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ABSTRACT

Suspension microsphere multiplex immunoassays are rapidly gaining recognition in
immunoglobulin G (IgG) identification. Detection of multiple analytes from a single sample is
critical in modern bioanalytical technique, which always requires complex encoding. However,
traditional fluorescent technology has various limitations in such multiplex encoding systems.
The aim of this study is to use Raman and surface enhanced Raman scattering (SERS)
signatures as novel encoding elements in immunoassays to overcome various problems
associated with fluorescence labels. In addition to the amplified capacity of Raman/SERS
encoding elements, the use of Raman imaging aimed at reinforcement of qualitative analysis
has been demonstrated for the first time. This holds great promise in biomedical applications.
In this thesis, a series of [gGs were selected as model proteins, and gold nanoparticles (AuNPs)
served as the “hotspot” of SERS-active substrates. Three different Raman-active molecules
namely, 4-aminothiophenol (4-ATP), 4-mercaptobenzoic acid (4-MBA), and 3-
mercaptopropionic acid (3-MPA) can be easily self-assembled on the AuNPs to form
functional SERS tags. Various polymer microbeads (prepared by dispersion polymerization)
were utilized as the immune-solid supports together with providing Raman signatures.
Additionally, focus was laid on the fabrication of different SERS nanotags and Raman
spectroscopic-encoded polymer microbeads for the multiplex, specific and selective detection
of biomarkers in dual encoded immunoassay systems.

Raman imaging of different uniform polymer microbeads were evaluated. Polymers are long
chain molecules containing many repeating monomer units, which give rise to the strong
Raman signals of these monomers. In addition, different monomers can be polymerised
together to produce co-polymer microbeads to provide different Raman signatures. The
development of polymer microbeads not only improves the detection sensitivity significantly,

but also makes these microbeads to be more multiplexed in lieu of specific post-reaction



labelling. Four Raman spectroscopic-encoded copolymer microbeads were fabricated by
dispersion polymerization with their average diameters of 1.1 to 1.7 pm. These synthesised
microbeads namely, poly(Sty-co-AA), poly(4tBS-co-AA), poly(4MS-co-AA) and poly(GMA-
co-AA) revealed narrow size distribution and unique Raman fingerprints, which rendered them
to be suitable for Raman imaging and immunoassay analysis. Furthermore, microbeads
combining the Raman and SERS signals were successfully fabricated by conjugating a SERS
nanotag (4-ATP on the surface of AuNPs) to two Raman encoded polymer microbeads of
poly(Sty-co-AA) and poly(4tBS-co-AA). The spectroscopic and imaging results reinforce the
suitability of such dual coding systems for immunoassays, which further expands the
possibility of Raman/SERS multiplex systems for biological analysis. Finally, a practical
demonstration of multiplex IgG immunoassay system based on carboxylated Raman encoded
polymer microbeads and SERS nanotags was developed. Antibodies (donkey anti-goat IgG &
donkey anti-rabbit IgG) were conjugated to polymer microbeads by EDC coupling chemistry.
Two different batches of SERS nanotags comprising of Raman-active molecules (4-MBA &
3-MPA) with AuNPs were synthesised. Moreover, antigens (goat anti-human IgG and rabbit
anti-human IgG) were conjugated on SERS tags to form SERS reporters. The immunoassays
were performed by mixing the protein conjugated polymer microbeads and SERS reporters.
Due to the specific recognition between antibody and antigen, SERS nanotags attached on the
surface of their specific antibody polymer microbeads. The results were positively verified
from both Raman imaging and spectroscopic analysis.

In summary, a series of SERS nanotags and Raman spectroscopic-encoded copolymer
microbeads were successfully synthesised. The thesis further demonstrates Raman imaging
analysis as a new strategy for qualitative analysis of complicated multiplex immunoassay with

high sensitivity and specificity.
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Figure 2-20. (A). (A) and (B) Bright field images of a region from examples of normal and
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obtained from latent membrane protein 1 surface-enhanced Raman scattering probes in
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Copyright 2012 International Journal of Nanomedicine). (B). Demonstration of
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blood island, (III) somite. (B) SERS intensity map of the CC vibration band from SERS
NPs-1 at 1078 cm! and (C) SERS intensity map of ring breathing vibration band from
SERS NPs-2 at 1020 cm. (D) Typical SERS spectrum collected from the point marked
by P as shown in panel A. (Reprinted with permission from ref *32. Copyright 2010 ACS
Nano). (C-1). Invivo detection of HER2-positive tumors with scFv-conjugated
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signals of the tumor location (red) and an upper dorsal area (black). (C-2). Multiplex SERS
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Figure 2-23. (A). MRI and Raman spectroscopy in vivo. (A). A schematic of the probe
injection setup. (B). In vivo T2-weighted MR image of a mouse injected intramuscularly
(i.m.) with AuUMN-DTTC and the control probe, AuNP. (C). Calculated T2 values based
on multiecho T2-weighted MRI. (D). Demonstration of the Raman spectroscopy
experimental setup. (E). In vivo Raman spectra of a mouse injected i.m. with AuMN-
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either IV or IR injection. (Reprinted with permission from ref 333, Copyright 2011 Small).

Figure 2-24. (A). NIR fluorescence and SERS imaging of a nude mouse subcutaneously
injected with PEG-DTTC-GNRs (639 nm) 3 h after the injection. (A) NIR fluorescence
spectra of the subcutaneously injected and non-injected skin, with fluorescence peak
wavelengths of 780 nm and 760 nm, respectively. (B) NIR SERS spectra from the
subcutaneously injected and non-injected skin (integrated time: 40,000 ms). (C) NIR
fluorescence imaging of the treated mouse. (exposure time: 5000 ms). (Reprinted with
permission from ref 336, Copyright 2011 Biomaterials). (B). (a) Two-dimensional axial

MRI, photoacoustic and Raman images. The post-injection images of all three modalities
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showed clear tumor visualization (b) A three-dimensional (3D) rendering of magnetic
resonance images with the tumor segmented (red; top), an overlay of the three-dimensional
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Chapter 1 Introduction

1.1 Background

Diseases as noxious as cancer are shadowed by the requisite for therapeutic treatment with side
effects inflicted after incurring costly surgeries and medicines. The present time cancer
diagnostic tests include physical examination, serological tests, biopsy, imaging (X-ray,
PET/CT, MRI, and Ultrasound etc.), nuclear medicine scans, endoscopy and genetic tests.
However, these customary technologies are tedious, expensive, limited in their ability to
multiplex and to detect cancer in its early stages . To curtail these drawbacks recent times has
been stressed upon to undertake extensive research and technological advancements in
biomolecular assays. The advancements particularly need to meet the stringent errands such as

minimal sample, high sensitivity, rapid diagnosis, multiplex and label-free bioassays.

In context to the above, Raman spectroscopy initially established its viability as a powerful
analytical tool with no sample preparation. To date, Raman scattering has been popularly
employed in the fields of biology, chemistry, environment, pharmaceuticals, forensics, and
materials science 2. Another obvious advantage of Raman scattering is that it can be applied in
aqueous environment, which makes Raman scattering an important analytical tool for
biological analysis. Studies have been performed to apply Raman scattering on cancer
diagnostics 3. The broad applications of Raman scattering indicate that it is a competitive
technique compared to infrared and fluorescence. However, botched to progress due to its
inherently weak sensitivity, caused by its small cross-section and weak emission, making it

unlikely to achieve measurements with high signal-to-noise (S/N) ratios.

The advent of surface enhanced Raman spectroscopy (SERS) augments Raman spectroscopy
with enhanced sensitivity making it once again a frontline contender for bioassay
characterization and a bio-imaging modality ¢°. This enhancement is achieved by adsorbing

1-2



sample molecules on a roughened metal surface. This coincidental revelation revived the
“Raman effect” in the world of spectroscopy. SERS as a surface-sensitive “Raman effect”
enhancement technique helps overcome low sensitivity setback of Raman scattering, and at the
same time compliments the multiplexing capabilities. The enhancement factor can be as much
as 10'° to 10'!, which means the technique is able to detect single molecules. Technologies
using SERS has experienced significant growth in immunoassay leading its way into clinical
translation. Here, it is intended to provide a classifiable understanding of SERS probes and
SERS based immunoassay along with its consolidated bio-imaging applications related to

cancer detection.

SERS-based immunoassays are developed for complex disease detection. Typically, abnormal
cells generate various antigens as the first sign of abnormality in organism. The most
representative method for analyses of such disease biomarkers is immunoassays, realized by
the immune recognition between antigens (IgG’s) and relevant specific antibodies. Traditional
labels, including enzyme, fluorescence, isotopes, and luminescence, are normally employed to
assist the detection of specific antibody and antigen interaction during the immunoassays.
Markedly, SERS labels have many advantages over these traditional labels, such as no
photobleaching, narrow emission spectra, high sensitivity and throughput. This type of assay
consists of two major structural parts, to capture the target analyte: (1) SERS tags/probes used
to specially bind to the target analyte attached to the SERS substrate providing SERS spectra,
and (2) Immune substrate used to provide a stable platform to specifically bind and immobilize
the target analyte. In practice, solid surfaces have to be used as immune substrates, but their
application is limited by the extended incubation time and repeated washing process '°.
Alternatively, living cells or solids particles can also be used as the immune supports !'. The

antigen concentration at the early-stage of disease is relatively low and the complex
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environment of the cell conceals the Raman signals of the analytes. However, particle-based

SERS immunoassays can overcome these complications.

Polymers have marked their profound use in our daily life, industries and biotechnology. Their
unique molecular structure, stability and ability to be bioconjugated make them an ideal
contender for use in latex immunoassays '2. Surface functionalized polymer beads covalently
bonded to bio-ligands have been widely pragmatic, as a diagnosis of rheumatoid and detection
of human rotaviruses. Moreover, polymers micro- and nano- beads have been reported for
sandwich immunoassays '>"'4. The development of different polymers with unique Raman
signature will result in a large pool of barcoded library, which can be applied in the multiplex
detection system !°. Therefore, the combination of Raman encoded polymer beads and SERS
allows the development of a large pool of combinatorial chemistry and multiplexing
diagnostics for complex disease diagnosis. To date, there are insufficient reports on the

Raman/SERS spectroscopy especially imaging of particle-based SERS immunoassays.

1.2 Aims and Objectives

This project aims at developing a rapid, reproducible and highly selective multiplex imaging
from Raman encoded polymer microbeads and SERS-dual coded immunoassays. Different
Raman spectroscopic-encoded polymer microbeads conjugated to SERS-reporters are going to
be prepared. The microbeads can serve as immune-solid supports and provide unique Raman
signatures during the Raman imaging. It is expected that this research project can develop a
new technique for ultrasensitive biomedical imaging as well as improving the feasibility and
efficiency of polymer and nanomaterials in bioassay. The systems were characterized using
Raman/SERS spectroscopy, reinforced through spectroscopic imaging of the multiplex

bioassays with specific objectives:
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(1)
2)

)

4

)

to prepare suitable-sized gold nanoparticles (AuNPs) as the “hotspot” of SERS ,

to synthesise various surface-functionalized copolymer microbeads with unique Raman
signatures by dispersion polymerisation, namely, poly(styrene-co-acrylic acid), poly(4-
methylstyrene-co-acrylic  acid), poly(4-tetrabutylstyrene-co-acrylic acid) and
poly(glycidyl methacrylate-co-acrylic acid),

to produce the SAMs of Raman-active molecules, e. g. 4-aminothiophenol (4-ATP), 4-
mercaptobenzoic acid (4-MBA), and 3-mercaptopropionic acid (3-MPA), on AuNPs
and characterize their SERS signatures,

to synthesise dual encoder system comprising of two Raman microbeads and SERS
tags, and their positive readout by Raman spectrums and high-resolution multiplex
imaging.

to evaluate the efficiency and feasibility of microbead-based Raman/SERS
immunoassays for Immunoglobulin (IgG) detection through Raman spectroscopy and

imaging.

1.3 Thesis Outline

This thesis is written in a publication-based format. The following chapter descriptions provide

a short summary of the thesis. Chapter 1 introduces the background of the project and current

research gaps of applying Raman and surface enhanced Raman scattering for multiplex

detection. This is followed by the aim and objectives of this study together with an outline of

the thesis. Chapter 2 outlines a comprehensive literature review related to this project. This

includes an introduction to Raman scattering, surface enhanced Raman scattering, SERS

immunoassays. Furthermore, SERS immunoassays and Raman bioimaging were reviewed in

substantial detail in this section. In Chapter 3, surface functionalized copolymer microbeads

with narrow size distribution and unique Raman signatures were synthesised using modified
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dispersion polymerisation, namely, poly(Sty-AA), poly(4tBS-AA), poly(4MS-AA) and
poly(GMA-AA). The obtained microbeads were characterised and evaluated for their potential
applications as the support in Raman coding bioassays. Chapter 4 shows Raman imaging
being successfully performed of two Raman encoded polymer microbeads of poly(Sty-AA)
and poly(4tBS-AA) conjugated to a SERS nanotag (4-ATP on the surface of AuNPs). The
result promises a substantial increase in the current combinatorial library for label free
multiplexing in bioassays. Various characterisation from UV-vis spectrophotometer, titration,
TEM, SEM, Raman spectrometer and Raman mapping reinforced their importance as the
Raman/SERS dual coding supports in bead-based bioassays. In Chapter 5, a practical
demonstration of a multiplex [gG immunoassay system based on carboxylated Raman encoded
polymer microbeads and SERS nanotags is shown. The immunoassays were performed by
mixing antibody conjugated polymer microbeads and antigen SERS reporters together. Due to
the specific recognition of antibody and antigen, SERS nanotags attaching onto the surface of
their specific antibody polymer microbeads could be positively verified from both Raman
imaging and spectroscopic analysis. Chapter 6 summarizes the key results and draws the
conclusion, and also discusses future perspectives, developments and their application in

biomedical imaging.
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ABSTRACT

Diseases as noxious as cancer are shadowed by the requisite for therapeutic treatment with side
effects inflicted after incurring costly surgeries and medicines. To curtail these drawbacks
recent times has been stressed upon to undertake extensive research and technological
advancements in biomolecular assays for early and high throughput diagnostics. The
advancements particularly need to meet the stringent errands such as minimal sample, high
sensitivity, rapid diagnosis, multiplexing and label free. In this context, Raman spectroscopy
initially established its viability as a powerful analytical tool with no sample preparation,
however, botched to progress due to its inherently weak sensitivity. The advent of surface
enhanced Raman scattering (SERS) augmented Raman spectroscopy with enhanced sensitivity,
making it once again a frontline contender for bioassay characterization and a bio-imaging
modality. Technologies using SERS have experienced significant growth in immunoassay
leading its way into clinical translation. This has led to oodles of advances for synthesis of
SERS probes and SERS based immunoassays. Here, it is intended to provide a classifiable
understanding of SERS probes and SERS based immunoassay along with its consolidated bio-

imaging applications related to cancer detection.
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2.1. Introduction

The “Raman effect” is an inelastic scattering of light. It can be used as a non-destructive
vibrational approach for identifying molecular fingerprinting. Raman scattering is intrinsically
weak, however the same phenomenon observed on a roughened metal surface gives rise to an
ultrahigh sensitivity called the “surface enhanced Raman scattering (SERS)”. SERS is an
enhanced version of the “Raman effect”. Carrying the advantages of Raman scattering
complimented by nanotechnology, SERS has found wide utility in science, engineering and
biomedical analysis. Particularly, last few decades have seen an enormous increase in the
recognition of biological molecules with imaging of cells and tissues. Rather than accept
single-dimensional forms of information, users now demand multidimensional and multiplexed
assessment of analyst samples. High sensitivity with the need for little or no sample preparation
makes Raman and its enhanced version SERS a highly attractive analytical technique,
particularly in the field of bio-imaging that provides motivation for continuing advances in its
supporting technology and utilization. This review presents an introduction to Raman
scattering, SERS, and current tools employed in Raman/SERS imaging with specific emphasis
on demonstrated utility in immunoassay research for complex bioanalysis. History, principles,
and leading edge of Raman scattering over traditional optical techniques is covered in Section
1. This is followed by explanation of surface enhanced Raman scattering, its history, pros &
cons, and fundamental mechanisms in Section 2. Section 3 is focused on SERS immunoassays,
lying out a clear and concise understanding of the different methodologies used by different
researches in a more set pattern. Section 4 is used to target specific applications of SERS based
immunoassays in cancer bio-imaging (in-vivo and in-vitro) performed on a cellular basis and
in tissues. In the last section, future challenges with respect to improvements in SERS nanotags
components (signal consistency, toxicology and multiplexing) and futuristic insight into

clinical application of SERS based immunoassays are presented.

2-11



2.2. Raman Scattering and Surface Enhanced Raman Scattering

2.2.1 Raman Scattering

It is a non-destructive method that allows characterizing the composition and the structure of a
sample through study of the molecular vibrations using inelastic scattering of monochromatic
light source. In 1923, Adolf Smerkal was the first to experience the inelastic scattering of light
I. However, it was not till 1928 that it was reported and experimentally narrated by C.V Raman.
He used ordinary sunlight and narrow band photographic filters to observe this inelastic
scattering of light. The outcome illustrated that incident light is scattered in two ways by subject
molecules, firstly, the scattered radiation having the same wavelength as the incident beam and
secondly, the scattered radiation with a degraded frequency. This steered to the foundation of
the well-known phenomenon to date, called the “Raman effect” and led to the award of a noble
prize to Sir C.V Raman in 1930 2. In between 1930 and 1934, Czechoslovak physicist George
Placzek theoretically elaborated the “Raman effect” 3. Experiments were conducted using
mercury arc as the principal light source, with photographic detectors succeeded by
spectrophotometric detectors. In the years ensuing its discovery, Raman spectroscopy was used
to provide the first catalogue of molecular vibrational fingerprints. However, due to the
intrinsically weak sensitivity and lack of technological advancement, huge efforts were
obligatory to obtain Raman spectrum. To increase the sensitivity of Raman scattering, large
volumes of highly concentrated samples were prepared and used. Therefore, the use of Raman
spectroscopy dwindled especially when commercial IR spectrophotometers developed in the
1940s. In 1960, Raman spectroscopy again came into the lime light with the advent of laser.
This monochromatic light source simplified the detection instrument along with the enriched
sensitivity of the technique. This rejuvenated Raman spectroscopy as a valuable analytical

technique.
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Light falling on an object can be transmitted, reflected, absorbed or scattered. Raman effect
investigates the scattering of light (Figure 2-1). A change in wavelength of the scattered light
ensues, as compared to the incident light. This change occurs via the energy exchange taking
place due to the molecular vibrations in the sample. Therefore, the delta in wavelength between
the incident and scattered light is directly dependent on the molecular structure of the material.
There are two different possibilities for light scattering:

a. Rayleigh scattering: The light which is scattered with no change in its wavelength in
comparison to the incident light is called elastic or Rayleigh scattering. It was discovered and
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named after Lord Rayleigh 4. Therefore, this happens when the scattered photon and incident
photon have the same energy. Approximately every 1 out of 10,000 photons scatter without
change of energy.

b. Raman scattering: A small portion of the scattered light does change its wavelength in
the process and such scattering is known as the ‘“Raman effect” orinelastic scattering.
Approximately every 1 out of 100 000 000 photons scatter with a change of energy. There are
further two types of inelastic scattering. Stokes: energy of the scattered photon is weaker than
the incident photon and anti-Stokes: energy of the scattered photon is greater than the incident
photon. Raman scattering is suitable for most organic and inorganic materials with added
advantages when compared to other spectroscopic techniques: (1) High specificity (2) No
sample preparation needed (3) Non-destructive (4) Raman signals are not interfered by water
(5) Can be used with solids and liquids (6) Results acquired within seconds (7) Analysis
possible through glass or a polymer (8) Remote analysis through use of optical fibres (9) A
very small sample required for analysis (< 1 pm in diameter). However, it also has the
disadvantages such as (1) intrinsically very weak sensitivity, which necessitates a highly
sensitive and optimized instrumentation (2) cannot be used for metals or alloys (3) strong heat
energy from laser source can damage the sample or induce fluorescence from samples or
impurities. These disadvantages can easily overlay and hide Raman spectrum.

2.2.2 Surface Enhanced Raman Scattering

The term “surface enhanced Raman scattering (SERS)” implies that it provides the same
information that traditional Raman does, simply with a greatly enhanced Raman signatures.
This enhancement is achieved by adsorbing sample molecules on a roughened metal surface.
In 1973, the SERS was first observed by Martin Fleischmann, Patrick J. Hendra and A. James
McQuillan from pyridine adsorbed on electrochemically roughened silver at the University of

Southampton 5. Here, due to the roughened metal surface it was detected that the incident
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photons (~1 in 10 million) were inelastically scattered with Raman peak intensities enhanced
by several folds. Therefore, SERS is a surface-sensitive ‘“Raman effect” enhancement
technique, that facilitated overcoming the biggest drawback of Raman scattering of being
intrinsically weak, which usually required highly sensitive and optimized instrumentation.
Nowadays, SERS of analyte molecules is recorded by adsorption on rough metal surfaces or
nanostructures such as plasmonic-magnetic silica nanotubes 6. The enhancement factor can be
as much as 10'° to 10!, which means the technique is able to detect single molecules 7'°.

The number of vibrational modes in any spectroscopic technique is governed by the selection
rule (mutual exclusion rule). Generally, SERS spectra are similar to the Raman spectra for the
same sample. However, in some cases additional peaks may appear and disappear in SERS
spectra as compared to the Raman spectra for the same sample. This is complimented to the
change in centre of symmetry of the Raman molecule after physical adsorption or chemical
binding to metal surface ''!'2. On the contrary, the orientation of adsorption can also be
determined by the new modes observed in the SERS spectrum '3,

SERS-based platforms have several advantages as compared to other spectroscopic techniques.
These include: no photo bleaching '4, narrow Raman peak widths (Table 2-1) 57, multiplex
analysis using a single laser line, low auto fluorescence NIR laser, and superlative for
biological samples as SERS spectra has no interference from water '8,

In 1977, the SERS amplification of the Raman scattering intensities was first attributed to the
electro-magnetic (EM) field enhancements by Jeanmaire and Van Duyne !°, and
simultaneously to the chemical enhancements by Albrecht and Creighton 2°. Among them, the

electro-magnetic field enhancement is more practically dominant in explaining SERS 2!-23,
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Table 2-1. Comparison of SERS tags with quantum dots and conventional fluorescent dyes.

Properties

SERS Tags

Quantum Dots

Conventional Dyes

Physical Principle

Raman scattering

Fluorescence emission

Electronic
absorption/fluorescence

emission

Core Component

Au and Ag based NPs or

rough surfaces

PbS, CdSe and CdTe

based NPs, etc.

