surface. The next stage is to test whether we
can use these functionalized nanotags to track the cell life cycle of osteoblast cells

using SERS mapping and then create a connection with the disease diagnosis.
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However, these steps are not easy due to the sticky nanotag surface which will result
in lots of non-specific bindings. Therefore, a lot of effort should be put in resolving

this issues before moving towards the real clinical applications.
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10.1039/C2NR33187J.
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Note: presenters underlined.

1. Hai-nan_Xie and Duncan Graham, “Deciphering Surface Enhanced Raman
Scattering Activity of Gold Nanoworms through Optical Correlations”, 242nd ACS
National Meeting in Denver, Colorado, August 28 — September 1, 2011. Oral
Presentation
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2. Melissa Skibba, Hai-nan Xie, Ross Stevenson, Karen Faulds, and Duncan

Graham, “Detection of nitric oxide release in cell medium using diaminofluorescein
dyes and Surface Enhanced Resonance technology”, 243rd ACS National Meeting in
San Diego, California, March 25- 29 2012. Poster Presentation

3. Hai-nan Xie and Duncan Graham, “Surface Enhanced Raman Scattering Investigation
of Hollow Gold Nanospheres”, Analytical Research Forum in Durham, UK, 02 July—
04 July, 2012. Oral Presentation

4. Hai-nan Xie and Duncan Graham, “Tracking Bisphosphonates through a 20 mm
Thick Porcine Tissue by Using Surface-Enhanced Spatially Offset Raman
Spectroscopy”, Challenges in Nanoscience (ISACS9), Xiamen, China, August 31-
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