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Abstract

Surface enhanced Raman scattering (SERS) is an ultrasensitive
vibrational spectroscopic technique to detect molecules on or near the surface of
plasmonic nanoparticles. More recently, this technique has been used to design
novel nanoprobes named “SERS labels” that combine metallic nanoparticles and
specific organic Raman reporter molecules. Such SERS labels can be conjugated
to capture probes of biological molecules to be used to indirectly sense the target
biological molecules by using laser Raman spectroscopy. Various metal
nanoparticles act as a Raman signal amplifier for engineering of nanoprobes. In
general, their size, geometry, chemical composition, and surface chemistry can
influence the Raman enhancement ability.

Recently, interest in gold nanorods (GNRs) has increased, as they possess
unique optical and electronic properties. Many of the targeted applications for
GNRs require their surface modification, but it can often be a challenge due to
their cetyltrimethylammonium bromide (CTAB) coating, which is a stabilizing
agent used during GNR synthesis. The work presented in Chapter 2 of this thesis
explored spectroscopic and electronic microscopy characterization of GNRs after
CTAB replacement with a mixed thiolate layer of a Raman reporter such as 4-
nitrobenzenethiol (tNB) and  2-(2-{2-[2-(2-[2-(11-mercapto-undecyloxy)-
ethoxy]-ethoxy)—ethoxy]-ethoxy}—ethoxy)-ethoxy—acetic acid

(HSC1(EO)¢~COOH). This HSC;;(EO)s~COOH linker provides; steric stability
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through hydrophobic alkyl chain; water solubility due to presence of an ethoxy
moiety that improves ligand exchange in aqueous solution; and anchor points
such as carboxylic acid or amino groups for further conjugation with biological
molecules. Chapter 3 presents the SERS response of the —SC;;(EO)s~COO/tNB
modified GNRs of four different aspect ratios and 30 nm diameter spherical gold
nanoparticles, the characteristic Raman spectrum of 4-nitrobenzenethiol was
measured for five gold nanoparticle solutions.

The capability of using the —SC;;(EO)s~COO/tNB modified GNRs of
aspect ratio 2.4, which were covalently linked to immunoglobulin G (IgG)
through terminal-carboxylic acid group of thiolate linker were explored with a
chip-based SERS immunoassay in Chapter 4. The sensitivity of SERS based
sandwich immunoassay utilizing gold nanorods of aspect ratio 2.4 for goat IgG
detection was translated to a limit of detection (LOD) of 15 fM.

The detection and quantification of small metabolite molecules is being
targeted as a promising diagnostic method in disease assessment. Chapter 5 in
this thesis presents an indirect competitive SERS based assay for the analysis of
the thyroid hormone thyroxine in its free form (fT4). In this assay, we used {T4
conjugated SERS labels of GNRs to compete with {fT4 standard solutions for
monoclonal antibody binding sites. Lower levelss of free thyroxine than
threshold, that accompanies hypothyroidism disease, can be detected and the
results were correlated well with the results from a commercial enzyme-linked

immunosorbent assay (ELISA) kit.
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1 Chapter I

Introduction

1.1  General Overview and Research Objectives

The detection of biological molecules plays a fundamental role in
biomedical science." ? Bioassay techniques dominate the market for protein and
small molecule assays. Assay kits utilize antibodies designed to selectively bind
to the target analytes. Typically, the traditional competitive assay scheme will
consist of a plate onto which the antibody probe is immobilized and the sample
of interest is passed over the plate surface along with an aliquot of labeled target
analyte, the sample and the labeled standard will compete for the binding site of
the capture probe. Another approach uses a sandwich assay platform that consists
of a plate onto which the capture probe is immobilized and another probe that is
linked to a label, both probes will sandwich the target analyte (Figure 1.01). The
types of labels used includes radiochemical (radioimmunoassay, RIA)’, enzyme
(enzyme-linked immunosorbent assay, ELISA)*, fluorophore > or noble metal
nanoparticles (NPs) in surface enhanced Raman scattering (SERS) based assay.6
ELISA is typically carried out on a microtiter plate, allowing for multiple
analyses to be carried out simultaneously. The capability of a small number of
enzymes to catalyze large amounts of substrate has afforded ELISA detection
limits in the picomolar range. The good sensitivity, and wide applicability to

most analytes have made ELISA the “gold standard” in biomolecule detection.”®
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Nevertheless, researchers have investigated other sensing schemes in hope of
simplifying the assay and employing more stable labels. One such alternative
replaces the enzyme label with fluorophore exploiting fluorescence detection, but
also here drawbacks involving susceptibility of fluorophore to photobleaching
and detection requires expensive instrumentation.® The drive towards new labels

has been accelerated with the applications of nanoparticles.

Sandwich assay Competitive bioassay

S ¢ A

, Target analyte
/

antibody

Figure 1.01. Schematic representation of sandwich and competitive bioassays.