Organic or organic-

metallic compounds

Size ~5-50 nm <10 nm ~1 nm

Bandwidth Less than 2 nm ~30-50 nm more than 50 nm

Structural Fingerprint No fingerprint No fingerprint

Information

Multiplexing ~10-100 ~3-10 ~1-3

Capacity

Photostability Anti-photo bleaching Decay under strong laser | Decay under weak
excitation

Toxicity Not toxic Toxic Toxic
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2.2.2.1 Electromagnetic Enhancement

Electromagnetic force is a physical interaction occurring between electrically charged particles,
which includes both electric and magnetic forces traveling perpendicular to each other as one
elemental phenomenon 2. EM enhancements are assumed to be the major contributors to
SERS, arises from the electromagnetic wave mechanics which bounds electrons in orbits to
form atoms. The behaviour constituting the movement of these electrons around the nuclei of
the atom determine the plasmonic properties. The excitation of these plasmonic oscillations by
a matched frequency gives rise to constructive interferences thus enhancing the local strength
of an EM field. Rufus Ritchie, of Oak Ridge National Laboratory's Health Sciences Research
Division, predicted the existence of the surface plasmon 2°. The plasmonic oscillations occur at
two metric scales, namely:

a. Surface Plasmon Polaritons (SPP): These oscillations occur at macroscopic level,
involving the interface between metal-air, thus making use of surface oscillations around the
metal called “surface plasmons” and the EM waves in the air called “polaritons”. SPPs can be
easily guided by the surface plane as they propagate along the metal surface plane and dielectric

interface (Figure 2-2) 26-28,
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Figure 2-2. (a). SPs at the interface between a metal and a dielectric material have a combined

electromagnetic wave and surface charge character. They are transverse magnetic in character
(magnetic field Hy is in the y direction), and the generation of surface charge requires an electric
field normal to the surface. (b). This combined character also leads to the field component
perpendicular to the surface being enhanced near the surface and decaying exponentially with

distance away from it. (Reprinted with permission from ref 2. Copyright 2003 Nature).

b. Localized surface plasmons (LSP): These oscillations occur at nanoscale level,
generated by local oscillations of electron cloud around the metal nanostructure. The electrons
oscillate to and forth due to the attractive and repulsive forces existing due the incident field

and the positive nucleus.
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Figure 2-3. (a) [llustration of the oscillating electron cloud, which moves in opposite direction
of the electric field vector, for a nanoparticle smaller than the wavelength of light. (b).
Depiction of the parameters used in eq 1 of the main text. (c) Emitted dipole field of a metallic
nanoparticle under light excitation. (d) EM enhancement of both the incident field and the
scattered field. (Reprinted with permission from ref. 2°. Copyright 2015 American Chemical

Society).

Generally, EM enhancement is estimated based on electrostatic dipole radiation (Figure 2-3).
The phenomenon occurs due to oscillations of electrons around a nanoparticle. These
oscillations are induced when the wavelength of the incident light is close or slightly greater
than the size of the particle. This causes dielectric field of the particle to enhance, which in turn
is used by the nearby molecule (Raman reporter) which further returns the vibrational
enhancement to the nanoparticle for more enhancement. This overall EM enhancement (Gsgrs)
can be expressed in the form of fourth power law 233031 as follows:

4(%)12 (1)

Eloc
Ey

Em—Es

Gsgrs =~

Em+2¢s
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where,

Eioc = amplitude of the local field,

Eo = amplitude of the incident field,

em = permittivity of the metal sphere,

gs = permittivity of the surroundings.

R =radius of the metal nanostructure

d = distance between the Raman reporter and metal nanostructure
EM enhancement is equally applicable to any Raman reporter molecule thus irrespective of the
chemical structure but highly dependent on the distance (d) from the metal nanoparticle.
Significant contribution of “d” is experienced for particle sizes ranging from 20-200 nm. As
metal nanoparticles become larger the plasmonic oscillations are complexed (quadruple,
octuplet etc.) leading to constructive and destructive interferences overlapping instantaneously.
This leads to wider plasmonic band widths and decreased EM enhancements. Gold and silver
nanoparticles in the range of 40-60 nm diameter have the highest enhancement factors.
Therefore, the above equation provides two ways of interpretation for maximized SERS signal.
Firstly, when the incident light and scattered field from the Raman reporter are in resonance
with the metal localized surface plasmons:

Eioc = Eo (2

However, experimental results are quite in contradiction to the above. In case of single
particles, maximum SERS signal is observed when plasmon resonance is between the laser line
and Raman bands of the reporter. Similarly, for colloidal metal nanoparticles SERS signal is
maximized when the plasmon resonance is blue shifted with respect to the laser line with less
overlap with the Raman bands of the reporter 334, Second condition for the maximized EM
enhancement to occur is when the metal has a negative real permittivity value (em) equal to 2¢&;:

&€m = 2& — Zero 3)
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Johnson and Christy 33 or Palik 3¢ are the leading researchers for referring calculations based
on permittivity with respect to EM enhancements. At optical wavelengths, best metals that
support LSPR frequencies with low absorbance are copper, silver, and gold 374,

The shape of the metal nanoparticles also has a major effect on the EM enhancement. As
compared to nanospheres, anisotropic nanostructures offer wider tuneable range for LSPR
wavelengths (red and NIR region). Again, even without making a significant size increase,
shapes like cubes and triangles offer higher enhancement factor up to 10'° at the edges or
vertices, which is 7-16 times greater than nanospheres #'->!. At a distance greater than 0.5 nm
from the edge, the enhancement factor drops back to the same value as for nanospheres (Figure
2-4) 32, This happens as regions with higher curvatures or smaller effective radii have field
strengths with a greater dependence on length (Equation 1). Therefore, such shapes are able to
detect up to single molecules with intrinsic enhancement factor as high as 10'* -10'3, if they
are adsorbed near the edges *3-3. Recently, studies are fixated on fundamentals of blinking

SERS, 360 “hot spots™, ®1-¢5 and active sites for chemical enhancement 37-6,
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Figure 2-4. Normalized |EI2 intensity profiles at the LSPR energies in and around (left)
cylindrical, (middle) square, and (right) triangular Au nanowires with diameters or side lengths
of 50 nm. Both (top) local and (bottom) nonlocal calculations are shown. The polarization and
direction of incident light is indicated; the nanowires are outlined in white. (Reprinted with

permission from ref 3¢, Copyright 2010 American Physical Society).

2.2.2.2 Chemical Enhancement (CE)

With the amount of Raman enhancement observed with SERS, researchers were not fully able
to explain the phenomenon only through EM mechanism. Therefore, additional CE mechanism
is also proposed to support the enhancement factor by certain orders of magnitude %7-%°. The
CE enhancement relies on the charge transfer between the chemisorbed molecules (analyte or
Raman reporter) and the metal surface 7°. Thus, CE enhancement should only be expected to
occur if the analyte is adsorbed directly or is forming a covalent or ionic bond. Hence, this
charge transfer intermediates provide greater Raman scattering cross sections. Moreover, the

CE is initiated when in close proximity to the metal surface (angstrom scale) and requires much
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more energy for excitation to occur usually in the UV range. However, if the LUMO and
HOMO of the analyte falls symmetrically with the Fermi level of the metal surface, the
excitation energy can be reduced to fall in the infrared to visible light range (Figure 2-5) 77>,
It may be noted that in case of EM enhancement, the enhancement factor is dependent on the
metal surface physical properties like size, shape and metal type etc., but for CE the

enhancement factor is dependent on the chemical properties of the analyte.

Metal Molecule

CT

The applied
potential

modulatethe 4 = " " 7 " 3 A g LUMO
Eenggez: gft::rence . . Ef Relaxation

Fermi level and
the frontler
orbitals

hv-hv.

HOMO

hv

Figure 2-5. For adsorbed molecules containing empty low energy ©’ orbitals, an electron is
transferred from the metal's Fermi level to the LUMO. This process is in resonance with the
energy of the incident photon (hv). The energy of the Fermi level can be modulated by the
applied potential; the energy of the Fermi level either increases or decreases as a negative or
positive potential, respectively, is applied. (Reprinted with permission from ref 7. Copyright

1997 Elsevier B.V.)

The comparison between EM and CE mechanisms can be summarised in Table 2-2 73
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Table 2-2. Comparison between electromagnetic and chemical mechanisms.

Electromagnetic Mechanism

Chemical Mechanism

Dependence EM enhancement emphasizes the role of However, CE is achieved by changing the
the nanosubstrate providing the long-range | scattering cross section of the analytes
electromagnetic fields, which depends on attached on a metal surface; thus, the
the nanosubstrate’s physical properties extent of enhancement is determined by
(such as material type, size, and shape) 7¢ the chemical features of the analytes

themselves 77
Origin Enhancement of the local electric field due | Resonance process involving the incident
to the coupling of the incident photon with | light and the CT band of the metal-
the metal's surface plasmons molecule complex. (Resonance Raman-
like process) 7881
Roughness Large scale roughness (about 10-200 nm) | Atomic scale roughness (active sites)
Distance Long range. Important even for species Short range. Important only for species
dependence several nm away from the surface, but adsorbed directly onto the surface
decays with distance
Potential The enhancement factor does not depend The CT band can be tuned by the applied
dependence on the applied potential; intensity changes | potential; therefore, the enhancement
in the potential profile are due to the factor is potential dependent
variation of the surface coverage with
potential
Excitation The enhancement factor depends on the The resonance condition depends on the
wavelength metal dielectric constant, which is excitation wavelength. The potential at
dependence wavelength dependent. Enax does not shift | which the SER intensity maximizes (Emax)
for different incident photon energies is different for different incident photon
energies
Enhancement | 10°° 102 - 103 7182
Range
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2.2.2.3 Effective Enhancement Factor
The summation of the electromagnetic and chemical enhancements gives the total enhancement
called the effective enhancement factor (EEF). The most accepted mathematical relationships
to quantify EEF for nanoparticles are discussed here. Initially in 1997, Nie 33 and Kneipp
8 both reported single molecule detection of crystal violet in aqueous colloidal silver solution.
The reported enhancement factor was 10'4-10'> times the normal Raman signal without
colloidal metal solution 74838, These findings laid the foundation for the modern SERS tag
detection. In 2002, Kneipp proposed a mathematical relationship for the calculation of SERS
Stokes power 70-87.88:
PSERS (ug) = N05d5|A(UL)|2|A(Us)|21(UL) 4)

Where,

I(v,) = excitation laser intensity,

oR < = Raman cross section of the adsorbed molecule,

N =number of molecules that undergo the SERS process,

A(v;) & A(vg) = laser and Raman scattering field enhancement factor.
This deduction was based on single molecule SERS signal and this equation, helps determine
SERS enhancement based on factors like, nanosubstrate, molecules attached and their number.
Later in 2007, Le Ru et al. ¥ elaborated on the issue of the multiple definitions of the
enhancement factor in depth. The most effective calculation for EEF presented till date, is a

product of electromagnetic and chemical enhancement (EEF = EM x CE),

IsErs

EEF = Nsurface (5)

INRS/ Npuik
Where,
Isgrs & Inrs = SERS and normal Raman spectroscopy (NRS) intensities,

Ngurface & Npuik = Number of molecules contributing under SERS and NRS condition.

2-25



The above equation has been used by various researchers for estimating the enhancement
factor. However, these reported results are neither comparable nor consistent due to varying
experimental conditions. In light of these findings in 2013, Van Duyne group suggested three
conditions to be considered before calculating EEF °°. These are clear definition of how the
EEF is determined, all reporter molecules within the excitation area contribute evenly to the
EEF, and to utilize a commonly available Raman reporter with well-defined spectra and surface
chemistry. More recent studies have further elaborated on the misconceptions and significant

EM mechanisms contributing to the EEF °!.

2.3 SERS Immunoassays

Immunoassay is a biochemical test for early stage disease detection, through highly specific
binding of antibodies-antigens. While, SERS can detect analytes at a single-molecule level,
with high sensitivity. This high specificity and high sensitivity is captured in SERS-based
immunoassay, which has gained unusual attention in development of biosensors. This type of
assay consists of two major structural parts, together capturing the target analyte: (1) SERS
tags/probes: used to specifically bind to the target analyte attached to the immune substrate and
provide SERS spectrum (2) Immune substrate: used to provide a stable platform to specifically

bind and immobilize the target analyte.

2.3.1 SERS Tags/Probes
It is a nanoprobe that consists of a core metal nanoparticle, which has Raman active molecules
attached to it. A SERS tag generally consists of four main components for in-vivo or in-vitro

applications.
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2.3.1.1 Nanostructured Metal

Nanostructured metal is the building block of the SERS tags. As already elaborated the metal
nanoparticles act as an amplifier for the EM enhancement factor. In bioanalysis the most
desirable outcomes that are expected to be achieved from metal nanoparticles are intense field
enhancement, and NIR plasmon resonance. This helps in using nanoparticles in biological
samples, to avoid their burning out at shorter wavelengths and high energy of incident laser
excitation.

The overall EEF (EM & CE) is dependent on the following properties of the metal
nanoparticles: size, size distribution, shape, chemical composition and their surface chemistry.
The size and chemical composition of the metal nanoparticles helps determine the SPR which
can be complimented through shape. The surface chemistry helps determining in conjugation
strength and selectivity of the metal nanoparticle with the analyte. The most known metal
nanoparticles used are gold, silver and copper. Although copper, silver and gold are most
commonly explored and used SERS metal substrates with SPR in the visible to IR range,
recently aluminium has found utility in the UV range °>%3. Aluminium also shows large EEF
in the IR range which is surprising and not effusively understood as yet.

Since SERS EEF is highly dependent on the size and shape of the metal nanoparticles. Keeping
the size constant, the EEF can still be increased with truncated shapes creating “hot spots” or
gaps. Nevertheless, spherical shapes are preferred for ease of uniform distribution of the SERS
signals across metal nanoparticles with favourable pharmacokinetics in bioanalysis **. In case
of spherical metal nanoparticles, the size solely dictates the incident laser wavelength and
absorption wavelength responsible to generate inelastic scattering °>%. The larger the spherical
nanoparticle, the more the SPR shifts towards the IR range. However, the ideal size and/or
thickness of the nanosubstrate is highly dependent on the wavelength of the incident laser

97, Metal nanoparticles which are very large in size than the incident laser wavelength induce
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multipole transitions, which are non-radiative and cause decrease in the overall SERS EEF.
Similarly, metal nanoparticles which are very small in size than the incident laser wavelength
fail to even create dipole transitions, hence no electrical conductance or plasmonic oscillations
of electrons %%, Mostly, gold nanoparticles are used for bioanalysis, as it is non-toxic and
chemically inert. This has been clinically demonstrated, where gold nanoparticles were
administered in-vivo to human being for cancer detection °>!%, On the other hand, silver
nanoparticles are less preferred due to problems like oxidation and toxicity ''19. Silver
colloids are generally synthesised by reduction of silver nitrate using the Lee and Meisel
method '%4, while gold colloids by reduction of chloroauric acid using the Turkevich method
105,106 Tn both these methods, citrate ions are used to keep the particles electrostatically stable
in the solution. The SERS intensity is based on the frequency matching of the incident laser
and the resonance of the metal nanospheres. In biomedical applications low power NIR lasers
are preferred to avoid sample damage. Therefore, the resonance frequency of the nanosphere
needs to match up with the NIR incident laser. This necessitates the size of the nanospheres to
be increased, in order to use a laser with higher wavelength (red-shift or a bathochromic shift)
for plasmonic oscillations to occur. Based on factors like aggregated and non-aggregated,
colloidal platforms have been used and categorized as follows:

1) Non-Aggregated

Metal nanocolloids have been extensively used as a non-aggregated platform for SERS. The
non-aggregated platform allows ease of pharmacokinetics. However, depending upon the size
and shape, the synthesis processes and architectural designs have been varied in order to meet
the desired EEF and biomedical application to use NIR excitation.

a) Isotropic: This includes the gold and silver nanospheres with shape uniformity in all
orientations and controlled size. These nanospheres allows ease of pharmacokinetics as well as

homogeneity of enhanced signals across the surface of SERS tag. In order to use colloids
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without the need to increase the number of nanoparticles with aggregation or agglomeration
researchers have adopted the following two approaches:

Unmodified. The maximum sizes of Au and Ag nanospheres synthesized with controlled
uniform size distribution allows SPR in between 400-600 nm '°-1%8_Silver nanospheres offer
10-100 times greater enhancement factor than gold as less plasmonic damping is experienced
in Ag due to d-s band gap in the UV region '%°. However due to cytotoxicity and short-term
stability Ag are less preferred than Au in biomedical applications. These nanoparticles are
useful for homogeneity of SERS signal across the entire surface but restricted by use of NIR
lasers for detection due to controlled synthesis of large uniform spheres. Moreover, increasing
the size of the nanospheres causes damping effects hence lowering the enhancement factor.
The optimal size range is estimated to be 30-100 nm 38,

Modified. (Architectural Designing) In order to overcome the limitations of nanospheres with
respect to controlled synthesis of large monodispersed nanospheres with SPR in the NIR range,
architectural designs have been reported. These designs allow SPR in NIR range while
maintaining pharmacokinetics and SERS signal homogeneity across the surface of the SERS
tag. These also offer increased SPR in NIR with reduced size compared to nanospheres. Few

such types of architecturally designed metal substrates are: hollow gold nanoshells (HGN) %

113,114 115-118

112 nanocages , nanomatryoshkas
Hollow gold nanoshells (HGNs) localize the surface electromagnetic fields through pinholes
in the hollow particle structures ''°. The inner and outer shells of the HGN’s induce the overall
SPR, which can be tuned between visible to NIR by reducing the shell wall thickness '20-123,
The HGN have also shown limit of detection (LOD) from 1-10 pg/ml which is 100-1000 times
greater than any ELISA ', Nanocages have been engineered for use as SERS tags with SPR

in the NIR range, and as photothermal (PT) transducers for destroying cancer cells !>, as

carriers for controlling drug release '3, and as contrast agents for optical imaging '2°. Recent
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research to achieve quantitative analysis of SERS tags with consistency and reproducibility has
made headway with the nanomatryoshkas model '3!3, The model constituents of the core-
Raman reporter-shell. Here, Raman reporter is enclosed between the metal nanoparticle (core)
and the protective coating (shell). The Raman reporter is adsorbed on the core surface with no
competing molecules and with protection from external environment provided by the shell.
Therefore it is used as the internal standard (IS) !*7. The shell is usually made of the same or
different metal nanoparticles as the core. The shell surface is used stand alone for the target
capturing molecule. This model offers uniformity of SERS signals with standard deviation of
less than 1.2% between samples.

b Anisotropic: To make use of the same size range of metal nanoparticles researchers
proposed innovations in shape that is use of anisotropic metal nanoparticles. Anisotropic shapes
made use of the “hotspot” with sharp bends and tips 213!, This helps shift the SPR to NIR
range and possible to use laser wavelength in the NIR region for bioanalysis. Typical examples
of anisotropic shapes are: nanocubes 37135 nanorods '3%13¢138 nanotriangles 42139140,
nanopolyhedrons '#!, nanostars 42144 nanourchins 43146 nanoflowers '47-14°, and others.

2) Aggregated

The use of aggregation or agglomeration is referred for intense field enhancement and NIR

» 1274150.151  Thig could lead to achieve

plasmon resonance, through creation of “hot spots
enhancement factors up to the order of 10'°, sufficient enough for single-molecule detection
152155 However, the lack of control on uniformity of aggregation of metal nanoparticles across
the SERS substrate, causes inconsistencies in field intensities and reproducibility. Therefore,
to achieve reproducible results the need to fabricate homogeneous nanoaggregates structures
is required. This can happen through precisely controlling the shape and size of the aggregates.

Broadly based on aggregation, NP’s aggregates are divided into two categories for better

apprehension:
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a) Clusters: Metal nanoparticles cluster is mostly formed through aggregation induced by
addition of salts, thereby letting the attractive van der Waals potentials between particles to
dominate the system (Figure 2-6A) '3%!157 This aggregation process is controlled through
precise addition of salts or polymers. The polymers quench the process by forming a coating
on the metal nanoparticles aggregates. This coating of polymer also acts as a protective shell

157 used

to improve the biological and chemical stability for instance, Tan et al
polyvinylpyrrolidone (PVP) (Figure 2-6B) and Braun et al. ' used PVP or
polyvinylpyrrolidone—poly(acrylic acid) (PVPA) followed by polyethylene glycol (PEG)-thiol
to achieve the same goal (Figure 2-6C). Metal nanoparticles can also be aggregated to form
clusters through use of Raman reporters 3% (Figure 2-6D). In this case the citrate ions which
electrostatically provide stability to the colloidal solution are replaced by the more affine
Raman reporters. This reduces the electrostatic repulsive forces between the nanoparticles

allowing aggregation, thus forming clusters 60161, This aggregation process is controlled

through regulating the pH of NP’s colloid 2.
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Figure 2-6. (A) Preparation of silica-coated, dye-tagged, silver nano-particles. (Reprinted with
permission from ref 3¢, Copyright 2008 Langmuir). (B). Preparation of PVP-coated, dye-
tagged Ag nanoparticles. (Reprinted with permission from ref. '37. Copyright 2009 IOPscience
Nanotechnology). (C). Synthesis of SERS nanocapsule. (Reprinted with permission from ref.
158 Copyright 2009 Journal of Physical Chemistry C). (D). Schematic illustration of COIN
synthesis and COIN structure, showing particle enlargement, cluster formation, and antibody

conjugation. (Reprinted with permission from ref. '3°. Copyright 2005 Nano Letters).

b) Support Assisted Cluster’s: In this technique silica and polymer microbeads are used
as support materials to provide a platform for growth of metal nanoparticles either through
direct adsorption or in-situ growth. These nanoclusters offer high packaging densities with
reproducible “hot spots” 163-165 (Figure 2-7). In in-situ synthesis, the support bead is
functionalized with 3-mercaptopropyltrimethoxysilane (MPTMS) or treated with sulfuric acid,
which enables the support bead to adsorb noble metal salts, and in situ-synthesis of the metal
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NP’s. This allows NP’s compact distribution on the bead’s surface and high reproducibility of
SERS signals. The amount and size of the nanoparticles clusters on the support can be attuned
by varying the concentration of metal salts and the reaction time '%°, In direct adsorption, the
pre-synthesised metal nanoparticles are mixed with the support material for bonding through

covalent or electrostatic forces 1¢7
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Figure 2-7. (A). Schematic illustration of SERS-encoded bead synthesis and bio-application.
(Reprinted with permission from ref '®3 Copyright 2007 American Chemical Society). (B).
Scheme for fabrication of Ag-coated polystyrene (PS) bead usable as a template of biosensor
operating via surface-enhanced Raman scattering; the last cartoon illustrates the interaction of
biotinylated beads with other biotinylated substrates by the mediation of streptavidin
molecules, labelled as “X.” (Reprinted with permission from ref !4 Copyright 2008 Journal of
Colloid and Interface Science). (C). Scheme for preparation of PSA@Ag-NPs@silica
microspheres as SERS labels. (Reprinted with permission from ref 9 Copyright 2011 Journal

of Materials Chemistry). (D). Schematic illustration of SERS dots synthesis and targeting of
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cellular cancer markers. (Reprinted with permission from ref ' Copyright 2006 Analytical
Chemistry) (E). Schematic illustration of SiO2@GNRs@SiO2 (SERS tags) synthesis and
targeting antigen using a sandwich assay. (Reprinted with permission from ref ¢ Copyright

2008 Advanced Functional Materials)

2.3.1.2 Organic Raman Reporters

These can be classified into: Ready-Made and Tailor-Made. Raman reporters use the LSPR to
enhance their chemical fingerprints and act as the detection label. The desirable properties for
the Raman reporter to increase the total EEF and reduce noise signals from adsorption of
potential contaminants are: (1) Large Raman cross section (2) High sensitivity (3) Absorption
maxima in the NIR range (4) Absorption maxima overlapping with the incident laser source to
invoke surface-enhanced resonance Raman scattering called SERRS nanoprobes (EEF = 10-
100 times) 9170 (5) High surface binding affinity through functional groups like sulphur and
nitrogen especially in case of silver and gold nanoparticles (6) Dense formation of reporters on
metal nanoparticles 7%%7:8% (7) Few distinct characteristic peaks to accommodate more reporters
within the spectral window for avoid overlapping and facilitate multiplexing. In addition, a
strong adsorption of the Raman reporters with the ligands is highly desirable. This can be
achieved through attractive electrostatic forces, for example, between negatively charged
citrate-coated gold nanoparticles and positively charged diethylthiatricarbocyanine (DTTC) '7!-
173

1) Ready Made

Some commonly used, and naturally available strong SERS reporters are chromophores such
as Malachite green, Cyanine dyes, R6G, Crystal violet, and Nile blue. Example of ready-made

Raman reporters along with their SERS attributes is summarized in Table 2-3 74,
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Table 2-3. Typical Raman reporters used for SERS tag preparation

Type Example Linking mode Advantages Disadvantages
nitrogen- crystal violet electrostatic cheap weak affinity to
containing ) ) force metal

rhodamine B rhodamine large Raman cross
cationic dye . .
6G N-Au(Ag) section weak signal
. interaction stability
nile blue ready for SERRS
hard for further tag
surface coating
sulfur- 3,3"- S-Au(Ag) large Raman cross expensive
containing diethylthiadicarbocyanine | interaction section L
limited types
dyes iodide o )
strong binding affinity
hard to form SAM
malachite green to metal
isothiocyanate .
suitable for further tag
tetramethylrhodamine-5- coating and
isothiocyanate modification
rhodamine-5-(and-6)- ready for SERRS
isothiocyanate
cheap
thio-small 4-aminothiophenol S—-Au(Ag) small Raman cross
molecules interaction strong binding affinity section
4-methylbenzenethiol
to metal
not ready for
2-naphthalenethiol )
few Raman peaks is SERRS
benzenethiol beneficial for
multiplexing

Recently, Raman reporters known as self-assembled monolayers (SAM) have been introduced
123,175-177 These bifunctional Raman reporters perform two functions. They form a high-density
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layer on the metal nanoparticles through the high affinity thiol group, and maintain electrostatic
stability through the negatively charged carboxylic group. Therefore, high density coating of
Raman reporters on NPs without inducing severe aggregation is achieved. The SAM-coating
offers numerous advantages: (1) Greater surface area for higher SERS intensities (2) Uniform
orientation offering reproducibility (3) Dense adsorption, defying co-adsorption of undesired
molecules, and (4) Co-adsorption of different Raman reporter molecules on the same metal
nanoparticles facilitating multi-encoded SERS tags for multiplexing.

2) Tailor Made

Use of the readily available reporters is extensive as listed above. Whereas, tailor made
reporters can be modified to increase the EEF, integrity and overall capabilities of SERS tags.
Recently, some novel reporters have been developed and have shown better results in terms of
SERS signal intensity and stability better than ready-made strong Raman reporters like
malachite green isothiocyanate (MGITC) and crystal violet '7%17°, These Raman reporters are
synthesised by keeping triphenylmethine as parent structure with an anchor group of lipoic acid
180-182 The triphenylmethine provides the strong SERS enhanced signals while the lipoic acid
offers improved stability through bidentate thiol binding to the metal nanoparticles. This group
also produced two new NIR Raman reporter molecules, Cy7LA, Cy7.5LA to partner with
tricarbcyanine as parent structure called CyYNAMLA-381 with dithiol anchoring group. This
dye has offered 12 times more sensitivity than most popular ready-made dye 3,3'-
diethylthiatricarbocyanine (DTTC). The use of this dye for ultrasensitive multiplex in-vivo
detection has been illustrated by sensing cancer in a living mouse '82. In 2015, a new dye named
2-thienyl-substituted chalcogenopyrylium (CP) has been synthesised '3%!34. These dyes have
strong resonant signals in the NIR range (785 — 1280 nm) with pico to attomolar limits of

detection (LOD). They also show high affinity for gold surfaces due to the presence of 2-thienyl
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groups attached to the 2- and 6- positions of the dye. These results endorse the significance of
designing and screening novel Raman reporters to achieve high sensitivity and specificity.
2.3.1.3 Protective Surface Coatings

Bioanalysis demands SERS tags to be highly stable in a strong ionic environment. The SERS
tags which are stabilized electrostatically only, are subject to easy aggregation, precipitation,
disassociation and contamination by competing proteins in a biological sample. Therefore,
protective coating is beneficial, and also introduces surface functional groups for further
analyte bioconjugation. This necessitates the use of protective fillers/coatings for SERS tags,
which are bare and especially for not so densely populated with Raman reporters to improve
their biocompatibility and stability. These protective coatings in SERS tag also enables
researcher to quantify the number of SERS nanoparticles '3°-1%7, Based on the materials used
for the protective surface coating for SERS tags, it can be divided into two categories:

1) Biomolecule Coatings

Two types of biological fillers and/or coatings are well known and used.

a) Bovine serum albumin (BSA): Bovine serum albumin (also known
as BSA or "Fraction V") is a serum albumin protein derived from cows. BSA is the most
widely used biomolecule SERS tag coating '3%. In 2006, SERS tags referred as Composite
Organic-Inorganic Nanoparticles (COIN) were encapsulated using BSA (Figure 2-8). It forms
a weak filling based on adsorption on the surface of the metal nanoparticles. Further, cross
linked encapsulation was achieved by adding glutaraldehyde '%°. The sample is treated with
glycine or sodium borohydride to remove the extra aldehyde functional groups. This also
removes the surface amino groups from the BSA, leaving the surface with negatively charged
carboxylic groups. These carboxylic groups are further bio conjugated to antibodies through

EDC chemistry.
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COIN ENCAPSULATION

Silver nanoparticles Encapsulation
A (50 nm in diameter) r layer formed by
cross-linked BSA
1. BSA/ Glularaldehy:e (~10 nm thick)
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Figure 2-8. COIN encapsulation and functionalization method. (A). Schematic illustration of
COIN encapsulation procedure. Bovine serum albumin (BSA) is coated to the COIN surface
and cross-linked by glutaraldehyde. The extra aldehyde functional groups on the COIN surface
are removed by glycine and sodium borohydride treatment. (B). Schematic illustration of COIN
functionalization procedure. Carboxylic acid groups on the surface of the BSA encapsulation
layer are activated by EDC and reacted with amines groups in the antibody. (Reprinted with

permission from ref '8, Copyright 2007 Nano Letters).

In 2008, the use of denatured BSA (dBSA) is reported with gold nanoflowers (AuNF) and
rhodamine B as the Raman reporter '8, The dBSA provided stability to the AuNF coated RhB

SERS tag via its 35 thiol groups from 35 cysteine residues (Figure 2-9).
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Figure 2-9. Preparation and design of dBSA-capped SERS tags. (Reprinted with permission

from ref 48, Copyright 2008 ACS Nano).

b) Liposome Coating: Another biomolecule with promising application as SERS tag
coating. It has ability to self-assemble onto metal nanoparticles with inherent biocompatibility.

The use of immunoliposomes (ILs) with QD’S for in-vivo tumour imaging, therapeutics and

drug delivery has also shown good targeting properties '°%1°1,
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Figure 2-10. Scheme for synthesis of Raman-Active Phospholipid Gold Nanoparticles

(Reprinted with permission from ref '°2. Copyright 2010 Bioconjugate Chemistry).
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Tam et al. in 2010, translated these viable properties of liposomes into SERS tag coating.
Colloidal gold nanoparticles of 60 nm with adsorbed Raman molecules were encapsulated by
non-thiol phospholipid coating '°2. In 2011 Walker’s group, encapsulated gold nanoparticles
of 60 nm with lipids like DOPC, sphingomyclin and cholesterol. The lipid coating showed
stability for weeks and versatility was also demonstrated by the incorporation of three different
Raman reporters — MGITC, L-tryptophan and rhodamine by three different strategies '°°. In
2012 Natalie’s group, also coated Raman active colloidal gold nanoparticles (60 nm) with
phospholipid. These porphyrin—lipid stabilized AuNPs are also successfully used in cellular
imaging (Figure 2-10) ', All these novel lipid-based SERS probe provides a viable alternate
to the PEGylation and silica coating strategies due to its better reproducibility and stability.

2) Polymeric Coatings: PEG is an ideal polymer protective coating for the SERS tag. Some of
the advantages are (Figure 2-11) 19329: (1) Non-toxic (2) Shell thickness can be adjusted (3)
Highly hydrophilic offering weak affinity to interference molecules leading to prolonged
lifetime in-vivo (4) Excellent in-vivo biodistribution and pharmacokinetic properties (5) Strong
binding to metal nanoparticles due to distal thiol functional groups (6) High stability in strong
ionic and pH media like biological and chemical environment (7) The second external
functional group of PEG (e.g. carboxyl or amine) can be used to bioconjugate capturing agent

like the peptide or antibody.

«
Raman reporter
e Au

Figure 2-11. Design, preparation and properties of pegylated gold nanoparticles for in vivo

tumor targeting and spectroscopic detection. (a) Preparation and schematic structures of the
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original gold colloid, a particle encoded with a Raman reporter, and a particle stabilized with a
layer of thiol-polyethyleneglycol (thiol-PEG). Approximately 1.4—1.5 x 10* reporter molecules
(e.g., malachite green) are adsorbed on each 60-nm gold particle, which is further stabilized
with 3.0 x 10* thiol-PEG molecules. (Reprinted with permission from ref '°°. Copyright 2010

Nature biotechnology).

Other commonly used polymers for their biocompatibility, biodegradability, and complexation
with metal ions are PVP 7, chitosan 2°'2%2, and polymers produced by reversible addition—
fragmentation chain transfer (RAFT) 2%, Recently, a new polymeric coating with uniform
thickness using amphiphilic di-block copolymer, polystyrene-block-poly(acrylic acid) (PSis4-
b-PAAso), has been reported through thermodynamically controlled process 2%,

3) Silica Coatings: Silica encapsulation of the metal nanoparticle with the Raman reporter is
another attractive protective coating method. In 2003 two groups simultaneously reported
methods for silica encapsulation by hydrolysis of sodium silicate 20%2%°, The metal
nanoparticles along with the adsorbed Raman reporter is treated with a silane like 3-
aminopropyltrimethoxysilane (APTMS) or mercaptotrimethoxysilane (MPTMS). The silanes
one terminal group amine/thiol facilitates attachment to the metal nanoparticle. The other
terminal group trimethoxysilane is used to make the metal nanoparticle surface vitrophilic.
Later the solution is reacted with sodium silicate, which easily forms a layer of thin glass shell
with the aid of trimethoxysilane (Figure 2-12 A). The only drawback with this glass coating
was the SERS signal was suppressed due to silica interference. In 2009, Brady et al, via the
same method used nanoclusters in order to increase the SERS signals from within the silica
coated shells (Figure 2-12 B) 297, This led to advantages like ultrathin silica layer, with a

drawback such as tedious pre-treatment steps like dialysis, ion exchange and time consuming

208
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Figure 2-12. (A). Schematic illustration of the core-shell nanoparticle structure and the
procedure for preparing silica-coated SERS-active gold colloids. (Reprinted with permission
from ref 2°* Copyright 2003 Analytical Chemistry). (B). Schematic of the process for
generating encoder bead assemblies from SERS nanoparticle spectral tags. (Reprinted with
permission from ref 2°7. Copyright 2009 Analytical Chemistry). (C). Schematic illustration of
the preparation of the core-shell SERS tags. (Reprinted with permission from ref 2°°. Copyright

2010 Analytical Chemistry).

In 2010, Liu et al demonstrated a simple and fast method without any pre-treatment steps like
dialysis, ion exchange etc. This method involved creating silica sols by adding ammonia and
tetraethyl orthosilicate (TEOS) consecutively (Figure 2-12 C). The drawback in this ammonia

catalysed hydrolysis of TEOS is that only strongly adsorbed Raman reporters like
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isothiocyanate or multidentate thiol are feasible 2%°. In 2009, Schlucker’s group integrated the
Raman reporter (4-MBA) and silica shell into a single functional group 2!°. The gold/silver
nanoshells were covered with SAM of 4-MBA. The surface charge of the SAM was used
further to coat with a polyelectrolye (PAH-polyallylamine hydrochloride). The PAH facilitated
adsorption of PVP, which made the surface vitrophilic and thus growth of silica shell using
ammonia/2 propanol and TEOS by Stober method was achieved. In 2011, Huang et. al used a
similar method with poly (acrylic acid) and then adsorbed APTMS or MPTMS to make the
surface vitrophilic ''°. Then again using Stober method silica shell was deposited on the particle
surface. In 2010, Schutz et al reported a fast and simple method of silica encapsulation, free
from surface charge of the Raman reporter 7. This method suggests covalently merging
Raman reporter (4-MBA) and silica precursor (APTMS) as a single unit.

The advantages of silica coatings are (1) Biofunctionalization, accomplished by reaction of
silica shell surface with aminopropyl which creates amine groups for conjugation with
antibodies by forming amide bonds 2!'! (2) Silica coating offers high stability in biological and
chemical environment 2! (3) It provides good water solubility and low nonspecific binding.
On the other hand, its disadvantages include: (1) The use of silica is limited for creating the
coating. This happens due to the high affinity of silica as compared to the Raman reporters.
This allows the displacement of the Raman reporters resulting in low SERS signals. Therefore,
only few Raman reporters with strong binding to the metal nanoparticles surface through
isothiocyanate or thiols are preferred with silica coatings '# (2) Functionalization of silica shell
with amine groups creates positively charged surface that have a high affinity toward
negatively charged cell membranes 2'3. This causes the SERS tag to show reduced binding

specificity as compared to bio functionalized PEG-coated SERS tags.
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2.3.1.4 Attachment of Target Capturing Molecules

The next step is to attach the capture molecule to the SERS tag in order to guide and target the
specific biological analyte. The capture molecules can be classified as, antibodies, aptamers or
small molecule ligands. These capturing molecules can bind to the SERS tags through three
functionalized routes that is indirectly either through the Raman reporter, the protective coating
ligand or directly to the metal nanoparticle surface (Figure 2-13). Generally, the SERS tags are
functionalized using sulthydryl groups as thiols have high affinity for metal nanoparticles and
easily form SAM. In case of the thiolated aptamers they easily replace the original surface
ligands like citrate ions on the surface of the metal nanoparticles 2!42!°, Stable covalent bonds
can also be formed by SERS tags with OPSS-PEG-NHS (orthopyridyldisulfide-
polyethyleneglycol- N-hydroxysuccinimide) and functional carboxylic groups on the original
surface ligand to attach the antibodies. The antibodies can be attached through the EDC/NHS
crosslinking chemistry to the Raman reporter or the protective coating. The carboxylic
functional groups on the Raman reporter or the protective coating ligand is reacted with the
amine groups on the antibody to form stable amide bonds. In case of small molecules ligands

like biotin modified SERS tags can be used to target streptavidin tagged biomolecules.

2-44



: i
Amide, Ester, etc

c
Raman reporter Intrinsic
Raman reporter
/
S
oJ‘:xo Y
| z
o z
o o
£ e Y g
z z =
DsSC .
DMAP S
H %"
d SN
O”°N
F ! z
o (=] z
o (=] o
o o > o
::

OIZXO
ﬁy ﬁ
AﬁAﬁA

Figure 2-13. Various methods of bio-conjugation. (a) Direct immobilization of the linker
molecule to the metal surface, (b) composite formation of the metal/biocompatible shell
hybrids, (c) examples of direct immobilization to metal surface 2'¢-218, (d) examples of active
ester utilization 2'%?2°, and (e) an example of maleimide-based bio-conjugation '8, (Reprinted
with permission from ref 22!, Copyright 2012 Raman Spectroscopy for Nanomaterials

Characterization).

It is pertinent to mention here that in trying to accommodate this capturing molecule on the
SERS tag the competition for surface space on the metal nanoparticle between the original
surface ligand, Raman reporter and protective coating should be carefully administered.
Original surface ligands like the citrate ions in case of synthesis of metal nanoparticles provide

colloidal stability through electrostatic repulsion forces to avoid aggregation. Maximizing the
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number of Raman reporters increases the SERS signal for better signal to noise ratio however,
requires displacing the original surface ligands which leads to aggregation 2?2, Similarly, the
protective coating is vital for biocompatibility and to avoid biofouling. In case, the protective
coating is not overlapping the SAM, placing the protective coating on the metal nanoparticle
surface will require displacing the original surface ligand and/or the Raman reporter. This in
turn will not only open venues for metal nanoparticles aggregation but also reduce the SERS
signals. Therefore, a balanced ratio is important for maintaining metal nanoparticles stability,
good SERS signals and to avoid biofouling. In this regard few noteworthy studies have been
performed. In 2007, Qian et al. found that for each 60 nm colloidal gold nanoparticle the
optimum ratios of Raman reporter (e.g., malachite green) and protective coating (thiol-
polyethylene glycol) molecules is approximately 1.4-1.5 x 10% and 3 x 10* respectively 1. In
2009, Schlucker group reported silica encapsulation of SAM (4-MBA) on the metal
nanoparticle (Au or Ag) integrated as a single functional unit 223, This was achieved through
using polyelectrolyte (MPTMS) coating on the SAM which makes the Au or Ag surface
vitrophilic. This MPTMS aids growing silica shell on top of the SAM by a modified Stober
method 2%, So, this method allows silica protective layer growth on top of the SAM, thus
eliminating the surface space on the metal nanoparticle competition between the protective
coating with the original surface ligands and the Raman report. It also uses small Raman
reporter, molecules having less spectral band facilitating multiplexing capabilities. The only
drawback in this approach is to be mindful to have the complete monolayer SAM coverage, to
overcome the weak SERS signals arising from small cross-sectional area and silica thickness
covering the Raman reporter.

Another important factor for creating SERS tags is that the Raman reporters and protective
coating ligands have a greater affinity for the metal nanoparticles, than the original surface

ligands. This helps in easy displacement of the original surface ligands with the Raman reporter
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and protective coating ligand. This is especially important when metal nanoparticles have
original surface ligands like quaternary ammonium compounds or polymers 2222, which are
not only strongly adsorbed on the metal nanoparticles surface 2% but are also toxic to the cells
228229 1n these cases, large amounts of Raman reporters and PEG will be needed to overcome
the strong adsorption/affinity of original surface ligands 230-232,

Dialysis to gradually displace cetyltrimethylammonium bromide (CTAB) layers on gold
nanorods, allowing more binding surface for thiolated polymers (PEG) and Raman-active
molecules has been reported 38, In 2014, Mehtala et al. suggested using excessive amounts of
PEG with Raman reporters already attached to the metal nanoparticles via multidentate thiol
groups or to convert strong original surface ligand like CTAB with weak original surface
ligands like citrate ions 2*3. This method provides displacement of the original surface ligand
by protective coating ligand, while maintaining highly stable binding of Raman reporter.
2.3.2 Immune Substrate

Immune substrate is the platform, which helps capture the target analyte and becomes the base

for the SERS nanoprobe . This substrate can be categorized as follows:

2.3.2.1 Immobilized Solid Support

These type of substrates includes fixed platforms, for the analysis and can be further categorized as
follows based on the deposition techniques employed:

1) Self Assembled Deposition

In 1995, Natan’s group proposed building fixed SERS monolayers on polymer coated
substrates 2*4. Colloidal metal nanoparticles are bound to the functionalized polymer coated
substrate through cyanide (CN), amine (NH2), and thiols (-SH) in a uniform architecture
(Figure 2-14 A). This process yielded macroscopic surfaces for high EEF and reproducibility.
This method produced less than 10% variation in results achieved from different substrates

produced with monolayer of 12 nm Ag nanoparticles. In 2001, this study was further improved
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by Maxwell et al. through introducing monodispersed Ag nanoparticles of size ranges 30-50,
50-80, 80-100 and > 100 nm deposited on polycarbonate membrane (Figure 2-14 B) 23°. The
use of monodisperse colloids suggested better packing density and tuning of the incident laser
excitation to SPR producing hot spots, thus increasing the overall EEF. In 2005, Hala’s group
continued to provide improvements in the EEF based on uniformity of SERS substrates that is
distribution of colloidal particles (Au = 50 nm) forming the monolayers (Figure 2-14 C) 236, A
layer of ~ 4 nm thickness was achieved by encapsulating colloidal nanoparticles with ligands
(CTAB) or an inorganic shell layer. This ligand binding not only allows uniform particle
spacing of 10 nm, but also the electrostatic repulsion between particles prevented random
distribution during monolayer formation. In 2010, shell isolated nanoparticle enhanced Raman
scattering (SHINERS) were introduced (Figure 2-14 D) 2%, Here, AuNP’s (55 nm) were
encapsulated by an inorganic shell layer of an optically transparent material like silica or
aluminum with shell thickness of 2 nm. A monolayer of nanoparticles is spread as ‘smart dust’
over the surface that is to be probed facilitating in-situ deposition of SERS tags and allows the
nanoparticles to conform to different contours of analyte-based substrates. This provided
uniform particles distribution and avoiding aggregation plus preventing particles from
contamination. The drawback is the distance between the analyte and AuNP is increased due
to silica or aluminium coating, which prevents achieving maximum EEF.

Alongside the above studies to assemble monodispersed spherical metal nanoparticles
researchers have used Langmuir-Blodgett method for the organization of substrates 237238, In
2003 Tao et al. used PVP coated silver nanowires (d = 50 nm & | = 2-3 um) arranged in 2-D
array on a glass slide (‘logs in a river”) 2%°. This arrangement showed results highly supporting

reproducibility with EEF up to 10°.
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Figure 2-14. (A). Assembly strategy for Au and Ag colloid monolayers; X = CN, NH», 2-
pyridyl, P(C¢Hs), or SH; R = CH3 or CH,CHj. (Reprinted with permission from ref 234,
Copyright 1995 Science). (B). Tapping-mode AFM image of a nanostructured thin film
prepared from 50- to 80-nm Ag colloidal particles. (Reprinted with permission from ref 23,

Copyright 2001 Chemistry of Materials). (C). Schematic illustration of the fabrication of sub10
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nm gap AuNP arrays. (Reprinted with permission from ref 23¢. Copyright 20005 American
Chemical Society). (D). Working principles of shell-isolated nanoparticle-enhanced Raman
scattering (SHINERS) in comparison with other SERS substrates. (a). Bare Au nanoparticles.
(b). Au core—transition metal shell nanoparticles. (¢). Tip-enhanced Raman spectroscopy
(TERS). (d). SHINERS: shell isolated mode. (Reprinted with permission from ref 208,

Copyright 2010 Nature Publishing Group).

2) Lithographic and Template Techniques

Lithography and template techniques allow high accuracy in fabricating uniformly distributed
metallic nanoparticles substrates with precise control sanctioning spectral reproducibility. This
allows tailored production of substrates for particular application as well as mass production
for reproducibility on commercial scale. Ultrahigh sensitivity for single molecule detection is
also possible through precisely controlled creation of “hot spots” and gaps. These structurally
uniform nanosubstrates also allow homogenous SERS signal intensities. A few lithographic
and template techniques are, Nanowire templating, 24%24! On-wire lithography, 24224
Nanosphere lithography, 244246 Electron beam lithography, 24’4 and Nanotransfer techniques
249 Use of templates to synthesis bundles of metal nanowires has been demonstrated for
creation of hot spot and subsequently enhanced SERS 240:241,

In 2006, Moskovits et al. used sacrificial templates of porous aluminium oxide (PAO) with
hexagonal arrays, to fabricate bundles of Ag nanowires. This method is capable of producing
closely packed bundles of nanowires with micrometer spacing. In 2009, Mirkin et al.
introduced a technique called on-wire lithography (OWL) to further reduce the distance
between the nanowires up to nanometers (~2 nm) >3°. This allowed SERS enhancement factors

of 108 231,
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A technique called nanosphere lithography (NSL) or colloidal lithography (CL) is used to grow
2-D and 3-D periodic arrays of metallic nanostructures on a solid platform (glass slide) to
develop a uniform SERS substrate %2254, A monolayer of micro-nano silica or polystyrene
spheres is allowed to self-assemble by spin or drop coating on a solid platform (glass slide). A
metal is deposited through vapour or electro deposition to mask on top of the silica or
polystyrene beads (Figure 2-15). Based on the shape and size of the silica or polystyrene
spheres in conjunction with specific deposition technique and conditions, three types of metal
nanostructures can be formulated:
a. “Film Over Nanospheres” (FON) prepared by vapour deposition of 100-200 nm metal
layer on top of the silica or polystyrene spheres 2323,
b. Chemically etched away silica or polystyrene spheres gives a periodic array of
nanostructured triangles on the solid platform 27,
c. Electrochemical deposition of metal followed by removal of silica or polystyrene spheres,
e.g. nanoislands, nanoholes or nanovoids 2.
The several advantages of NSL or CL are: (1) Simple and inexpensive 2°* (2) The shape, size
and spacing of the nanostructures can be controlled by the size of silica or polystyrene spheres
and the thickness of deposited metal, 2326° (3) Provides high density of SERS-active sites with
large defect-free regions of 10-100 pm with EEF of 10°-108, as well as excellent spectral
reproducibility. Overall, this facile nanofabrication technique is highly effective for generating
SERS substrates to perform fundamental studies on trace analysis and detection of single

molecule.
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Figure 2-15. Schematic diagram of template methods using nanosphere lithography to
fabricate ordered nanostructured SERS-active substrates, redrawn according to the published
works of Van Duyne’s group and Bartlett’s group (Reprinted with permission from ref 261,

Copyright 2008 The Royal Society of Chemistry).

Electron beam lithography (EBL) and ion beam lithography (IBL) can be treated as a
technological step forward as compared to NSL. This technique uses electron or ion beam to
allow great control and precision in generating desired shapes and spacing between metal
nanostructures for SERS substrates 262263, Silica wafer is initially coated with a photo resist
material like poly (methyl methacrylate) (PMMA) layer, followed by chemical etching.
Thereafter EBL uses two different strategies to fabricate the SERS active metal nanostructured
substrate as shown in Figure 2-16. The first strategy involves electron beam exposure according
to the intended shape and structure of the metal nanostructures, then removal of the remaining
photoresist trailed by vapour deposition of metal. The second strategy involves vapour

deposition of metal trailed by removal of the remaining photo resist coated with the metal. The
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first strategy enables whole silica wafer covered with metal with imprinted nanostructure while,
the second strategy enables array of nanostructures patterns with gaps of bare silica exposed
264-267 Recently, in 2015 Tabatabaei et al. fabricated metallic nanoholes arrays with a high
nanohole density by EBL and tested as molecular SERS sensors %%, The best SERS EEF from
Au nanodisks and nanoholes fabricated by EBL are reported as 4 x 10 and 1 x 107, respectively
269 EBL in conjunction with other methods can produce dimer gaps smaller than 1 nm like
electromigration and angled evaporation techniques 27%?’!, These methods provide practical
insights into the SERS enhancement plausible to classical electrodynamics and quantum
mechanics. However, in comparison to template techniques, EBL and IBL methods are

generally costly, and require extensive preparation times with the need for a specialized

equipment.
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Figure 2-16. Schemes of etching and lift-off methods of substrate fabrication by e-beam

lithography on oxidised silicon substrates (Reprinted with permission from ref 263, Copyright

1998 Elsevier S.A.).
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2.3.2.2 Colloidal Substrates (Suspension)

In this type of SERS immune substrate, microbeads are dispersed in a liquid solution. These
microbeads include silica beads, polymer beads, magnetic beads etc. Few advantages of such
suspension array are: (1) Faster immune reactions between capture and target analyte due to
reduced diffusion distance. (2) Higher multiplexing ability by use of multiple microbeads with
different capture analyte. (3) Probable use of magnetic beads for more enrichment of the
nanoprobes. Colloidal substrates can be magnetic and nonmagnetic, these substrates are
discussed with related examples as follows:

1) Nonmagnetic Substrate

The most commonly used non-magnetic substrates include silica spheres 2’2, polymer spheres
273 metal nanoparticles 2’4, photonic crystal beads 27°. These substrates are modified to attach
the capturing analyte, which subsequently, would bind to the target analyte and SERS probe.
Lijuan et al. demonstrated use of functionalized polystyrene microbeads as an immune
substrate. Antibodies were attached to the immune substrate for specific binding of the target
antigen based SERS probe. 23 Yan et al. also exhibited SERS-based detection technique built
on Au@Ag NS’s. Here, the metal nano-particles were used as the SERS immune substrate as
well as the signal amplifier to detect chloramphenicol. 2’ Photonic crystals (PC) beads 27,
spherical colloidal crystal clusters 273, and 3-D silver nanoshells silica photonic crystal beads
276 (Ag-SPCBs) have also been used as an efficient immune substrate, as well as encoding
element in bioassay to enhance multiplexing capabilities. Similarly, platforms like ‘lab on
bubble’ where buoyant silica bubble microspheres have been used as the SERS immune
substrate. 27> Furthermore, some studies have utilized SERS nanoparticles deposition 2’7 and
self —assembly as a source of signal amplification for high sensitivity for quantitative analysis.

The concept of using SERS based microbeads immunoassay with flow cytometer has been
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demonstrated for detection of leukemia and lymphoma cells using SERS encoded nanoprobes
278 This has future applications for disease diagnosis.

2) Magnetic Substrate

The most commonly used magnetic substrates are Fe3O4 27° and Fe2O3 2%°. The advantages of
using magnetic SERS immune substrate are: (1) High surface-to-volume ratio (2) Ease of
fabrication (3) Low toxicity (4) Ease of bio-conjugation due to rich functional groups on their
surface (5) Easy, rapid and repetitive washing using a magnet. Magnetic beads depending upon
the utility that is either used as an immune substrate or SERS immune substrate plus SERS
enhancement, are usually coated with a protective layer of silica, metal or polymer. These
coatings offer further improved stability, biocompatibility and bio-conjugation. Wang et al. 28!,
Xiao et al. 282 and Xiong et al. 2% has used magnet assisted, and magnetic nanoclusters SERS
based immunoassay, respectively. Shenfei et al. 2% has demonstrated use of silica-coated
magnetic beads in SERS based immunoassay, respectively. 2%° Li et al. fabricated composite
magnetic beads [Fe;Os@polymethacrylic acid (PMAA)-SS-FA] to capture circulating tumor
cells (HeLa cells) 2%, Magnetic beads have also been used with encapsulation with metal
nanoparticles to be used as an immune substrate and signal amplification platform. The most
popular model is the Fe3Os@Au. 27 Recently, MnFe,Os@Ag has been used as a magnetic

substrate in a SERS bioassay for the single-cell detection of Staphylococcus aureus. 288

2.4. SERS Immunoassay: Bio-Imaging for Cancer Detection

The first line of defence mechanism in a human body is its immune system, against infectious
foreign bodies. This immune system generates antibodies (IgG) to neutralize the target
pathogens. The realization and detection of these antibodies from the human body fluid (e.g.
blood, urine, ascites, and saliva) is a vital indication of disease at early stages. Therefore,

capturing these biomarkers, helps identify disease at its earliest possible stage and take
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remedial actions for successful treatment. These biomarkers are usually captured by their
counterpart specific antibodies. The usual methods of immunoassay diagnosis include, ELISA,
Chemiluminescence, Colorimetry, Fluorescence, SPR etc.

Here progress of SERS based immunoassay will be discussed with respect to bio-imaging for
cancer detection (in-vitro & in-vivo). Traditional approaches for cancer detection are, X-ray,
computer tomography, endoscopy, ultrasonography and pathological section etc. These
diagnostic tools rely on cancer detection in later stages, where deformity is the cause of
detection 289293 through surgically dissected tissue samples (biopsy). Therefore, for early stage
cancer detection biomarkers secreted by the tumour cells into the body fluids (blood, urine,
ascites and saliva etc.) need to be identified. Till date the most common biomarkers related to

cancers include 294299

, proteins (e.g., receptors, cancer antigens), microRNAs (miRNAs),
circulating DNA, and CTCs. Out of these biomarkers’ species, proteins are the most well
studied. Typical protein biomarkers include: Carcinoembryonic antigen (CEA), Alpha-
fetoprotein (AFP), Human epidermal growth factor receptor 2 (HER2), vascular endothelial
growth factor (VEGF), Prostate-specific antigen (PSA), tumor suppressor p53, and epidermal
growth factor receptor (EGFR). A petite amount of body fluids is required in case of SERS-

276,300-310 +h:
, this

based immunoassays allows repetitive examinations for prognosis to regulate

therapeutic strategies in time.

2.4.1 SERS Imaging of cancerous cells and tissues

SERS based imaging primarily focuses on visualization for therapeutics of targeted area in
cells and tissues. Recently, SERS based immunoassay has progressed towards high resolution
imaging due to technology advancements in diagnostic equipment’s. The imaging relies on
recognition of biomarkers by immuno-functionalized SERS nanoprobes and/or substrates to

form an immunocomplex either in-vitro or in-vivo.
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2.4.1.1 In-vitro - Cells

Numerous SERS based imaging has been performed outside of human body to demonstrate
practical application of capturing cancerous cells and tissues. In bioanalytical applications in
in-vitro, cell cultures are commonly used as models to mimic in-vivo tissues.

SERS bimetallic nanoprobes based on Aucore/Agshent and thodamine 6G (R6G) as the SERS
probe molecule have been conjugated to anti-mouse IgG through ortho-pyridyldisulfide-
polyethylene glycol-N-succinimidyl propionate (OPSS-PEG-NHS). These were used to
capture and image the presence of cancer biomarker phospholipase Cyl1(PLCy1) (biomarker
protein is overexpressed in some human hyper proliferative tissues, including breast carcinoma,
colorectal carcinoma, familial adenomatous polyposis, and highly metastatic colorectal tumour
cell lines) in live cells HEK293 (Figure 2-17 A). *'' In 2009, SERS nanoprobes based on hollow
Au nanospheres (HGNs) and crystal violet as the SERS reporter molecules, were conjugated
to anti-rabbit IgG through dihydrolipoic acid (DHLA). These were used to capture and image
the presence of breast cancer biomarker in MCF7 live cells (Figure 2-17 B) 3!2, SERS
nanoprobes based on Au nanorods and Au nanostars have been used in SERS imaging
applications, providing a larger surface area, stronger scattering and nanospheres, exhibiting
plasmon bands in the near infrared range, which is more beneficial for bioassays. '3 SERS
encoded magnetic nanoparticles (NPs) have also been used for detection, targeting and
separation of cancer cells. These M-SERS dots consist of a magnetic core coated by silica shell
prepared by thermal deposition and reverse microemulsion, respectively. As the SERS
substrate, silver NPs were introduced on the surface of these silica-coated magnetic NPs.
Overall, these M-SERS dots were again coated with silica for stability. These M-SERS dots
successfully demonstrated detection and targeting of breast-cancer cells (SKBR3) and floating
leukemia cells (SP2/0). These targeted cancerous cells embedded with M-SERS dots were

further separated by applying an external magnetic field. The M-SERS dots were able to
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produce “hot spots” with 1000 times greater enhancement factor *'4. In 2011, a combinatorial
chemistry approach was used to report novel cyanine reporters with high-intensity Raman
peaks with NIR excitation. 3> A lipoic acid-containing NIR-active tricarbocyanine library
(CyNAMLA) was prepared for SERS signals after chemisorption on AuNPs. These
CyNAMLA compounds exhibited strong SERS signals, and particularly, CyYNAMLA-381 with
exceptional signal stability and 12 times fold higher sensitivity as compared to standard DTTC.
CyNAMLA-381 was further successfully applied to the preparation of ultrasensitive SERS
probes for in-vitro cancer imaging and in-vivo spectral analysis, by conjugating CYNAMLA-
381-AuNPs to scFv anti-HER2 tumour antibodies (Figure 2-17 C).

Multiplexing through SERS nanoprobes have also been introduced for cancer cell detection.
SERS nanoprobes based on AuNPs encoded with two different SERS reporter molecules based
on triphenylmethine and cyanine compunds (Cy3LA and Cy5LA), chemisorbed via lipoic acid
(LA) linker were conjugated to anti-EGFR and anti-HER2 have been used to recognize and
image different types of cancer cells (OSCC and SKBR-3, respectively) under co-culture

conditions (Figure 2-17 D). '7°
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Figure 2-17. (A). Fluorescence and SERS images of normal HEK293 cells and PLC¢l-

expressing HEK293 cells. (Reprinted with permission from ref 3!!. Copyright 2007 Analytical
Chemistry). (B). SERS mapping images of HER2-expressing MCF7 cells using (a). HGNs and
(b). silver nanoparticles. (¢). Comparison of the histograms for intensity ratios (11620/11371)
of HGNs and silver nanoparticles. (Reprinted with permission from ref 3!2, Copyright 2009
Elsevier B.V.). (C). Bright-field and SERS mapping images of cells treated with CYNAMLA-
381 nanotags: a). SKBR-3 and b). MDA-MB231 cells. (Reprinted with permission from ref3!3.
Copyright 2011 Angewandte Chemie International Edition). (D). Bright field and SERS
mapping images of: (a). B2LA anti-EGFR nanotag-treated OSCC cells (b). Cy3LAanti-HER2
nanotag-treated SKBR-3 cells. (Reprinted with permission from ref '”. Copyright 2011

Chemical Communications).

Malini Olivo et al. prepared an organometallic-nanoparticle (OM-NP) conjugate, using an
osmium metal carbonyl as a Raman reporter to develop the SERS nanotag. These OM-NP

conjugates can be readily functionalized with suitable binding ligands, displaying excellent
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aqueous dispersibility and storage stability. In live-cell imaging, the CO stretching vibration
signal between 400-1800 cm™ region, is well-separated from other molecular vibrational
modes of the cell between 1800-2100 cm™! region of the Raman spectrum (Figure 2-18 A).
Furthermore, for the SERS imaging of live-cells, the OM-NP were conjugated with an antibody
to capture epidermal growth factor receptors (anti-EGFR). 31

SERS nanoprobes based on PMA coated Au nanostars (AuNS@PMATamra) encoded with five
different SERS reporter molecules {Benzenethiol (BT), 1-naphthalenethiol (1-NaT), 2-
naphthalenethiol (2-NaT), 4-methylbenzenethiol (4-MBT), and biphenyl-4-thiol (4-BPT)},
conjugated via thiol groups have been used to image five different types of breast cancer cells
(HCC1395, SK-BR3, MDA.MB.231, CAMAI & MCF-7) in quintuple cell coculture (Figure
2-18 B). 3!7 Similarly, SERS nanoprobes based on polydopamine-encapsulated Au nanorods
(AuNRs) embedded with p-MBA as the SERS reporter molecules, conjugated to anti-EpCAM
(antibodies) have been used to capture, image and photothermal ablation of tumour cells

DU145 derived from human prostate cancer (Figure 2-18 C). 38

Figure 2-18. (A). Bright-field, dark-field, and SERS mapping images of (a—¢). OSCC cells,
(fH). SKOV cells treated with OM-NP(PEG)-L conjugates, and (k—p). OSCC cells treated with
anti-EGFR prior to incubation with OM-NP-(PEG)-L conjugate. (Reprinted with permission
from ref 3!, Copyright 2012 Angewandte Chemie). (B). (A—E) Correlated transmitted light
and SERS images of breast cancer cells corresponding to the cell-RaR combination C1. (F)
Statistical SERS measurements by single-point SERS mapping of cells marked with 4-BPT

tags allow fast analysis for high cell detection efficiency. (Reprinted with permission from ref
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317 Copyright 2016 Chemistry of Materials). (C). (a) Bright field images of DU145 cell. (b)
SERS images of DU145 cells. (c) Bright field images of DU145 cell after SERS imaging and
trypan blue staining. (d) Bright field images of DU145 cell after photothermal therapy and
trypan blue staining. (Reprinted with permission from ref 3'3. Copyright 2017 Analytical and

Bioanalytical Chemistry).

A few recent examples of SERS imaging in cancer cells include:

e A new shell-based spectroscopic platform, namely Mechanical Trap Surface Enhanced
Raman Spectroscopy (MTSERS) for 3-D microscopic imaging of cell membrane of the
MDA-MB-231 breast cancer cell. *°

e The simultaneous imaging of multiple intracellular microRNAs (miRNAs - miR-21 and
miR-203) were successfully detected in living MCF-7 cells. 32°

e Folate-targeted SERS nanoprobe for selective imaging and diagnosis of FR-cancer cells
(folate receptor) based on click coupling strategy. 32!

e Synthesis of a gadolinium-gold composite nanoparticle (Gd-Au NPs), for imaging of
EGFR expression levels in three human cancer cell lines (S18, A431 and A549) were
measured. 32

e A bio-orthogonal Raman reporter-embedded Au-core and polydopamine-shell
nanoprobe (Au@PBAT@PDA) for live cancer cell imaging. 32

2.4.1.2 In-vitro - Tissues

Diagnosis of surgically incisional tissues samples collected from patients as a result of
abnormal growth, is of high importance in order to determine whether the tissue is benign or
cancerous and at what stage the cancer is existing.

Recently, progress in SERS imaging for tissues has gained significant attention. In 2008, Woo

et al. performed the first quantitative analysis of multiple protein expressions (CD34, Sca-1,
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and SP-C) in tissue using dual mode labelling - SERS and fluorescence. They used fluorescent
surface-enhanced Raman spectroscopic dots (F-SERS dots), composed of silver nanoparticle-
embedded silica nanospheres, organic Raman tagging materials (mercaptotoluene,
benzenethiol, and naphthalenethiol), and fluorescent dyes (fluorescein isothiocyanate and
Alexa Fluor 647). The proteins were simultaneously expressed in bronchioalveolar stem cells
(BASCs) in the murine lung (Figure 2-19 A), where these multifunctional F-SERS dots were
successfully captured, tracked and imaged. *** In 2009, Water soluble SAM-based SERS
nanotags were used to image the localization of PSA in prostate cancer tissues from patients
undergoing prostatectomy (Figure 2-19 B). 32° In 2011, Affibody-conjugated Au-silica NPs
were used as Epidermal Growth Factor Receptor (EGFR) targeting and imaging agents for
colon cancer (A431 tumour).*?® Recently in 2017, a new technique called Raman-encoded
molecular imaging (REMI) has been performed. In this technique, targeted nanoparticles are
applied on excised tissues to enable rapid visualization of a multiplexed panel of cell
biomarkers at surgical margin surfaces (Figure 2-19 C). In this clinical study 57 fresh
specimens were imaged to simultaneously quantify the expression of four biomarkers HER2,

ER, EGFR, and CD44 (human breast tissues). 327
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Figure 2-19. (A). SERS intensity mapping of BADJ: (a) Maps produced using baseline-
corrected intensities of the 1593 cm™ MT band corresponded to the CD34 protein. (b) The 997
cm’! BT band corresponded to the Sca-1 protein. (¢) The 1378 cm™ NT band corresponded to
SP-C protein. (d) The overlaid images of all three maps with nuclear staining images for the
illustration of protein cellular distribution. (e) Representative Raman spectra at several points
indicated by white dots. (i) NT signal, (ii)) MT signal, (iii)) NT and MT signals, (iv) BT and NT
signals, (v) BT and MT signals, and (vi) BT, NT, and MT signals. (Reprinted with permission
from ref 3**. Copyright 2008 Analytical chemistry). (B). Top: bright field microscope image of
a prostate tissue section. The grid shows the locations at which Raman spectra were acquired
in a point mapping experiment. The false-colour SERS image shows that the characteristic
signal of the SERS-labelled antibody is observed selectively in the epithelium. (Reprinted with
permission from ref 323, Copyright 2009 Physical Chemistry). (C). REMI for intraoperative
guidance of lumpectomy. Each specimen is topically stained with a mixture of SERS NPs (step
1), followed by spectroscopic imaging of the surgical margin surface (step 2). The acquired
SERS spectra are demultiplexed to determine the ratio of the targeted vs. untargeted NPs (step
3), which enables the quantification of various biomarker targets (step 4). REMI images of the

individual biomarkers are combined to detect the presence of residual tumours at the surgical
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margin surfaces of the specimens (step 5). (Reprinted with permission from ref 327, Copyright

2017 Cancer Research).

In 2012, a highly specific and sensitive methodology using 4-MBA labelled Au/Ag core-shell
nanoparticles combined with a SERS imaging technique has been used for rapid analysis of
LMP1 expression in nasopharyngeal cancer tissue (Figure 2-20 A) 328, In 2011, Au nanostars
have been used to image the abundance of the tumour suppressor p63 in benign prostate
biopsies. 32 Similarly in 2014, small silica-coated clusters of gold nanoparticles as SERS-
labels in conjunction with chimeric protein A/G, were used for co-localization of antibodies
(p63 and PSA) on non-neoplastic prostate tissue FFPE specimens 3. Here, two different
Raman reports, namely 4-MBA (p63) and 4-NTB (PSA) were used to produce two false
colored SERS images. In 2013, endoscopy imaging using fibre optic-based Raman
spectroscopy was developed for multiplexed functional information during routine endoscopy
by detection of tumour targeting SERS nanoparticles. Excised human tissue sample, were used
to show detection up to 326-fM concentrations with unmixed 10 variations of colocalized
SERS nanoparticles (Figure 2-20 B) !, These studies mark a promising future of SERS

imaging in immunohistochemistry staining.
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Figure 2-20. (A). (A) and (B) Bright field images of a region from examples of normal and
cancerous nasopharyngeal tissue sections, respectively; (C) representative spectra obtained
from latent membrane protein 1 surface-enhanced Raman scattering probes in cancerous
nasopharyngeal tissue (red), normal nasopharyngeal tissue (blue) and glass (black), as well as
nontargeted surface-enhanced Raman scattering probes in cancerous nasopharyngeal tissue
(green); (D) and (E) surface-enhanced Raman scattering images of normal tissue and cancerous
tissue, respectively. (Reprinted with permission from ref 328, Copyright 2012 International
Journal of Nanomedicine). (B). Demonstration of multiplexing on human tissue at 42 mW. (A)
Ten unique flavors of SERS nanoparticles spatially separated onto 10 separate pieces of fresh
human colon tissue. (B) Demonstration of colocalized multiplexing, where 4 SERS flavors
were equally mixed and applied on a single piece of human colon tissue. (C) Mixture of 4
SERS nanoparticle flavors, each at varying concentrations, was combined and applied to a
single piece of human colon tissue. (Reprinted with permission from ref 3°!. Copyright 2013

Proceedings of the National Academy of Sciences).
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2.4.1.3 In vivo imaging

Quantification of Raman signals is of vital importance for in-vivo SERS imaging. SERS has a
limited penetration depth of few millimetres for in-vivo imaging, which can be increased to
few centimetres by using SERS tags with NIR spectral properties. SERS imaging has been
usually under explored due to the limited availability of near-infrared Raman reporters.

In 2008, one of the pioneering studies for in-vivo SERS nanotags for biomarker detection in
human cancer cells and xenograft tumour models in live animals (mouse) was reported. Here,
the detection was performed by use of PEGylated gold nanoparticles conjugated with single-
chain variable fragment (ScFv) as the capture antibody and diethylthiatricarbocyanine (DTTC)
as the Raman reporter. These SERS nanotags were established to have emission in the near
infrared (NIR), brighter than quantum dots and successfully used to detect overexpressed
EGFR (Figure 2-21 A) '%. This study carried out spectral analysis only, however laid down
the foundation for subsequent in-vivo Raman imaging.

One of the first examples of in-vivo tissues molecular imaging using SERS was performed by
S.S Gambhir et al. in 2008 (Figure 2-21 B) 3!. The successfully designed PEGylated and
nonPEGylated SERS-nanoparticles (Nanoplex Biotags - Oxonica), were imaged with
maximized Raman signal, with NIR excitation and emission profiles which are ideal for
minimizing light absorption by the liver tissue (tumour) in live mice. In a similar work Raman
microscope was used to evaluate tumour targeting and localization of single walled carbon
nanotubes (SWNTs) in mice. Raman images were acquired for tumour targeting RGD-SWNTs

intravenously (Figure 2-21 C) 3!,
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Figure 2-21. (A). Injection sites and laser beam positions are indicated by circles on the animal.
A healthy nude mouse received 50 pl of the SERS nanoparticles tags (1 nM). The subcutaneous
spectrum was obtained in 3 s, the muscular spectrum in 21 s, and the control spectrum also in
21 s. The reference spectrum (red) was obtained from the SERS nanoparticles in PBS solution
in 0.1 s. The spectral intensities are adjusted for comparison by a factor (x 1, x 30 or x 210).
The Raman reporter molecule is malachite green, with spectral signatures at 427, 525, 727,
798,913, 1,169, 1,362, 1,581 and 1,613 cm'. Excitation wavelength, 785 nm; laser power, 20
mW. (Reprinted with permission from ref '%3. Copyright 2008 Nature Biotechnology). (B).
Evaluation of multiplexing experiment. (a) Raman spectrum acquired from first s.c. injection
of S421 SERS nanoparticles (red). (b) Raman spectrum acquired from second s.c. injection of
S440 SERS nanoparticles (green). (¢) Raman spectrum acquired from the third s.c. injection of
an equal mix of S421 and S440 (yellow). (Reprinted with permission from ref 33!. Copyright
2008 Proceedings of the National Academy of Sciences). (C). Raster-scan images of tumor
area (750 pm steps) using Raman spectroscopy in conjunction with SWNTs. (a), Digital
photograph of tumor bearing mouse depicting tumor area scanned with Raman spectroscopy
(black box). (b), Panel of tumor maps from mouse receiving RGD nanotubes at various time
points post injection starting from left to right with 2, 8, 24, 48, and 72 h. (c), Panel of tumor
maps from mouse receiving plain nanotubes at various time points post injection starting from
left to right with 2, 8, 24, 48, and 72 h. (Reprinted with permission from ref 33!, Copyright 2008

Nano Letters).

2-67



Above mentioned studies have been followed by further research and development. The same
research group of S.S Gambhir et al. demonstrated spectral readout of 10 different SERS
nanotags, subcutaneously injected in a live mouse. This was followed by intravenous injection
of five more spectrally unique SERS nanotags. These five SERS nanotags accumulated in the
liver, and were successfully identified using false coloured Raman imaging (Figure 2-22 A)
187 Likewise, Raman imaging of SERS NPs in a live zebrafish embryo has been studied. These
SERS nanoprobes were injected to understand biocompatibility and biodistribution of
nanostructures on a live subject. The SERS nanoprobes were constructed using gold
nanoparticles (AuNPs) of two different sizes (diameter 25 & 40 nm), and two Raman reporters
(mercaptobenzoic acid, MBA, and mercaptopyridine, MPY). The SERS NPs were
microinjected into zebrafish at the one-cell stage to monitor the embryo development. The
intricate physiological and pathological processes in embryo development were successfully
monitored. This study has also set the stage for an in-vivo multiplex SERS imaging (Figure 2-

22 B) 3%,

(A)
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Figure 2-22. (A-1). Evaluation of multiplexing 10 different SERS nanoparticles in vivo.

Raman map of 10 different SERS particles injected s.c. in a nude mouse. (A-2). Demonstration
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of deep-tissue multiplexed imaging 24 h after i.v. injection of five unique SERS nanoparticle
batches simultaneously. (A) Graph depicting five unique Raman spectra, each associated with
its own SERS batch. (B) Raman image of liver overlaid on digital photo of mouse, showing
accumulation of all five SERS batches accumulating in the liver after 24 h post i.v. injection.
(Reprinted with permission from ref #7. Copyright 2009 Proceedings of the National Academy
of Sciences). (B). Raman mapping of two SERS NPs in the posterior region of zebrafish
embryo: (A) optical image of the zebrafish embryo and the markers highlight representative
areas: (I) presomitic mesoderim, (II) blood island, (III) somite. (B) SERS intensity map of the
CC vibration band from SERS NPs-1 at 1078 cm! and (C) SERS intensity map of ring breathing
vibration band from SERS NPs-2 at 1020 cm™'. (D) Typical SERS spectrum collected from the
point marked by P as shown in panel A. (Reprinted with permission from ref 332, Copyright
2010 ACS Nano). (C-1). In vivo detection of HER2-positive tumors with scFv-conjugated
CyNAMLA-381 SERS nanotags: SERS spectrum of pure nanotags (blue), and SERS signals
of the tumor location (red) and an upper dorsal area (black). (C-2). Multiplex SERS mapping
images: Left column from liver site and right column form tumor site (a: mapping
corresponding to peak 523 cm’! for CyNAMLA-381; b: mapping corresponding to peak 503
cm’! for Cy7LA, and c: mapping corresponding to peak 586 cm! for Cy7.5LA). (Reprinted

with permission from ref 333. Copyright 2012 Nano Today).

The first real demonstration of in-vivo cancer imaging of multiplex targeted detection using
ultrasensitive SERS nanotags in the NIR range has also been demonstrated (Figure 2-22 C) 333,
Three new NIR Raman reporter molecules, Cy7LA, Cy7.5LA and CyYNAMLA-381 were used
to construct SERS nanotags for multiplexing analysis.

In order to gain more accurate cancer diagnostics with respect to localization, metabolism and

bio-distribution, multimodal probes have been used to confirm abnormalities through single
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probe utilized in different imaging modalities. In 2011, a bimodal contrast agent, consisting of
MRI-active superparamagnetic iron oxide nanoparticles coated with dextran (DTTC), stably
complexed with gold nanostructures (AuMN-DTTC) was successfully used for two in-vivo
imaging modalities - magnetic resonance imaging (MRI) and Raman spectroscopy in a living
mice (Figure 2-23 A) 334, Similarly, Positron-emission tomography is a nuclear medicine
functional imaging technique that is used to observe metabolic and bio-distribution processes
in the body. A PET-SERS probe has been prepared using radiolabelling AuNP’s with Cu, to
observe the natural bio-distribution of SERS probe via different administration routes
(intravenous & intrarectal) (Figure 2-23 B) 3%. The study suggested rectal injection with
minimal systemic distribution and toxicity, thus supporting the clinical translation of Raman
spectroscopy as an endoscopic imaging tool.

%4Cu-SERS Biodistribution MicroPET Images
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Figure 2-23. (A). MRI and Raman spectroscopy in vivo. (A). A schematic of the probe

© m—

injection setup. (B). In vivo T2-weighted MR image of a mouse injected intramuscularly (i.m.)
with AUMN-DTTC and the control probe, AuNP. (C). Calculated T2 values based on multiecho
T2-weighted MRI. (D). Demonstration of the Raman spectroscopy experimental setup. (E). In
vivo Raman spectra of a mouse injected i.m. with AuMN-DTTC and the control probe, AuMN.
The in vivo Raman spectrum of muscle injected with AuMN-DTTC has a clear SERS
signature, which is indistinguishable from that obtained ex vivo and in silico and is absent in
skin tissue and in muscle injected with the control probe. (Reprinted with permission from ref
334 Copyright 2010 ACS Nano). (B). MicroPET images of the accumulation of *“Cu-SERS

nanoparticles post IV injection (top panel) versus post IR injection (bottom panel). The images
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represent a coronal slice of a single mouse taken at various time points; immediately, 30 min,
2 h, 5 h, and 24 h after either IV or IR injection. (Reprinted with permission from ref 3%,

Copyright 2011 Small).

Co-functionalized gold nanorods (GNRs) with near-infrared (NIR) fluorescence and surface
enhanced Raman scattering (SERS) have been used for optical imaging in a live mice. GNRs
were synthesised by conventional seed mediated method and coated with PEG and DTTC. This
PEG-DTTC-GNRs nanotag was used for dual bio-imaging based on NIR fluorescence and
SERS. The experimental results have also shown the effective application of nanoparticles in
animals without toxicity (Figure 2-24 A) %3¢, In 2012, to further establish the high sensitivity
with minimal detectable volume (few femtomolar) required by SERS for in-vivo imaging, a
multimodal probe study was performed 3%7. Here, quantitative data from three different
molecular imaging modalities namely, MRI, photoacoustic and SERS was compared. The
signals from all the three probes were highly co-related and quantified, obtained from a resected
brain tumour of a mice (Figure 2-24 B). The SERS imaging showed highest sensitivity with
lowest concentration of up to picomolar range, which makes it more viable for in-vivo imaging

due to minimal injection of toxic material for molecular diagnostic 338337,
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Figure 2-24. (A). NIR fluorescence and SERS imaging of a nude mouse subcutaneously
injected with PEG-DTTC-GNRs (639 nm) 3 h after the injection. (A) NIR fluorescence spectra
of the subcutaneously injected and non-injected skin, with fluorescence peak wavelengths of
780 nm and 760 nm, respectively. (B) NIR SERS spectra from the subcutaneously injected and
non-injected skin (integrated time: 40,000 ms). (C) NIR fluorescence imaging of the treated
mouse. (exposure time: 5000 ms). (Reprinted with permission from ref 33¢. Copyright 2011
Biomaterials). (B). (a) Two-dimensional axial MRI, photoacoustic and Raman images. The
post-injection images of all three modalities showed clear tumor visualization (b) A three-
dimensional (3D) rendering of magnetic resonance images with the tumor segmented (red; top),
an overlay of the three-dimensional photoacoustic images (green) over the MRI (middle) and
an overlay of MRI, the segmented tumor and the photoacoustic images (bottom) showing good
colocalization of the photoacoustic signal with the tumor. (c) Quantification of the signals in
the tumor showing a significant increase in the MRI, photoacoustic and Raman signals.

(Reprinted with permission from ref 337. Copyright 2012 Nature Medicine).

Further study has also demonstrated use of Raman spectroscopy probe system that could
overcome many of the disadvantages of current intra-operative methods *°. Here 59 axillary

lymph nodes, 43 negative and 16 positive from 58 patients undergoing breast surgery were
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mapped using Raman micro-spectroscopy. These maps were then used to model the effect of
using a Raman spectroscopic probe by selecting 5 and 10 probe points across the mapped
images and evaluating the impact on disease detection. This work together with other examples,
like the development of carbon nanotube-tipped endoscopes 3*!, highlights the important role
that SERS technologies will play in the next generation of molecular imaging tools for cancer
diagnostics and surgery guidance. Current efforts in in-vivo imaging are directed towards
exploiting its multiplex capabilities to track multiple SERS nanotags in small-animal models
187,333 "as well as in merging SERS technologies with other imaging modalities to augment the

potential of molecular imaging. Also, using Raman spectroscopy probe systems for intra-

operative assessment would allow for post-operative diagnosis.

2.5. Conclusion and Future Challenges

2.5.1. Conclusion

The initial discovery of “Raman Effect” in 1939 enabled scientists to chemically fingerprint
materials based on inelastic scattering of light without the irony of sample preparation. The
“Raman Effect” being inherently weak thereafter saw slow progression. In 1960 with the
invention of laser, this spectroscopy technique saw revival. Furthermore, in 1977 with
coincidental occurrence of enormous enhancement of “Raman Effect” called SERS phenomena
saw an interest till date. In 1997 single molecule detection was reported using SERS, while in
2008 in-vivo use has been demonstrated. These results established the foundation for use of
SERS tags in biomedical applications both in-vitro and in-vivo.

It has been about 77 years from discovery of “Raman Effect” and 40 years from SERS. SERS
tags has experienced an explosion with respect to literature, and research with technology
advancements. These advancements have enabled SERS to establish its mark in inter-

disciplinary research and analysis. As with any discovery there is always a room for
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improvement, similarly with respect to SERS tags the writers forecast increased utility of
SERS, if issues like cytotoxicity, homogenous SERS signal distribution with consistency, use
of nanosubstrate’s for ease of secretion from human body etc. are addressed. In depth
understanding, implementation of surface chemistry, physical interactions between SERS
constituents (metal nanoparticles, Raman reporter, targeting (functional) molecules and
protective coatings) can lead to clinical use through improved stability, reproducibility, strong
affinity for target molecule, bio-imaging and multiplexed capability.
Therefore, SERS tags need to be studied from three perspectives:

e Individual constituents in terms of synthesis, physical and chemical properties.

e Conjugation and related changes in symmetry and responses.

e FEstablish universally accepted Raman and SERS theoretical and mathematical

relationship.

The numerous advantages of SERS over other spectroscopic techniques has marked it as a
desirable research area. This has led to vast progress and research which will soon find its way
into the practical world of clinical applications with far more promising break throughs
desirable for early disease diagnosis and remedies.
In view of the above, SERS based immunoassays have also shown leaps of progress with
respect to spectroscopic characterization and imaging vis-a-vis in-vitro and in-vivo. These
assays have deeply explored into single cellular hyperspectral imaging as well as cancerous
tissues. Few of the significant advantages over traditional imaging modalities are: small sample
volumes (~microliters), low detection limits (~femtomolar), high resolution and label-free
detection. The limitation of SERS detection is its poor quantitative detection, which is
primarily due to the skirmish between reproducibility and sensitivity. The integration of SERS
based immunoassays with other imaging modalities as well as intraoperative imaging is a big

shift towards its clinical transition. Few of the advances made and may require further
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progression in SERS nanotags are: (1) SERS nanotags with LSPR in the near infrared (NIR)
region. NIR is preferred due to low energy and higher wavelength. These attributes help avoid
biodegradation of the sample and deep-tissue penetration (up to 5 mm) for better diagnosis (2)
In-vivo multiplex SERS imaging, which again re-directs to the need for NIR active SERS
nanotags with multiple distinct peaks.

Although SERS nanotags’ have numerous advantages over the traditional techniques like
fluorescent and QD’s, however, clinical transition still requires more clearance efficiency. In
many ways, the ongoing development and integration of SERS based immunoassays with other
imaging modalities as well as intraoperative imaging is a big shift towards its clinical transition
and promising use as a technique that can complement other clinical imaging/sensing tools in

the near future.

2.5.2. Future Challenges

SERS tags have proven its wide application in optical spectroscopy analysis and imaging. The
core requirements of any diagnostic technique are ultrahigh sensitivity and specificity. This
further translates into reproducibility and multiplexing capabilities. There is always room for
improvement, few areas that we have identified, which would be viable for research and bear
high impact on SERS tags future success are briefly discussed here.

High sensitivity is desirable, this can be achieved by closely matching the LSPR frequency of
the nanoparticles to the incident laser frequency. Another factor that can contribute to enhance
sensitivity is by keeping interparticle distance between the nanoparticles less 10 nm. Moreover,
uniformity in shape, size and arrangement of the nanoparticles over the substrate can ensure
maximized signal with good reproducibility. The deviation in EEF should be less than 20% to

affirm reproducibility.
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2.5.2.1 SERS Tag Signal Consistency

Ultrahigh sensitivity of SERS tags for analysis and imaging is limited to the successful
generation of “hot spots”, “hot gaps” etc. as discussed in section 2.2. Therefore, this ultrahigh
sensitivity is restricted to small cross section on the analyte surface, hence the probability of
detection is also low. These limitations pose more challenges to the synthesis processes of
SERS tag and technological advancements. However, in comparison to the synthesis
optimization, technological advancements have far more progressed. Scientists in the field of
programming, electronics and optical engineering have provided far reached solutions to
improve the signal to noise ratio (SNR) and ability of the instrument to extract the desired
results. This infers the need for more in-depth research for SERS mechanisms, theoretically
and practically for better interpretation in synthesis procedures. This should in turn offer
controlled synthesis of ultrahigh sensitive SERS tags with more consistency and probability.
The uniformity of enhancement across the SERS tags is more important for quantitative
analysis rather qualitative 34>%. The uniformity of SERS signals dictates the need for a
uniform shape and size of the substrate. Therefore, synthesis of uniform substrates with high
enhancement factors is the suggested future direction #6347, Recent research to achieve
quantitative analysis of SERS tags with consistency and reproducibility has made headway
with the nanomatryoshkas model ''3-'!8, The model constituents of the core-Raman reporter-
shell. Here, Raman reporter is enclosed between the metal nanoparticle (core) and the
protective coating (shell). The Raman reporter is adsorbed on the core surface with no
competing molecules and with protection from external environment provided by the shell.
Therefore, it is used as the internal standard (IS) '?7. The shell is usually made of the same or
different metal nanoparticles as the core. The shell surface is used stand alone for the target
capturing molecule. This model offers uniformity of SERS signals with standard deviation of

less than 1.2% between samples.
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2.5.2.2 Toxicology

Like any other spectroscopy technique, toxicology which accompanies the use of metal
nanoparticles is of major concern when used in-vivo. As discussed, gold and silver
nanosubstrates are widely used for SERS tags. AuNP’s are preferred over AgNP’s for use
inside human body. Silver is prone to oxidation, making it not suitable for biocompatibility due
to genotoxicity and cytotoxicity '91-103:348 ' AoNP’s are also plasmonically less active in the NIR
region making them again not suitable for biomedical applications. Largely gold is chemically
inert and nontoxic. Clinical trials for cancer detection using gold nanoparticle with high
dosages than required have been carried out safely for computed tomography (CT) scans %1%,
However, care should be taken when using ultra small AuNP’s as they have the ability to bind
to the B-form DNA and be transported into the cell through endocytosis causing cytotoxicity.
Moreover, AuNPs about 30-100 nm diameter that are commonly used as SERS substrates
cause no noticeable toxicity at concentrations up to 100 mM 3%, By and large, it is always
advisable to use lowest possible concentrations of AuNP’s. This is only possible through
optimization of SERS signals in NIR region with combination of surface-enhanced resonant
Raman scattering (SERRS). The cytotoxicity of metal nanoparticles is controllable through use
of functionalized biocompatible protective coating 33%33° In 2011, Thakor et al. investigated
biocompatibility of PEGylated AuNP’s in human cells 3*°. HeLa (human cervical cancer cells)
or HepG2 (human liver cancer cells) were used to establish no cytotoxicity with PEGylated
AuNP’s. Only under prolonged exposure of 48 hrs and high concentrations of 1000 AuNP’s
per cell depicted minimal amount of cytotoxicity credited to increase in cellular oxidative
stress. In 2011, Thakor et al. also demonstrated use of silica-coating to stabilize the SERS tag,
as well as to reduce the toxicity of AuNPs. This favours Raman-silica-gold-nanoparticles (R-
Si-Au-NPs) for in-vivo applications 3. The effects of interaction between nanoparticles and

cells at the molecular level still needs to be tacit.
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Abstract

Spectroscopic encoded polymer beads are widely used as the physical support in various
bioanalysis, where complicated labelling is always required to achieve multiplex readout in a
single incident. Spatially-resolved Raman Spectroscopy (SRRS) was applied to four different
polymer microbeads prepared by dispersion polymerization. These beads are poly(styrene-co-
acrylic acid), poly(4-tetrabutylstyrene-co-acrylic acid), poly(4-methylstyrene-co-acrylic acid)
and poly(glycidyl methacrylate-co-acrylic acid), they possess unique Raman signature at four
different wavenumbers, namely 1000, 1109, 1183 and 1259 cm!. It was found that these
monodisperse microbeads (sizes of ~1.5 pm) can be well-dispersed in aqueous system, and
more importantly, their surfaces contain carboxylic acid groups for further functionalisation.
Using SRRS, it was found that these spectroscopic-encoded multiplex microbeads can be
readout and distinguished simultaneously. The result signifies the ability of using
characteristically unique Raman-encoded polymer beads as the ideal label-free support in

multiplex suspension analysis to replace traditional spectroscopic encoded systems.

Keywords: Raman, label-free, monodisperse, microbeads, multiplex, spectroscopic-encoded.
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3.1 Introduction

Simultaneous identification of multiple target analytes through multiplexed encoding
techniques with high sensitivity is of vital importance in modern bioanalysis. Current bioassay
research is focused on enhancing combinatorial chemistry and multiplexing diagnostics'.
Practically, labelling is the prerequisite in encoding systems so as to be distinguished by various
readout techniques such as mass spectrometry 2, high-resolution magic angle spinning 3,
energy-dispersive X-ray spectroscopy 4, X-ray photoelectron spectroscopy °, infrared ¢ and
fluorescence spectroscopy’. Since most the above techniques suffer from high costs, low
reproducibility, slow kinetics, intensive labour and poor flexibility®, fluorescence is nowadays
the most popular readout approach in bioanalysis. Traditional fluorescent encoders like dyes
or quantum dots are encumbered to multiplex due to various limitations like photo-bleaching,
broad emission spectra, toxicity and surface property change after modification, and thus the
development of new coding systems become more and more crucial.

Raman spectroscopy indicates the Raman active modes in a system helping to provide structural
fingerprints of individual molecules. It is a non-destructive analytical technique, and the narrow
spectral fingerprints can offer better multiplexing. Intrinsic Raman signals are weak, however,
associated with recent advancement in hardware and software of analytical techniques, Raman
spectroscopy has found popular usage in various molecular-level diagnostics !4,

Polymers have marked their profound use in our daily life, industries and biotechnology. The
unique chain molecular structure, good biocompatibility and ability of being easily modified
make them ideal contenders in various bio-research '>-'8, Among them, polymer beads has been
widely used as the physical support in latex immunoassays !°. Surface functionalized polymer
beads covalently bonded with bio-ligands have been pragmatic as a diagnosis of rheumatoid
and detection of human rotaviruses?’-?2. Moreover, polymer micro- or nano- beads have also

been reported for establishing sandwich immunoassays as the support 2324, Since different
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monomers have their distinct Raman fingerprints, polymer microbeads composing of various
monomers will display distinguishable Raman spectra in their narrow vibrational bands. Due
to free from labelling, the synthesis and screening of polymer sphericity in nano- or micro-
scale with uniform distribution have attracted oodles of research in multiplex analysis 2>2°, The
combination of polymer and Raman effectively subsides major drawbacks of other encoding
systems like tedious work of synthesis, surface property and stability change after labelling,
and limitations of labels in photo-bleaching, toxicity and spectral overlapping.

Our group performed spectroscopic study of Raman and surface enhanced Raman spectroscopy
(SERS) encoding with a single polymer microbead together with fluorescence imaging and
flow cytometer analysis ?’. It is crucial to control surface functional groups and particle size
distributions of polymer microbeads for exploring further multiplex Raman imaging assays.
This requires high resolution imaging through narrow spectral bands to use polymer
microbeads as the support and multiplex encoders, where samples can be analysed by optical
imaging with an overlapping chemically false coloured Raman spectroscopic mapping 24 28,
The latter is promising as it helps to identify distributions of the heterogeneously mixed
microbeads in lieu of labelling.

SRRS is an invaluable technique as it allows different polymer microbeads to be viewed,
invisible and/or indistinguishable by standard optical microscopy. Therefore, the use of Raman
as a readout method along with spectroscopically encoded label-free polymer microbeads can
prove a major breakthrough offering advanced multiplex analysis 2.

In this study, multiple polymer microbeads with narrow particle size distributions and surface
functional groups were synthesised. These microbeads showed distinguished Raman features,
and can be easily readout from Raman spectra. As a result, it allowed individual beads to be

simultaneously identified from a microbead mixture through the high-resolution multiplex
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Raman mapping. A successful label-free multiplex microbead readout has been performed in

a single laser incident through distinct Raman spectral bands with good repeatability.

3.2. Experimental

3.2.1 Materials

Styrene (Sty), 4-tert-butylstyrene (4tBS), glycidyl methacrylate (GMA), 4-methylstyrene
(4MS), Triton X-305 (70 % in H20) and polyvinylpyrrolidone (PVP 360,000) were purchased
from Sigma-Aldrich. Acrylic acid (AA) and 2, 2’-azo-bis (2-methylpropanitrile) (AIBN) was
supplied by Acros Organics. Absolute ethanol was from Merck. Deionized water (DI water,
18.2 MQ-cm™!) was from an EASY pure II ultrapure water purification system. All chemicals

were used as received without further purification.

3.2.2 Synthesis of copolymer microbeads

Two stage dispersion polymerization technique 3° was applied to synthesise a series of surface
functionalized and monodisperse copolymer microbeads with distinct Raman signatures. The
resulting copolymer microbeads were named as the P(Sty-co-AA) beads, P(4MS-co-AA)
beads, P(4tBS-co-AA) beads and P(GMA-co-AA) beads. In the first stage, the monomer (6.0
g), initiator (0.24 g AIBN), stabiliser (0.27 g PVP), co-stabiliser (0.30 g 70 % Triton X-305)
and solvent (34 g 95 % ethanol) were charged to a 250 mL three-neck flask equipped with a
gas inlet/outlet, a condenser and a mechanical stirrer. The mixture was deoxygenated by
nitrogen bubbling for 40 min at room temperature. The flask was then merged into a pre-heated
70 °C oil-bath and stirred mechanically at 100 rpm for 1 h. In the second stage, the preheated
AA solution (2 wt. % AA to the total monomer feed in stage 1 was mixed with 16 g 95 %
ethanol) was added to the reaction flask. The reaction was continued for another 24 h under

stirring and nitrogen protection. After polymerisation, conversion was determined by a gravity

3-125



method. The synthesised microbeads were washed three times with 95 % ethanol and four

times with DI water, and finally redispersed in DI water for storage.

3.2.3 Instrumentation

Particle sizes and size distributions of synthesised copolymer microbeads were analysed by a
Malvern 2000 Mastersizer. Morphologies of microbeads were recorded using a Quanta 450
SEM (scanning electron microscope). The presence of surface AA functional groups was
identified by pH and conductivity titrations at room temperature.

A LabRAM Horiba confocal Raman microscope equipped LabSpec 6 software was employed
to monitor Raman spectra and microbeads mappings in solid states. Diluted microbead
suspensions were dried on glass slides, and Raman spectra/mappings of these beads were
captured under optimum measurement settings. A diode-pumped solid-state (DPSS) Nd: YAG
(neodymium-doped yttrium aluminum garnet; Nd:Y3AlsO12) laser of 532 nm with a maximum
intensity of 25 mW was used for excitation. The laser spot size was primarily defined by the
laser wavelength (L) and microscope objective being used, and the laser spot diameter (spatial
resolution) can be roughly estimated by the (0.61A /NA) with NA the numerical aperture of
microscope objective. On the other hand, Raman scattering intensity (sensitivity) is
proportional to the A Therefore, a low wavelength laser offers high spatial resolution and
sensitivity, and 532 nm laser was selected to achieve high spatial resolution and sensitivity for
Raman measurements. Based on a 0.90/100x objective, the spatial resolution was 361 nm,
which ~24% smaller than the typical bead’s diameter.

Raman spectra were collected using an acquisition time of 5 s and an accumulation time of 3
s, and the SWIFT™ ultra-fast Raman imaging mode in LabSpec 6 was used for Raman
mapping with an acquisition time of 1 s and step size of < 0.1 micron. SWIFT mapping can

only be used for single window spectrum acquisition with a single accumulation. The
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integrated Raman intensity (approx. 10 to 20 cm! “filters”) around the distinct dominant
Raman shift peaks of various microbeads was captured for generating the Raman false colour

images.

3.3. Results and Discussion

3.3.1 Synthesis and characterization of polymer microbeads

Dispersion polymerization is an attractive method for preparing polymer beads with their
diameters in the range of 1-15 um 3°. The one-stage dispersion polymerization by simply
mixing all reactants together followed by heating to a suitable polymerization temperature
often leads to microbeads with exceptionally narrow size distribution due to its unique
nucleation mechanism. However, preparation of monodisperse functionalized copolymer
microbeads by dispersion copolymerization is more desirable for various end-use applications.
The presence of co-monomers always disturbs the nucleation mechanism and broadens size
distribution in the one-stage dispersion polymerization. In practical, delayed addition of
functional co-monomers after the completion of nucleation stage can minimize broadening of
microbead size distributions. Therefore, the two-stage dispersion polymerization was chosen
to synthesise monodisperse copolymer microbeads with surface functional groups and unique

Raman signatures.
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Scheme 1. Chemical structures of the monomers being used for various microbead synthesis.

SEM images of the copolymer microbeads prepared by two-stage dispersion polymerization
are shown in Figure 3-1 with relevant monomer chemical structures in Scheme 1. From SEM
images, it can be clearly observed the uniform size distributions of four different polymer beads
with an average size of approximate 1.5 pm. Most importantly, these beads can be well-
dispersed in water or ethanol for a few months without aggregation, which renders the

synthesised beads to be stable enough for diverse analytical applications.
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Figure 3-1. SEM images of the synthesised copolymers microbeads. (a) P(Sty-co-AA), (b)

P(4tBS-co-AA), (c) P(4MS-co-AA) and (d) P(GMA-co-AA).

Mastersizer was further used to study the particle sizes and size distributions of polymer
microbeads as shown in Figure 3-2. All synthesised polymer beads show narrow distributions
with their average sizes of ~1.45 um. The results from Mastersizer are identical to that from
SEM, and the slight change in the apparent particle sizes from Mastersizer measurements is
attributed to the formation of surface hydration layers, which enhances microbead stability in

water.
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Figure 3-2. Sizes and size distributions of P(Sty-co-AA), P(4tBS-co-AA), P(4MS-co-AA) and

P(GMA-co-AA) microbeads in water as measured by Mastersizer.

The presence of carboxylic acid groups on microbead surfaces was examined by
potentiometric/conductometric titrations at room temperature (Figure 3-3). In pH titration
curve, the presence of buffering range indicates the presence of weak acidic/basic groups on
bead surface. In the conductometric titration curve, NaOH consumption between the two
transition points can be used to quantify the amount of functional AA on microbead surface.
For all microbeads, approximate 3 % of feed AA are located on surfaces. The presence of
surface carboxylic acid not only increases microbead stability but also render their possibility

for further surface modification.
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Figure 3-3. Potentiometric and conductometric titrations of P(Sty-co-AA) microbeads using

standard NaOH at room temperature.

Given that the main purpose is to prepare monodisperse microbeads with distinct Raman
signatures, Raman spectra of these microbeads were collected from the centre of individual
beads from 400 to 1800 cm™' with 100X, acquisition time of 5 s, accumulation time of 3 s and
a confocal hole of 200. The distinct Raman shifts of these beads and detailed Raman vibrational

peak assignments are summarized in Table 3-1.
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Table 3-1. Comparison on the Raman vibrational bands of four copolymer microbeads.

Microbeads Raman Shift (cm'l) Intensity Peak Assignment
1603 S otp
1584 m at+p
1449 m at+p, 6(CH,)
1328 w B
1199 m v(CC)+a
1182 m ot+f
P(Sty-co-AA) 1154 m o+p
1030 s atp
1000 S o
904 w Y
794 m o
760 w %
620 S o
1630 s 1(829+826)
1611 s oth
1462 w 5,(CH;)
1446 s 34(CHy)
1420 w -
1402 W -
1318 W -
1297 W -
P(4tBS-co-AA) 1267 W 0,(CC in t-Bu)trk(CHj3)
1200 s v(CC)+a
1190 s vs(CC in t-Bu)+rk(CHj3), v(CC)+a
1107 s 0,(CC)
920 m vs(CC)+ rk(CH3)
842 w %
786 S o
688 m o
640 S o
1614 s otp
1578 w ot+f
1448 s 8,(CH3), 84(CH,)
1377 s 3s(CH3)
1324 W -
1303 w -
P(4MS-co-AA) 1202 S v(CC)+a
1183 s atp
1084 m -
827 S o
807 S o
642 S o
398 W -
321 m ¢
1259 s -
P(GMA-co-AA) 1448 . i

s, strong; m, medium; w, weak; o, in-plane ring deformation; B, in-plane ring
bending; y, out-of-plane ring bending; v, stretch; rk, rocking; C, carbon in ring; C’,
carbon in chain; ds, symmetric deformation; d,, asymmetric deformation; ¢, out of
the plane ring deformation.
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In detail, the characteristic strong bands of poly(Sty-co-AA) microbeads at 620, 1000, 1030
and 1603 cm™! are assigned as o, o, a+p and a+p respectively 3! (Figure 3-4A). The typical
Raman spectra of P(4tBS-co-AA) beads show the strongest vibrational peaks located at 640,
786, 1107, 1190, 1200, 1446, 1611 and 1630 cm ™' assigned to the o, a, va(CC), vs(CC in -
Bu)+rk(CH3), v(CC)+a, d8s(CHz), o+ and y(829+826) (Figure 3-4B). The most intensified
Raman bands of P(4MS-co-AA) are at 642, 807, 827, 1183, 1202, 1377, 1448 and 1614 cm™!
assigned to a, a, a, at+P, v(CC)t+a, ds(CHs3), 6.(CHs) and a+f respectively (Figure 3-4C).
Similarly, the most intensified Raman bands of P(GMA-co-AA) centre at 1259 and 1448 cm!
(Figure 3-4D) *2. From the Raman results, it is evident that the unique Raman spectra of these
microbeads, might make them to be easily readout from Raman mapping so as to be used as an

ideal label-free support in multiplex analysis.
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Figure 3-4. Raman spectra of polymer microbeads (A) P(Sty-co-AA), (B) P(4tBS-co-AA), (C)

P(4MS-co-AA) and (D) P(GMA-co-AA).

3.3.2 Readout of microbeads from Raman mapping

Microbead mapping can be carried out using the peak identification technique with a single

spectral window covering the fingerprint region of polymers from 975 to 1300 cm™'. It was
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found that using a medium resolution grating with 1800 groves per millimeter was sufficient
to resolve the Raman features of the four different encoded microbeads. The increment between
data points was 0.1 um step size with an acquisition time was set to 1 s for better spatial
resolution. The distinct peaks were marked between a cursor of 20 cm!. This permits ultra-fast
mapping. The identification of the peaks at 1000, 1007, 1183 and 1259 cm™! were used for
mapping of P(Sty-co-AA), P(4tBS-co-AA), P(4MS-co-AA) and P(GMA-co-AA) separately
(Figure 3-5). The brightness of the mapped beads is proportional to the intensity of the
characteristic vibrational band in their relevant spectra. This is evident by the readout of these
monodisperse beads under Raman mapping with identical bead sizes as SEM measurements.
The successfully readout of various microbeads with different Raman signatures reinforces the
broad applications of applying label-free spectroscopic-encoded beads for diverse applications

to replace traditional fluorescence-labelled beads.
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Figure 3-5. False coloured Raman mappings of individual polymer microbeads using the
selected spectral region technique under the SWIFT mode: (A) P(Sty-co-AA), (B) P(4tBS-co-

AA), (C) P(4MS-co-AA) and (D) P(GMA-co-AA).
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3.3.3 Readout of microbead mixtures from Raman mapping using multivariate analysis
technique

The narrow line-width of Raman spectra is critically important to identify peaks from multiple
beads. Simultaneous detection of more than one type of microbeads in their mixture requires
to use the multivariate analysis technique known as the Classical Least Squares (CLS) fitting.
This supervised multivariate decomposition technique can also be used to identify the
distribution of reference component spectra within a spectral array to create a profile/map based
on component distribution. Therefore, within the same spectral window of 975 to 1300 cm™!,
Raman mapping of a mixture of the four polymer microbeads using CLS mapping was
performed. 1800 gr/mm with 0.1-micron step size and an acquisition time of 1 s was used for

better spatial resolution.
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Figure 3-6. Communal (A) Optical image, (B) Raman spectra and (C) Raman mapping of a
mixture of four polymer microbeads using the multivariate analysis technique with SWIFT
mode: P(Sty-co-AA) in red colour, P(4tBS-co-AA) in blue colour, P(4MS-co-AA) in green

colour and P(GMA-co-AA) in yellow colour.
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From Figure 3-6A, monodisperse microbeads can be observed in the optical image, but this
does not help identify individual beads from one another. Traditional approach to read these
mixed beads is achieved by fluorescence labelling, but fluorescence labelling is associated with
various limitations, such as changing surface property, photo-bleaching, and spectrum
overlapping etc. Figure 3-6B reveal the typical Raman active bands of these polymer beads,
which renders it possible to read beads in lieu of any labelling technique. Figure 3-6C indicates
these microbeads can be clearly distinguished after being Raman mapped unambiguously.
Most immortally, there is no Raman peak overlapping and thus significantly increase the
sensitivity than fluorescence. It is noteworthy that the spatial resolution of polymer beads under
the same experimental conditions depends on the intensity of their individual Raman bands.
Therefore, the unequivocal mapping of microbeads with distinct Raman signatures (known as

Raman-encoded microbeads) opens a venue for future simultaneous multiplex analysis.

3.4. Conclusion

Four monodisperse polymer microbeads with distinct Raman spectra were synthesised by two-
stage disperse polymerization and systematically characterised using various analytical
techniques. Besides their narrow particle size distributions, carboxylic acid function groups are
presented on bead surfaces, which renders it possible for future surface modification or
conjugation. These microbeads show distinguished Raman spectra, and thus are easily
identifiable from Raman measurements. Due to unique Raman signatures and narrow Raman
features of these microbeads, individual bead can be simultaneously identified from bead
mixtures through high spatial resolution multiplex Raman mapping. Our study illustrates the
promising application of these label-free and Raman-encoded microbeads as the support in

modern bio-sensing and bio-imaging for ease and quick analysis of complex systems.
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ABSTRACT

The unique Raman spectra of various polymers render the polymer microbeads to be an
attractive choice in Raman-based multiplex analysis and simultaneous biomolecular
recognition as encoded supports. The combination of Raman microbeads with highly sensitive
surface enhanced Raman scattering (SERS) codes will be able to significantly enhance the
combinatory library for bioanalysis. However, there is lack study on the preparation and
spectroscopic analysis of microbeads with both Raman and SERS signatures. This study
established a robust synthesis protocol and spectral analysis of the microbeads with bi-codes
viz., Raman and SERS. Surface functionalized monodisperse microbeads of polystyrene and
poly(4-tetrabutylstyrene) were conjugated with the amine groups of 4-aminthiophenol,
followed by the adsorption of gold nanoparticles (AuNP) on microbead surfaces. The thiol
functional group of 4-aminthiophenol is able to form the self-assembled monolayers (SAM)
with AuNPs. The resulting microbeads are dual (Raman and SERS) encoded as evident from
the Raman spectroscopic and imaging analysis. The synthesis and spectroscopic analysis of the
Raman and SERS dual-encoded systems suggest the potential expansion of multiplex library

in suspension bioassays.

Keywords: Raman, SERS, microbeads, dual-encoding, dispersion polymerization,

conjugation, Raman imaging
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4.1 Introduction

Rapid simultaneous identification of multiple target analytes (typically biomolecules) with
high sensitivity is of vital importance in modern bioanalysis '-3. For complex diseases, this
helps in time apposite therapeutic treatment, curtailing the disease from spreading, limiting the
side effects of long-term medications and/or surgeries. Existing diagnostic technologies for this
purpose include ELISA (enzyme-linked immunosorbant assay) 4, printed microarrays 7, and
serological tests. However, these methods suffer from drawbacks such as reproducibility, slow
kinetics, intensive labor, poor flexibility and high costs 8. Therefore, alternatives such as
“encoding strategies based on polymer beads” are studied to subdue the limitation®. The

polymer microbeads can either be self-encoded as proposed by Fenniri’s group '0-!!

, Or an
external unique identifier such as molecular fluorophore markers >3, dyes ', photonic crystals
15 or semiconductor quantum dots '¢!7 can be conjugated to the beads. However, the use of
these identifiers is usually impeded by issues like photobleaching, broad emission spectra,
toxicity and surface modifications.

The co-accidental invention of surface enhanced Raman spectroscopy (SERS — an enhanced
version of Raman spectroscopy) '8-2° opens up new avenues to overcome impediments of the
aforementioned conventional encoding methods, offering high sensitivity, narrow emission
spectra and photostability 2!-23. SERS has been reported to detect up to a single molecule with
an effective enhancement factor of 10415 or more 242, Moreover, the SERS phenomena uses
a single laser source to induce localized surface plasmonic resonance (LSPR) in metal colloidal
solutions conjugated with organic compounds to amplify their Raman signatures, collectively
called “SERS tags”. The SERS tag is usually accompanied by a protective coating of silica,
which provides stability and enables further chemical modifications for bio-conjugation, but

this layer also hinders the SERS intensity 228, Recently, the spectroscopic analysis of these

SERS tags, along with Raman encoded microbeads (BCR’s - bar coded resins), has also been
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investigated for application in in-vitro sandwich immunoassay °-*°. More recently, to
demonstrate the viability for multiplexing, spectroscopic imaging (31 different codes) using
SERS tags has also been demonstrated. Here SERS images of polystyrene (PS) beads encoded
by five different silica-encapsulated SAM-based SERS labels were used 3'. Nevertheless, these
studies are limited to the analysis of spectrum and/or imaging using single labels that is SERS
tag, only 32,

In this study, a more distinctive strategy is proposed for synthesis and multiplexing, by use of
bi-labels without silica coating - Raman and SERS tag. Monodisperse microbeads (polystyrene
and poly(4-tetrabutylstyrene)) were synthesized based on approaches reported earlier 2° and
encoded by SERS label, followed by adsorption of AuNPs. Polymer microbeads acts as the
solid support in this Raman and SERS dual encoded system 2% 3334 Three spatially distinct
Raman peaks were used from the two polymer microbeads and SERS tags, respectively. These
assisted in efficacious Raman/SERS imaging of PS and P4tBS microbeads encoded with a
distinguishable single SERS tag corroborating the multiplexing capability of this approach.
This marks the enhanced capability for multiplexing through aid of using one microbead to
conjugate with different biomarkers or vice versa. This method also eliminates the tedious
synthesis process and drawback of the silica protective coating. Synthesis and analysis of such

encoding technique will help enhance the combinatory library for multiplexing in bioassays.

4.2 Experimental

4.2.1 Chemicals. Gold (III) chloride trihydrate (HAuCls-3H>0), 4-aminothiophenol (4-ATP),
styrene, 4-tertbutylstyrene and polyvinylpyrrolidone (PVP 360000) were purchased from
Sigma-Aldrich. Acrylic acid (AA), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were supplied by Acros. Tri-sodium
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citrate dehydrate (NazCt) was obtained from Prolabo. Deionized water (DI water, 18.2
MQ-cm™!) was obtained from an EASY pure II ultrapure water purification system.

4.2.2 Synthesis of Surface Functionalized Microbeads. Monodisperse PS and P4tBS
microbeads with surface carboxyl functional groups were synthesised by the two-stage
dispersion polymerisation technique 3!. In the first stage, the monomer (6.0 g styrene or 4-
tertbutylstyrene), initiator (0.24 g AIBN), stabiliser (0.27 g PVP 360000), co-stabiliser (0.30 g
70 % Triton X-305) and 34 g 95 % ethanol were charged to a 250 mL three neck flask. The
mixture was deoxygenated by nitrogen bubbling for 40 minutes at room temperature. The flask
was merged into a pre-heated 70 °C oil bath and stirred mechanically at 100 rpm for one hour.
In the second stage, the preheated co-monomer AA solution (2 wt % AA to the monomer, was
mixed with 16 g 95 % ethanol) was added to the reaction flask. The reaction was continued for
another 24 hours. After polymerisation, the conversion was determined by a gravity method.
The obtained microbeads were washed three times with 95 % ethanol and four times with DI
water. Finally, the microbeads were redispersed in DI water.

4.2.3 Preparation of AuNPs. A reduction of gold (III) chloride trihydrate using sodium citrate
was used to prepare gold nanoparticles *3. 50 mL of 10 M HAuCls-3H>O were brought to the
boil, followed by rapidly adding 1 wt% sodium citrate with a mixing molar ratio of 1:2. After
continuously stirring at boiling temperature for 20 min, a red-colour gold colloidal solution
was obtained.

4.2.4 Conjugation of SERS-tag to Microbead. SERS-tag molecule of 4-aminothiophenol
was conjugated to PS or P4tBS microbeads by EDC/NHS chemistry. In detail, microbeads
were first activated using EDC/NHS and then reacted with 4-ATP. 50 uL (5.25 mg per 50 uL)
of PS-COOH or P4tBS-COOH was re-dispersed in 12 mL of HEPES buffer (pH 5.8) under
stirring. 0.9427 mL of NHS (5.7545 mg in a 50 mL HEPES buffer) and 1.4153 mL of EDC

(9.858 mg in a 50 mL HEPES buffer) were added into the microbead suspension and stirred
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for 2 hours to allow NHS to react with the carboxyl groups. The microbeads were then washed
to remove excess NHS/EDC and re-dispersed in HEPES. Subsequently, 1.4153 mL of 4-ATP
(6.2595 mg in 50 mL ethanol) was added to the surface-activated microbead suspensions
separately, whilst being stirred for 24 hrs. Finally, 200 pL. AuNPs were added to form self-
assembly monolayers with 4-ATP. The resulting SERS-tag labelled microbeads were washed
and re-dispersed in water.

4.2.5 Instrumentation. Characterization of microbeads was performed using Malvern
Mastersizer 2000, Zetasizer Nano S Dynamic Light Scattering System (DLS) and SEM Quanta
450 for particle size distribution, zeta potential and image analysis. The UV—vis absorption
spectra of AuNPs, PS@SAM-AuNP and P4tBS@SAM-AuNP were recorded using a
Shimadzu UV-1601 UV—vis spectrophotometer. Transmission electron micrographs of AuNPs
were taken using a Phillips CM200 Transmission Electron Microscope (TEM) operating at an
accelerating voltage of 160 kV. A Thermo Nicolet 6700 FTIR spectrometer with OMNIC
software was used to record the FT-IR spectra of the microbeads. A LabRAM Horiba Raman
microscope equipped with LabSpec 6 software was employed to measure the Raman spectrums
and imaging of solid samples such as polymer microbeads, PS@SAM-AuNP and
P4tBS@SAM-AuNP. 785 nm LASER line from a He—Ne source was used for excitation of the
Raman spectrums and imaging with the monochromator comprising of 1800 grooves per mm
grating. The Raman spectra were collected using an acquisition time of 5 seconds and an
accumulation time of 3 seconds. The SWIFT mode in LabSpec 6 was used for Raman imaging
with an acquisition time of 1 second and a step size of < 0.1 micron. The integrated Raman
intensity (approximately 10 to 20 cm™' “filters”) around the dominant Raman shift of the
corresponding Raman solid substrate and the SERS-tag molecule were captured for generating

the Raman false color images.
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4.3 Results and Discussion

4.3.1 Gold Nanoparticles. AuNPs with a LSPR at 525 nm and an average diameter of around
20 nm (Figure 4-1) were synthesized. The presence of plenty citrate ions on nanoparticle
surfaces keeps gold colloidal solution stable at room temperature, and these AuNPs have been
reported to be able to from self-assembly monolayers with various thiol compounds (known as

SERS-reporter) °.

Absorbance (Abs.)

400 500 600 700 800
Wavelength (nm)

Figure 4-1. UV-vis adsorption spectrum of gold nanoparticles. The insets are the TEM image

and the physical appearance of synthesized nanoparticles.

4.3.2 Polymer Microbeads. Polymer microbeads of PS and P4tBS were prepared by
dispersion polymerization. SEM images show their narrow size distributions with an
approximate diameter of 1.5 pm (Figures 4-2A & 4-2B). The particle size distributions of these
microbeads were further examined by the Mastersizer, and it also reveals narrow distribution

of these microbeads with median particle size of 1.45 micron (Figure 4-2C). Both SEM and
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particle size results are closed to each other indicate the weak surface solvation of both polymer

microbeads.
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Figure 4-2. SEM images of (A) PS and (B) P4tBS microbeads. (C) the particle size

distributions of both microbeads from Mastersizer measurement.

The presence of carboxylic acid group is vital for further conjugation, and the concentrations
of COOH groups on the surfaces of both microbeads were examined by
potentiometric/conductometric titrations (Figure 4-3). In the conductometric titration curves,
the NaOH consumption between the two transition points can be used to quantify the amount
of functional AA on microbead surface. For both microbeads, approximately 3 % of feed AA

are located on their surfaces, rendering their possibility for further surface modification 3.
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Figure 4-3. Potentiometric and conductometric titrations of (A) P(Sty-co-AA) and (B) P(4tBS-

co-AA) microbeads using NaOH at room temperature.
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The FTIR spectra of PS and P4tBS microbeads are shown in Figures 4-4. The pattern of the
out-of-plane (oop) C—H bending bands in the region 900—675 cm™' is characteristic of the
aromatic substitution pattern, being intense at 697 and 757 cm™, assigned to vi1 (B2) and vio
(B2) bands respectively 34!, As FTIR spectroscopy is sensitive to hetero-nuclear functional
group vibrations and polar bonds, carboxyl groups functionalized on the surface of the
microbeads have a representation with a peak at 1655 cm™! for PS microbeads and 1687 cm™!
for P4tBS microbeads *2. The FTIR was also collected after EDC/NHS modification. It was
evident of the conversion COOH to active O-acylisourea and O-acylisourea intermediates due
to the omission of peaks at 1655 and 1687 cm™ in the FTIR. The O-acylisourea and O-

acylisourea intermediates will be able to conjugate 4-ATP to the surface of microbeads.

(A) (B)
> 1655 w = L
Q 3]
= | =
@ T
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: 2 VWW
z c
© ©
= | ~PS with -COOH p= | ~—P4tBS with -COOH
+—PS after EDC/NHS ~—P4tBS after EDC/NHS
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Wavenumber (cm-) Wavenumber (cm-1)

Figure 4-4. FTIR spectra of (A) polystyrene microbeads before and after EDC/NHS reaction

and (B) poly (4-tetrabutylstyrene) microbeads before and after EDC/NHS reaction.

4-ATP is chosen as a model SERS-tag in this study, which has a (—NH2) and a —SH group. The
amino group is able to attach to the above surface functionalized microbeads via EDC
chemistry and the —SH group can interact with AuNP to form SAM. The SAM on gold surface
has been intensively studied +>4¢, and it has been well-established that AuNPs prefer to interact

with —SH group. Thus, polymer microbeads with surface conjugated 4-ATP further allows
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AuNP to self-assemble on the surface via Au—S bonds and provides SERS signatures besides
Raman signals of microbeads.

The comparison on the Raman spectra is shown in Figure 4-5. The typical Raman spectrum of
PS beads show distinct vibrational peaks located at 1002 ¢cm™!, which is assigned to a vl
symmetrical ring and another peak related to the v18A vibrations located at 1033 cm™ 7.
Similarly, the typical Raman spectra of P4tBS beads shows distinct vibrational peaks located
at 1109 cm™! (strong) and 1611 cm™! (very strong). Carboxyl groups before and after EDC/NHS
conjugation on the surface of polymer microbeads cannot be observed in the Raman spectra,
as Raman is more sensitive to homo-nuclear molecular and non-polar bonds. The Raman
spectrum of 4-ATP as depicted in Figure 4-5 reveals two strong Raman peaks at 474 cm™! and
1086 cm™!, which correspond to the vibrational modes of YCCC and vCS, respectively 43-3.
The 4-ATP conjugation to microbeads cannot be evident from both FTIR and Raman spectra
due to their small amount. However, small sized aromatic molecules with uniform
orientation on AuNP surface can enable its own SERS signatures. After the formation of
SAM of 4-ATP with AuNPs, the enhanced 4-ATP peaks at 474, 1086 and 1598 ¢cm™! can be
clearly observed besides the PS & P4tBS peaks at 1002 and 1109 cm!, owing to the LSPR of

AuNPs.
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Figure 4-5. (A) Raman spectra of bulk 4-ATP (curve a), polystyrene microbeads (curve b),
polystyrene microbeads after EDC/NHS conjugation with 4-ATP (curve c¢) and AuNP/4-
ATP/PS (curve d). (B) Raman spectra of bulk 4-ATP (curve a), poly(4-tetrabutylstyrene)
microbeads (curve b), poly(4-tetrabutylstyrene) microbeads after EDC/NHS conjugation with

4-ATP (curve c) and AuNP/4-ATP/P4tBS (curve d).

Functionalized microbeads can be further identified by a Raman optical microscopy with

100X magnification and then characterized by false-color Raman imaging. Figure 4-6
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shows the imaging results obtained for two microbead mapping of PS and P4tBS. The false-
color Raman image of the microbeads is achieved by integrating the Raman peak
intensities between 997 and 1007 cm™ for PS and 1104 and 1114 cm™' for P4tBS, with a
SWIFT mapping mode using a single spectral window between 950 and 1250 cm™!, with a step
size of 0.1 um and an integration time of 1 second. It was found that both optical and Raman
false-color images show excellent overlapping correspondence and, more importantly, a
homogenous distribution of the Raman signal across all microbeads. The normalized
Raman spectrum of the microbeads is shown in Figure 4-6C, exhibiting the distinct peaks used
for identification. In addition, there is no difference in the Raman images of both microbeads

before and after EDC/NHS modification.

(A) (B) (©) -PS

1001 1109 - P4tBS

-

950 1000 1050 1100 1150 1200 1250
Raman Shift (cm)

Figure 4-6. (A) An optical image, (B) false colour Raman imaging and (C) Raman spectra (C)

a PS microbead and a P4tBS microbead.
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4.3.3 Spectra and Images of Polymer Microbeads with Raman and SERS Dual Codes

Figure 4-7. SEM images of (A) PS microbeads physically mixed with AuNP, (B) PS
microbeads physically mixed with AuNP and free 4-ATP; (C) PS microbeads with 4-ATP
being conjugated on surface physically mixed with AuNP. Insets are the colours of various

suspensions.

4-ATP plays an important role to introduce AuNP and SERS to microbeads. In the absence of
4-ATP, weak AuNPs and microbeads interaction is observed in Figure 4-7A due to the
electrostatic repulsion of these particles. In the condition of adding free 4-ATP to the mixture
of microbeads and AuNPs, 4-ATP will form SAM with AuNPs, but they are not attached to
microbead surface (Figure 4-7B). The attachment of 4-ATP on microbead surface is able to
introduce AuNPs on microbead surface with random distribution and less aggregation (Figure
4-7C). Obviously, our approach is able to introduce AuNP as well as SERS signals to

microbead surface in a controlled manner.
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Figure 4-8. (A) Optical and false-coloured spectroscopic images of mixed PS microbeads
(red), P4tBS microbeads (blue) and 4-ATP SERS tag (green). (B) Overlaying spectroscopic
image of PS, P4tBS and 4-ATP SERS-tag with corresponding Gaussian deconvoluted Raman

spectra of (a) PS, (b) PS + 4-ATP, (c) P4tBS, and (d) P4tBS + 4-ATP.

This study aims to report the preparation and spectroscopic imaging of dual Raman and
SERS encoded microbeads. In Figure 4-8, a mixture of AuNP-modified microbeads is
analyzed by optical and Raman mapping. The false-colored Raman images of PS and
P4tBS are achieved by integrating the intensities between 995 and 1005 cm!, 1103 and

1113 c¢cm!. The SERS images of 4-ATP@AuNPs is achieved by integrating the
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intensities between 1075 and 1095 cm!. It was found that the false-color Raman mapping
is able to distinguish these two microbeads rather than optical images. Homogenous
distributions of Raman signals across all microbeads demonstrate the possibility of
application these microbeads in single bead multiplex detection with good
reproducibility and sensitivity. In addition, the Raman mapping of SERS-tag (4-ATP)
shows random distribution of SERS-tag on polymer microbead surfaces. As such, Raman
mapping of microbeads exhibiting the characteristic peak of the PS, P4tBS and 4-ATP
stretching vibration at 1000.42 ¢cm™!, 1108.68 cm™ and 1086 cm™!. By selecting and
deselecting distinct peaks of the two polymer microbeads and SERS-tag, these
microbeads can be clearly depicted. Raman imaging clearly reveals the successful
introduction of SERS signals to corresponding two microbeads. This approach is able to
produce dual Raman and SERS encoded microbeads, which can expand based on
different polymers and SERS tags for multiplexing in future immunoassays. The detailed

protocol is described in Scheme 1.
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2 Spectroscopy
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COOH functionalized
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}
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? \ 0 o ‘ Raman
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Sulfo-NHS Ester on
microbeads surface

4-ATP on
microbeads surface

Scheme 1. Schematic description on the preparation of dual-encoded microbeads of Raman
and SERS.
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4.4 Conclusion

Two monodisperse microbeads were conjugated to a SERS tag, and positively characterized
by Raman spectroscopy and imaging analysis. The carboxylic surface functionalized polymer
microbeads were attached to the amine groups of the reporting molecules (4-ATP), while the
thiol groups of 4-ATP were used to form the self-assembled layers of AuNP’s. This synthesised
dual encoder system comprising of two Raman microbeads and SERS tags, showed unique
characteristic peaks at different wave numbers. This eased the readout of Raman and SERS
tags simultaneously, by Raman spectrums and high-resolution multiplex imaging. Here, we
successfully demonstrated synthesis, Raman spectroscopic and imaging analysis of bi-labels —
Raman and SERS tags. This study promises a substantial increase in the current combinatorial

library for label free multiplexing in bioassays.
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Abstract

Suspension microsphere immunoassays are rapidly gaining recognition in multiplex bioassays.
Accurate detection of multiple analytes from a single sample is critical in modern bioanalysis,
which always requires complex encoding systems. In this study, a Raman and surface enhanced
Raman scattering (SERS) dual coding system was developed as a model multiplex
immunoassay for Raman mapping. The developed homogeneous immunoassays include two
functional Raman-encoded polymer microbeads, two gold nanoparticle (AuNPs) and its self-
assembled SERS-encoded reporters. The two microbeads, polystyrene and poly(4-
tetrabutylstyrene) act as the immune solid support, whereas the IgG modified SERS nanotags
(4-mercaptobenzoic acid and 3-mercaptopropionic acid) are used as the SERS reporters. Such
Raman/SERS-based immunoassays are able to selectively identify the specific antibody-
antigen interaction under a single laser illumination. Due to the presence of SERS, the detection
limit can be significantly improved. As a result, it might hold great promise in future

biomedical analysis.
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5.1. Introduction

Cancer is one of the most malignant diseases of modern era, still lacking a cure. Accurate
diagnosis of such disecases at the earliest stage is vital to curtail the side effects of surgical
procedures, subsequently followed by costly treatment. Typically, infectious or immune-
system-related diseases generate various antigens as the first sign of abnormality in organism.
The most representative method for analyses of such disease biomarkers is immunoassays,
realized by the immune recognition between antigens (IgG’s) and relevant specific antibodies.
In clinical applications, diseases as complex as cancer always necessitate multiplex diagnostics
that is to simultaneously analyse multiple analytes from a single sample. Hence, high sensitivity
and high throughput are the desired features of the development of multiplex immunoassays.
According to the signal readout schemes, immunoassays for IgG’s can be divided into several
categories, including enzyme-linked immunosorbent assays (ELISA),!-* chemiluminescence,*
3 colorimetric,®” fluorescence,®? surface plasmon resonance (SPR),!%-!! and surface-enhanced
Raman scattering (SERS),'>!3 etc. Traditional biological detection strategies like ELISA and
fluorescence are popularly used in clinical applications, but they suffer from some
shortcomings, such as high background noise, high spectral overlap, low sensitivity and
photobleaching. Amongst these technologies, SERS-based immunoassays have found
profound applications in the detection of IgG’s. SERS has shown great promise in biomolecular
analysis, as it only requires a little amount of body fluids (e.g., blood, urine, ascites, and saliva)
allowing repetitive and timely examinations without any anatomic form of tissues. SERS-based
immunoassays achieve low limit of detection (LOD), large dynamic range and high sensitivity
due to the enhanced Raman signals offered by Raman reporter molecules adsorbed on noble
metal nanoparticles.'#1¢ Also, the full width at half wavelength (FWHW) of a Raman peak is

much narrower than that of fluorescence dyes. Therefore, the interference caused by
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overlapping broad emission spectra will be greatly decreased between different SERS encoding
elements, which makes it an efficient encoding element in multiplex bioassays.

To date, SERS-based immunoassays have been well-employed in biochemical and biomedical
applications for the detection of various biological targets, such as proteins,'”!° nucleic acids,?"-
21 virus,?? cells,”*?* and toxins.?> This type of biomolecular recognition uses an immuno-
functionalized SERS nanoprobe to recognize target analytes. In a typical SERS encrypting
method, distinct emission signatures can be obtained by selecting different Raman reporters or
their combinations.’® As such, series of SERS tags has been developed for multiplex
bioassays.?’-3> Nevertheless, the encoding capacity of SERS tags is still limited. Therefore, to
fulfil the requirements of high sensitivity and large dynamic detection range, the combined
advantages of SERS tags with other encoding elements is intriguing for the development of
new multiplex bioassays.

Among the different SERS-based immunoassays techniques, the bead-based SERS
immunoassay has gained exponential recognition in recent years. As compared to the well-
established bead-based fluorescence/SER immunoassay, the bead-based Raman/SERS
immunoassay has shown obvious advantages such as fluorescence label-free, narrow vibration
spectra, high sensitivity and single excitation wavelength, in turn offering higher multiplexing
capability. Recent spectroscopic studies by Raez et al. and Wei et al. have shown use of Raman
or IR encoded polymer beads not only as a platform for immune support but also as a second
reporter.36-37

Here, Raman imaging is presented for a novel dual encoded multiplex bioassay system based
on Raman encoded polymeric microbeads and SERS encoded nanotags. As illustrated in Figure
5-1, the SERS-encoded nanotags were prepared by the self-assembly of functional SERS-

active molecules to gold nanoparticle (AuNP) surfaces, and the SERS-encoded reporters were

obtained from SERS-encoded nanotags and antigens. On the other hand, the capture antibodies
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were immobilized onto Raman-encoded polymer microbeads. In an immunocomplex mixture
of functionalized SERS reporters and Raman microbeads, Raman imaging’s at different
vibration Raman bands allowed accurately identify these analytes. Our results showed the
ability of applying Raman imaging for multiplex bioanalysis with high sensitivity and high
specificity. It holds great promise for future applications in multiplexing, high throughput

screening and detection of complex human diseases.
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Figure 5-1. Schematic description on the preparation of SERS-encoded reporters (A), Raman-

encoded microbeads (B) and resulting multiplex immunoassays (C).
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5.2. Materials and Methods

5.2.1 Materials

Gold (IIT) chloride trihydrate (HAuCls-3H20), 4-mercaptobenzoic acid (4-MBA), 3-
mercaptopropionic acid (3-MPA), styrene, 4-tertbutylstyrene, polyvinylpyrrolidone (PVP
360000) and bovine serum albumin (BSA) were purchased from Sigma-Aldrich. Acrylic acid
(AA),  2,2'-Azobis(2-methylpropionitrile)  (AIBN),  N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were supplied by
Acros organics. Tri-sodium citrate dehydrate (Na3Ct) was obtained from Prolabo. AffiniPure
donkey antirabbit IgG, AffiniPure donkey antigoat IgG, AffiniPure rabbit antihuman IgG,
AffiniPure goat antihuman IgG were obtained from Jackson ImmunoResearch (PA).
Hydroxylamine (1M), phosphate-buffered saline (PBS, 0.01 M sodium phosphate, 0.25 M
NaCl, pH 7.6), block solution (50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8) and wash solution
(50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8) were prepared in-house. Deionized water
(DI water, 18.2 MQ-cm™!) was obtained from an EASY pure II ultrapure water purification

system.

5.2.2 Preparation of Raman-encoded microbeads

Monodisperse poly (styrene-co-AA) and poly (4-tetrabutlystyrene-co-AA) beads were
synthesized following a two stage dispersion polymerization process.’® In the first stage, the
monomer (6.0 g styrene or 4-tertbutylstyrene), initiator (0.24 g AIBN), stabiliser (0.27 g PVP
360000), co-stabiliser (0.30 g 70 % Triton X-305) and 34 g 95 % ethanol were charged to a
250 ml three neck flask. The mixture was deoxygenated by nitrogen bubbling for 40 minutes
at room temperature. The flask was merged into a pre-heated 70 °C oil bath and stirred
mechanically at 100 rpm for one hour. In the second stage, the preheated co-monomer AA
solution (2 wt % of AA to the feed monomer was mixed with 16 g 95 % ethanol) was added to

the reaction flask. The reaction was continued for a further 24 hours. To purify polymer
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microbeads, the synthesised microbeads were washed three times with 95 % ethanol and four
times with DI water to remove any reaction residual. Finally, the washed microbeads were
redispersed in DI water. The solids contents of the microbead suspensions were obtained by
gravity approach.

The functional carboxylic groups on microbead surface were used to conjugate antibodies by
EDC/NHS chemistry. In a typical experiment, this was achieved by mixing 100 pl of 1.9 wt %
purified microbeads (PS or P4tBS) and 100 pl of EDC/NHS/PBS (20 mg of EDC and 30 mg
of NHS in 1 ml of phosphate buffer saline pH 7.4) were mixed for 15 min at room temperature,
followed by the addition of 10 pg of model antibodies (e.g., donkey anti-rabbit IgG for PS and
donkey anti-goat IgG for P4tBS). Incubate the mixture solution at room temperature for 2 hours
with gentle rotation and then quenched using 1 M hydroxylamine. Washing the antibody-
conjugated microbeads with phosphate buffer (0.01 M sodium phosphate, 0.25 M NaCl, pH
7.6) three times and blocked using 1 ml block solution (50 mM Tris, 0.14 M NaCl, 1 % BSA,
pH 8) for 30 min at room temperature. Finally, washing microbeads four times using wash
solution (50 mM Tris, 0.14 M NacCl, 0.05 % Tween 20, pH 8), and redisperse the antibody-
conjugated microbeads in 100 ul DI water.

5.2.3 Preparation of SERS-encoded nanotags and SERS-encoded reporters

Reduction of gold (III) chloride trihydrate using sodium citrate was used to prepare the gold
nanoparticles.® Briefly, 50 ml of 10 M HAuCls'3H,O was brought to a boil, followed by
rapidly adding 1 wt % sodium citrate with a mixing molar ratio of 1:2.37 After continuously
stirring at the boiling temperature, a red gold colloidal solution was obtained.

The SERS-encoded nanotags were prepared by the formation of different self-assembled
monolayers (SAM) of functional thiols on AuNP surfaces. Here, the solutions of 4-MBA or 3-
MPA (2.5 ul, 103 M), were added separately to 1 ml of the above AuNP suspensions, under

vigorous stirring for 2 min at room temperature, and the mixture solutions turned purple. The
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resulting SERS nanotags were washed three times by operating centrifugation (8000 rmp) and
redispersion cycles, and finally redispersed in 100 ul DI water. Hereafter, two different sets of
antigens (rabbit anti-human IgG and goat anti-human IgG) were separately coupled to perform
SERS-encoded nanotags via ionic and hydrophobic interactions.*’ 5 mg antigens in phosphate
buffer were separately charged to these 100 ul SERS-encoded nanotag suspensions under
gentle rotation at room temperature for 2 hours. Then, 100 pul of 10 % BSA solution was added
to the mixtures and rotated for another 30 min. Followed by three-time washing using DI
water, the final antigen coupled SERS-encoded nanotags (i.e. SERS-encoded reporters) were
redispersed in 100 pl DI water and stored at 4 °C.

5.2.4 Multiplex Immunoassays

50 ul of the two antibody-conjugated Raman-encoded microbeads solutions were separately
mixed with the two antigen-conjugated SERS-encoded reporters, simultaneously. The four
mixtures were incubated for 1 hour under gentle rotation at room temperature. After washing
several times using DI water, they were redispersed in 50 pl DI water. The resulting
immunocomplexes were subjected to Raman spectroscopic and Raman imaging analysis.
5.2.5 Equipment

The images of polymer microbeads and gold nanoparticles were performed by using Scanning
Electron Microscopy (SEM - Quanta 450) and Transmission Electron Microscope (TEM -
Phillips CM200). The UV—vis absorption spectra were recorded using a Shimadzu UV-1601,
UV-vis spectrophotometer. A LabRAM Horiba Raman Microscope equipped with LabSpec 6
software was employed to measure Raman spectra and image polymer microbeads, SERS
reporters and immunocomplexes. The 785 nm Xtra II diode laser from Toptica was used for
Raman imaging with the monochromator comprising of 600 grooves per mm grating. The
Raman spectrums were collected using an acquisition time of 5 seconds and an accumulation

time of 3 seconds. The SWIFT mode in LabSpec 6 was used for Raman imaging with an
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acquisition time of 1 second and a step size of < 0.1 micron. The peak and CLS mode in the
Raman microscope were used to generate the Raman false colour images to establish selective

binding in the immunoassays.

5.3. Results and Discussion

5.3.1 Raman-encoded microbeads
Raman-encoded polymer microbeads were used as the immune solid support in the

immunoassay system.*'*

Dispersion polymerization was used for the synthesis of
monodisperse polymer microbeads with an average size of approximately 1.5 um (Figure 5-2),
where a small amount of AA was introduced as the comonomer to generate carboxylic groups
on the surface of microbeads. It has been established that under such experimental conditions
(2 wt % of AA to the feed monomer with PVP 360000 stabiliser) using potentiometric and
conductometric titrations that the quantity of carboxyl groups on the surface of synthesised
polymer microbeads is approximate 11 % of the feed -COOH group from AA.3® These
functional groups not only promote microbead stability and narrow size distribution (CV < 1
%) but also allow further surface conjugation. The presence of carboxylic groups render the

ability for the capture antibodies being immobilized on microbeads by covalent bonding via

the EDC/NHS chemistry.
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Figure 5-2. SEM images of monodisperse carboxylic functionalized PS (a) and P4tBS (b)

microbeads.

Due to the presence of different monomers for the synthesis of polymer microbeads, various
Raman spectral peaks will be visible, which render them to be suitable as the Raman coded
support in bioanalysis. Since polymers are long chain molecules composed of huge amount of
monomers connected to each other by covalent bonds, the Raman signals of polymer beads are
strong. The Raman spectrum (Figure 5-3a) of PS beads shows a distinct vibrational peak
centred at 1002 cm™!(strong), which is assigned to the vi symmetrical ring. Another peak
related to the visa vibration is located at the Raman shift of 1032 cm™' (medium).* Similarly,
the Raman spectrum of P4tBS beads shows distinct vibrational peaks located at 1109 ¢cm™!
(strong) and 1611 cm™' (very strong) (Figure 5-3b). Although carboxyl groups are
functionalized on the surface of polymer microbeads, no Raman spectral representation for
carboxyl group before and after EDC/NHS conjugation is evident, as Raman is sensitive to

homo-nuclear molecular and non-polar bonds.
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Figure 5-3. Raman spectra of the two Raman-encoded polymer microbeads. The most

distinctive characteristic Raman shifts for each microbeads are marked.

5.3.2 SERS-encoded nanotags and SERS-encoded reporters

The detail of the SERS-encoded reporters is illustrated in Figure 5-1, where these SERS-
encoded nanotags act as the SERS-codes in the reporters for immunoassay analysis after
introduction of IgG. To prepare the SERS-encoded nanotags, we synthesized red colored AuNP
solution using a feed molar ratio of 1:2 between HAuCls.3H20 and NasCt. This ensures
presence of sufficient citrate ions on the surface of AuNPs, keeping the colloidal solution stable
at room temperature for several months.

The localized surface plasmon resonance (LSPR) of AuNPs were characterized by an UV-vis

spectrophotometer, while the morphology being examined by TEM. The characteristic
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absorption peak is observed at 525 nm, with an average size of approximately 25 nm (Figure
5-4a). Further, 4-MBA and 3-MPA were separately mixed with AuNPs to form the SERS-
encoded nanotags. Both 4-MBA and 3-MPA, used in this study have carboxylic group (-
COOH) and thiol group (-SH). AuNPs has strong affinity to their thiol groups.*> 4-MBA and
3-MPA form self-assembled monolayer (SAM) on the surface of AuNPs via the Au-S bond as
well as hotspots. An inevitable aggregation takes place after the formation of the SAM of tag
molecules and AuNPs, due to the increase in surface hydrophobicity.*¢ This aggregation forms
“hotspots” and facilitates stronger SERS signals. It is also noted that the absorption peak red
shifts to 536 nm upon addition of 4-MBA and 3-MPA.*’ This further signifies AuNP
aggregation in solution and successful formation of SAM’s. A TEM image was used to identify
formation of SAM on AuNPs (Figure 5-4b), where a thin layer of few nm is observed on the
surface of the aggregated AuNPs.

Antibodies, rabbit anti-human and goat anti-human were then introduced to the 4-MBA and 3-
MPA SERS-encoded nanotags to form two distinct SERS-encoded reporters. The hydrophilic
characteristic of the antibodies helps in enhancing the stability of AuNPs in aqueous solution.
The LSPR of SAM AuNPs before and after the antibody’s conjugation was recorded. There is
no red shift after conjugation, validating no further aggregation. After conjugation, 10 % BSA
was used as blocking solution for SERS-encoded reporters, and any unbounded antigens or
BSA were removed by centrifugation and redispersion washing cycles with water.

The Raman spectrums were analysed using a Raman confocal microscopy. The Raman
spectrum of bulk 4-MBA and the SERS spectra of 4-MBA on AuNPs before and after antigens
introduction is shown in Figure 5-4c. The characteristic vibrational modes include the v(CC)
ring-breathing modes at 1074 and 1583 c¢cm™! for 4-MBA Raman and SERS (with & without
IgG), while other less intense modes at the §(CH) (1132 and 1173 ¢m™) and vs(COO") (1375

cm') are observed in SERS spectra, but are below the signal-to-noise for the Raman spectrum
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of bulk 4-MBA.#¥-3% Similarly, the Raman spectrum of bulk 3-MPA, SERS spectra of 3-MPA
on AuNPs with and without, IgG are shown in Figure 5-4d. All spectra are dominated by three
distinct peaks at 674, 867 and 1430 cm™!, which are assigned to the v(CS)g, 5(SH) and 5(CH>)
characteristic vibrational modes.’! We also observed that the SERS of the antigens is ignorable
for both the SERS-encoded reporters (Fig. 4c & d), which indicates no direct interaction

between AuNPs and these antigens.
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Figure 5-4. (a) TEM image (inset) and UV-vis absorption spectra of AuNP, UV-vis absorption
spectra of AuNP@ SAM and AuNP@SAM@IgG. (b) TEM image of SERS nanotags, and (c

& d) Raman spectra of SERS nanotags before and after antibody conjugation.

Since the most intensive peaks of 4-MBA and 3-MPA are separated with narrow bandwidths,

the SERS signature can be easily distinguished, resulting in a straightforward SERS-encoded
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nanotags. Moreover, as the Raman scattering cross-sections of the nanotags are much larger
than ordinary molecules (4-MBA and 3-MPA), the intensities of Raman signals enhanced by
AuNPs can reach a level of 10°. That is much higher than background. The great increase in
the signal-to-noise ratio is favourable for highly sensitive detection. In addition, the homologs
of the Raman is beneficial for the high encoding capacity needed for high throughput analysis.
The formed self-assembled gold colloid helps enhance the Raman signals of the 4-MBA and
3-MPA. Due to this enhancement effect of the SERS-encoded nanotags, it is possible to lower
the concentration limit for [gG detection. The increase in the intensity of SERS signal to Raman
signal is quantified by the effective enhancement factor (EEF). The EEF can be calculated
using the following expression:

I N
EEF — -SERS Nbulk

Ipuik Nsgrs

where Isers and Ipuik are the intensities of the same band for the SERS and bulk spectra, Nopuik
is the number of molecules for a bulk samples, and Nsgrs is the number of molecules in
SERS.%2-33 Under the experimental condition, 2.5 pL 10 M of 4-MBA and 3-MPA was
charged separately to 1 mL of 10 M AuNP aqueous solution to prepare the SAM. The
calculated AuNP concentration is 3.12 x 10! particles/mL with an average AuNP surface area
of 1962.5 nm?. The molar ratio for both 4-MBA and 3-MPA to AuNP is 1.92 x 103 or about
2.44 per nm? of AuNP surface. Using the band of 1074 cm™' for 4-MBA, the EEF was
calculated to be 1.08 x 10°. Similarly, using the band of 674 cm™' for 3-MPA, the EEF was

calculated to be 1.25 x 107.

5.3.3 Multiplex assays

We aim to develop a novel bioassays for IgG detection using Raman-encoded microbeads and
SERS-encoded reporters with details being shown in Figure 5-1. In this study, donkey anti-
rabbit IgG, and donkey anti-goat IgG are considered model antibodies, while rabbit anti-human

5-181



IgG, and goat anti-human IgG are considered as model antigens. The PS and P4tBS microbeads
were separately immobilized with donkey anti-rabbit and donkey anti-goat antibodies. On the
other hand, rabbit anti-human IgG was fixed to the 4-MBA encoded SERS nanotag as the
antigen of donkey anti-rabbit antibody, and the 3-MPA encoded SERS nanotag was decorated
with the goat anti-human as the antigen of donkey anti-goat antibody. Due to the specific
recognition between these paired antibodies and antigens, the SERS encoded nanotags should
be used to report the matched antibody on microbead surfaces. In another words, in the
presence of matched antibody-antigen pairs, both the code of Raman bands from the beads and
the SERS signals from the nanotags can be read out simultaneously. Otherwise, only the Raman
bands of the microbeads can be read in the presence of unmatched antibody-antigen pairs.

After mixing antibody-immobilized Raman microbeads and antigen-introduced SERS encoded
reporters, the SEM images of these polymer microbeads were observed as shown in Figure 5-
5. The SEM images clearly establishes bioconjugation of SERS-encoded reporters to Raman-
encoded beads. However, in order to conclude the specific bio-recognition of antibodies

conjugated Raman beads to its counterpart antigen conjugated SERS-encoded nanotags, we

need to perform Raman spectrum and imaging analysis.

Figure 5-5. SEM images of polymer microbeads and the immunoassay. Low magnification
image of the polymer microbeads (a), low magnification image of SERS-encoded reporters on
the Raman-encoded beads surface. (b) and high magnification image of SERS-encoded

reporters on the Raman-encoded beads surface.
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The Raman and SERS spectra of the matched immunoassays are shown in Figure 5-6 (a & b).
As mentioned earlier, the typical Raman spectrum of PS microbeads displays two strong
vibrational bands at 1002 and 1032 cm™!, whereas, the vibrational bands for 4-MBA SERS are
located at 1074 and 1583 cm™!. After the specific binding of the matched 1gG functionalized
microbeads (donkey anti-rabbit IgG) with AuNPs (rabbit anti-human IgG), both the Raman
signals of PS microbeads and the SERS signals of 4-MBA can be observed. Similarly, the
typical Raman spectrum of P4tBS microbeads displays two strong vibrational bands at 1110
and 1613 cm™!, whereas, the vibrational bands of 4-MPA are located at 674 and 2576 cm™ .
Again, due to the specific binding of the matched IgG functionalized polymer microbeads
(donkey anti-goat IgGG) with AuNPs (goat anti-human IgG), both the Raman signals of P4tBS
microbeads and the SERS signals of 3-MPA can be observed. In presence of unmatched
antibody-antigen pairs, only the Raman signals of PS or P4tBS can be observed due to the lack
of specific binding. These results demonstrate that SERS-reporters can selectively bind to
microbeads through the specific matched antibody-antigen interaction, which indicates the
system’s high sensitivity and selectivity.

In addition, the Raman shifts are reproducible in our repeating experiments for polymer
microbeads, SERS nanotags as well as the antibody coated polymer microbeads with the
matched antigen coated AuNP@SERS reporters. However, the Raman intensity ratios of the
polymer microbeads and SERS reporters are difficult to repeat since the effective enhancement
factor of SERS is not a controlled parameter. The possible reasons might be attributed to the
inhomogeneous distribution and orientation of the AuNPs@Raman reporters (4-MBA & 3-
MPA) on the surface of the microbeads. However, the specific recognition of antibodies and

antigens will be able to be examined by the Raman mapping technique.
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Figure 5-6. (a) Raman spectrum of P4tBS, AuNPs@3-MPA, and P4tBS bioconjugated to 3-
MPA SERS nanotags via donkey antigoat IgG + goat antihuman IgG. (b) Raman spectrum of
PS, AuNPs@4-MBA, and PS bioconjugated to 4-MBA SERS nanotags via donkey antirabbit

IgG + rabbit antihuman IgG.

Raman imaging analysis was used to examine the above immunoassays. The aim is to explore
the multiplexed immunocomplex through spectroscopic imaging of SERS nanotags on the
Raman encoded microbeads. After mixing the two SERS-nanotag labelled antigens with the

two Raman microbeads with immobilised antibodies, the Raman images can report the specific
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interaction of antibodies and antigens. The false coloured Raman images are achieved based
on the distinct spectral peaks of the dual -micro and -nano encoders, as well as using classical
least squares (CLS) algorithm mode. Figure 5-7f shows optical images of the mixtures of two
SERS-encoded reporters and two Raman-encoded polymer microbeads with surface antibody
conjugation, and no immunoprecipitation or aggregation is observed, indicating the selective
and specific interaction. This is important for Raman/SERS applications in multiplex analysis
to ensure high reproducibility and reliability of measurements. By selecting and deselecting
distinct signals of the two polymer microbeads and the two SERS nanotags, different Raman
mapping images are depicted in Figure 5-7a-d. From that, we can distinguish the microbeads
and SERS nanotags.

Raman imaging reveals that there is no cross-interaction of SERS nanotag signals. This is due
to the matched IgG recognized by corresponding antigen labelled SERS nanotags. Therefore,
the false coloured Raman imaging analysis further reinforces the Raman and SERS

immunoassay results, that the interaction is highly selective and highly specific.
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Figure 5-7. Raman imaging of the multiplex assays. (a-d) Raman images of PS microbeads
(red), P4tBS microbeads (blue), 4-MBA SERS-nanotags (yellow) & 3-MPA SERS nanotags

(green), (e-f) combined optical and false-coloured spectroscopic images of polymer

microbeads PS and P4tBS with specific SERS nanotags.

As unabridged both Raman spectra and Raman imaging analysis indicate the specific
recognition between antibodies and antigens. In clinical applications, fluorescence labels are
popularly used for bioanalysis, but auto-fluorescence, photobleaching, and peak overlapping
hinders its end-use applications. Our system combines the Raman signals of polymer
microbeads (carrier) and SERS (reporter) signals for biomolecular diagnosis in lieu of these

limitation. Various polymer microbeads can be easily synthesized, which gives rise to different
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distinct Raman spectra. The formation of SAM on AuNP surface results in significant
enhancement of reporter detection limits. The Raman/SERS bioassays combine the vibrational
information of microbead supports and SERS reporters to identify IgG, and thus free from
photobleaching and fluorescence interference. Based on different Raman spectra of polymer
beads and the large effective enhancement factors of SERS tags, we can explore the
applications of such systems for multiplex analysis. Polymer beads together with various SERS
tags can offer infinite Raman vibrational information with high accuracy, which can be used to
identify different biomolecules simultaneously from one homogeneous immunoassay.
Similarly, it can be envisaged that, by increasing the number of encoded Raman polymer
microbeads and SERS nanotags, more codes could be produced for the multiplex analysis of
many analytes, the number of which, in principle, equals the product of the Polymer micro-
code and SERS nano-code capacity. In general, the drift of the Raman distinct peak position of
polymer microbeads occupies a spectral window of 10 cm™! for imaging, so that the codes
capacity of Raman could go up to 140 in the range of 400 to 1800 cm™'. For SERS codes, almost
every molecule has a Raman signal and there are at least 100 Raman reporters without counting
the number of their homologs. Therefore, the capacity of the as-proposed dual-encoding is at
the level of more than 14,000. This is far more than that of the usually-used encoding methods

involving fluorescence,> qualifying this method for high analyte throughput.

5.4. Conclusion

A novel technique is demonstrated for multiplexed IgG detection based on a Raman/SERS dual
encoding suspension immunoassay. AuNPs, SERS-active molecules and antigens were used to
prepare the core—shell—corona structured SERS-encoded reporters by the SAM and surface
modification. The resulting SERS reporters are able to produce significant SERS signals.

Various surface functionalized Raman-encoded polymer microbeads are used to immobilise
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IgG for bead-based immunoassays. Raman spectroscopy and Raman imaging characterization
demonstrate that both the SERS (from reporter) and Raman (from microbeads) signatures can
be successfully readout in the presence of specific molecular recognition. Such systems offer
high selectivity, high specificity, high multiplex, no photo-bleaching, narrow emission spectra,
single excitation wavelength, when compared to traditional bead-based fluorescence imaging
analysis. This dual encoded Raman/SERS immunoassay analysis has great potential for future
high throughput screening and multiplexing of target analytes extorting a promising solution

for early stage in-vitro disease detection.
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Chapter 6 Conclusions and Future Directions

6.1 Conclusions

This research focused on the preparation of suitable-sized gold nanoparticles (AuNPs) as the
“hotspot” of SERS, various surface-functionalized copolymer microbeads with unique Raman
signatures by two stage dispersion polymerisation, SAMs of Raman-active molecules, polymer
microbead-based Raman/SERS immunoassay systems, which is finally aimed at multiplexed

bioassay for immunoglobulin (IgG) detection through Raman spectroscopy and imaging.

6.1.1 Preparation of AuNP’s and their SAMs

AuNPs were chosen as SERS-active substrates for the SERS tag preparation after self-
assembled with different Raman-active molecules (4-ATP, 4-MBA and 3-MPA). Suitable-
sized gold nanoparticles (AuNPs) as the “hotspot” for SERS were prepared by keeping the feed
molar ratios of HAuCls:3H>O/NasCt as 1:2. As a result stable red coloured gold colloidal
particles were achieved with approximate size of 25 nm. It was found these AuNPs with 25 nm
average size gave a high Raman effective enhancement factor and is more suitable for
producing significant SERS signals of the SAMs. This provides important information for the

future utilisation of AuNPs as SERS substrate.

6.1.2 Synthesis of Surface Functionalized Polymer Microbeads.

Monodispersed copolymer microbeads with narrow size distribution and unique Raman
signatures were fabricated using two stage dispersion polymerisation. Four different
monodisperse copolymer microbeads, namely, poly(styrene-co-acrylic acid), poly(4-
methylstyrene-co-acrylic acid), poly(4-tetrabutylstyrene-co-acrylic acid) and poly(glycidyl
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methacrylate-co-acrylic acid), were produced with their particle sizes ranging from 1.1 to 1.7
um. The surface carboxyl groups were introduced by the addition of functional comonomer
(AA) during synthesis. The potentiometric and conductometric titrations indicated that
carboxyl groups were present on the surface of the polymer microbeads, which render their
possibility for further bioconjugation. The conversions for all the polymerisation for the
microbeads fabrication was higher than 91% with less than 5% coefficient of variation (CV).
The produced polymer microbeads were successfully used for high resolution Raman imaging

with their narrow size distribution and specific spectroscopic properties.

6.1.3 Raman Analysis of Raman and SERS Dual Encoded Microbeads

SERS-tag molecules were conjugated to polystyrene (PS) or 4-tertbutylstyrene microbeads by
conjugation chemistry to produce Raman and SERS dual encoded microbeads. The
spectroscopic and imaging results reinforce the suitability of such dual coding systems. The
result promises a substantial increase in the current combinatorial library for label free

multiplexing in bioassays.

6.1.4 Highly Selective Multiplex Imaging from Raman/SERS Bioassays

An immunoassay system was developed for the multiplex, specific and sensitive detection of
biological molecules. IgG was used as the model proteins. AuNPs, SERS-active molecules and
antigens were used to prepare a core—shell—corona structured SERS-encoded reporters by the
SAM and surface modification. The resulting SERS reporters are able to produce significant
SERS signals. Various surface functionalized Raman-encoded polymer microbeads are used to
immobilise IgG for bead-based immunoassays. Raman spectroscopy and Raman imaging
characterization demonstrate that both the SERS (from reporter) and Raman (from microbeads)

signatures can be successfully readout in the presence of specific molecular recognition. Such
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systems offer no photo-bleaching, narrow emission spectra, single excitation wavelength when
compared to traditional bead-based fluorescence imaging analysis.

This dual encoded Raman/SERS immunoassay analysis has great potential for future high
throughput screening and multiplexing of target analytes extorting a promising solution for
early stage in-vitro disease detection. In summary, a novel technique is demonstrated for

multiplexed IgG detection based on a Raman/SERS dual encoding suspension immunoassay.

6.2 Future Directions

6.2.1 Dual Coding Systems for Immunoassays

As discussed in Chapter 4, SERS-active polymer microbeads with Raman signatures can be
fabricated by the conjugation of AuNPs on the surface of polymer microbeads. Although a few
copolymer microbeads with narrow size distribution and unique Raman fingerprints have been
prepared in this study, the fabrication of different copolymer microbeads using dispersion
polymerization still remains a challenge. In addition, Chapter 4 only chooses one aromatic thiol
(4-ATP) as model Raman-active molecules to fabricate dual-encoded microbeads. Therefore,
different Raman-active molecules, need to be self-assembled onto different co-functionalized
polymer/AuNP composite microspheres in order to enhance the combinatorial library. This
will require establishing detailed conjugation protocols for use of unique Raman active

molecules.

6.2.2 Multiplex IgG Immunoassay Systems
Different SERS nanotags and Raman spectroscopic-encoded copolymer microbeads have been
synthesized with unique Raman fingerprints. These microbeads were applied for the multiplex

IgG detection system development based on Raman bio-imaging. By conjugating different
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Raman spectroscopic-encoded microbeads with different antibodies, the microbeads
specifically recognise the matched antigens after the formation of sandwich structures with
SERS reporters. Because of the unique Raman spectra of microbeads and SERS reporters, the
identification of each antigen was achieved by measuring the Raman signals of polymer
microbead and SERS reporter combination. This can establish a major breakthrough in the field
of bio-imaging for early stage cancer detection with minimal sample, high sensitivity, rapid
diagnosis, multiplex and label-free bioassays. Future challenge remains in developing a Raman
microscope capable of more rapidly acquiring the Raman image with higher plain coverage.
This means advances in camera acquisition rates and digital processing speeds to enable faster

analysis rates.

6.2.3 Raman Flow Cytometry System Based on Microfluidics

The Raman and SERS-active polymer microbeads have demonstrated their importance for
multiplex detection. However, there is no commercial flow cytometry available to read these
Raman/SERS signals. Therefore, requirement remains to demonstrate a system of sufficient
sensitivity to acquire and analyse Raman/SERS spectra with good spectral resolution from
samples consisting of nanoparticle SERS tags bound to Raman encoded microspheres.
Challenges also remains in terms of speed and sensitivity whilst maintaining good resolution.
The concept of lab-on-a-chip (microfluidics) devices takes advantage of the basic principles of
flow cytometry (fluorescent) by a system of particularly shaped micro channels. Therefore, as
part of future work for Raman/SERS based multiplex IgG detection, microfluidics could make
it possible to quickly measure multiple analytes simultaneously and decrease related analytical

cost.
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