Nanoparticles have generated a great deal of interest as potential building
blocks for biosensing.” Gold and silver NPs are of particular interest, as they
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feature unique optical properties that can be of great utility in creating new
recognition and transduction processes for biological sensors, such as a
phenomenon called localized surface plasmon resonance (LSPR).”" This
phenomenon refers to the oscillation of conduction electrons over the surface of
the metal NP induced by the absorption of visible light. These properties can be
readily tuned by varying their size, shape, and the surrounding chemical
environment.'* In addition, gold nanoparticles (GNPs) provide high surface to
volume ratio and offer a suitable platform for multi-functionalization with a wide
range of organic or biological ligands for selective binding and detection of
biological targets.'> '

In the past decade of research, the advent of GNPs as a sensory element
has provided a broad spectrum of innovative approaches for detection of small
molecules,17 protein,18 nucleic acids,19 and cancer cells® rapidly and efficiently.
Recently, the merits of surface-enhanced Raman scattering (SERS) as a rapid,
sensitive tool for biosensing have been reported.”' The basis of SERS relies on
the use of roughened metal surfaces to amplify scattering and observed

22,23 1 aser excitation on or off resonance with

enhancement was up to 10'* times.
LSPR band of GNPs significantly influences electromagnetic fields, which are
generated at the GNP surface.”* SERS takes advantage of these localized electric
fields for signal enhancement of molecules adsorbed in close proximity to the

GNP surface. Currently, gold nanorods (GNRs) have a great deal of interest due

to their anisotropic shape, presence of corners and a tunable longitudinal LSPR



band.”® Although the GNRs are an excellent candidate for SERS,* the strategies
employed in the functionalization of high cross-section Raman reporter
molecules for maximum SERS enhancement is still a challenge due to the
presence of a densely packed bilayer of cetyltrimethylammonium bromide
(CTAB).”” The CTAB is a structure-directing agent that is used during the
synthesis of GNRs and is difficult to replace during the functionalization of
GNRs without consequent aggregation of GNRs.

This chapter will introduce the relevant subject areas that are vital to the
understanding of the optical properties of the GNPs including gold nanorods in
particular, their surface modification and application in biosensors. The first
aspect of my work focuses on functionalization of GNRs for biosensing
applications using SERS-based assays. We are introducing a rational design of
GNRs coated with a mixed thiolate layer of Raman reporter and stabilizing
linker, which provides terminal functional groups for further conjugation with
biological molecules, this design will be characterized with different techniques
in Chapter 2. The SERS efficiency of GNRs with four-different aspect ratio and
30 nm diameter spherical gold nanoparticles (GNPs) suspended in solutions will
be investigated in Chapter 3.

Another aspect of my research aims to design SERS based immunoassays
that utilize functionalized GNRs (Chapter 2) as extrinsic Raman labels (ERLs).
In Chapter 4, A SERS based sandwich immunoassay for detection of goat

immunoglobulin G (IgG) utilizing GNRs as ERLs will be presented and the



detection limit of goat IgG will be investigated. Lastly, an indirect competitive
SERS-based assay for detection of small metabolite molecule such as free
thyroxine (fT4) utilizing ERLs of fT4-conjugated GNRs will be discussed in
Chapter 5. My goal is that the ideas brought forward by this thesis will provide

new insights in the design of SERS-based biosensor development.

1.2 Optical properties of noble metal nanoparticles

Faraday is credited with developing the initial understanding of GNPs in
1857, although colloidal gold has been used since the 4™ century to make a
Lycurgus cup, which changes color depending on the direction of light. *® Later
gold NPs were used in stained glass windows of cathedrals throughout Europe,
providing a vivid characteristic red color. The past couple of decades have
witnessed an exponential growth of scientific reports detailing the synthesis,
study of the optical, electrical and other physical properties of new nanoparticles
of different sizes and shapes, the surface modification of nanoparticles and their
incorporation into different applications. The major driving force behind the use
of NPs in biosensing is their unique optical properties resulting from LSPR

2939 These effects result in extremely high absorption and scattering

effects.
(extinction) of light. The molar extinction coefficients of gold NPs are several
orders of magnitude higher than organic dyes and outperform fluorescent
molecules as well, thus exhibiting promising applications as labels.”!

In 1908 Gustav Mie formulated an approach derived from Maxwell’s

equations to predict the influence of electromagnetic radiation on colloids.™
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When light interacts with a particle the likelihood of an interaction taking place is
summed up in the extinction cross section Gy, wWhich is made up of two terms,
namely 6,5 (absorbance) and oy, (scattering), as shown by equation 1-01.

Gext = Oabs T Osca (1-01)

The extinction cross section can be calculated from equation 1-02

Close examination of the expression for Gy in equation 1.02 reveals that
the extinction cross section is dependent on the particle volume (V), the complex
dielectric function of the particle (g, and ¢;), and the real dielectric function of the
surrounding medium (g,). The dependence on V implies that larger nanoparticles
have a higher extinction cross section and result in greater absorption/scattering
of light.

However, solving Maxwell’s equations accurately for particles other than
spheres is numerically tedious.” The difficulty is especially serious for NPs with
sharp points because of strong field gradients. In parallel, a number of theoretical
approaches have been developed such as the discrete dipole approximation
(DDA) to study extinction and Raman enhancement for NPs of arbitrary shape.**
In 1973, DDA method was originally proposed by Purcell and Pennypac, and has
been extensively applied in the astrophysics community in application to the
extinction spectra of grains in interstellar medium.” A particularly useful

implementation of this method has been developed by Draine and co-workers.>®



7 In the DDA, the object of interest is represented as a cubic array of N
polarizable elements. The response of this array to an applied electromagnetic
field is then described by self-consistently determining the induced dipole
moment in each element. The induced dipole polarization P; in each element is
determined from equation 1-03
P = 0;. Ejpe (1) (1-03)

Where a; and r; are the polarizability and location of the ith dipole, and Ej,. is the
local electric field. The local electric field at each dipole Ej,.; is given by

equation 1-04

Where E, and k=w/c is amplitude and wave vector of the incident field,
respectively, and A is an interaction matrix. By solving a number of complex
linear equations, polarization vectors are calculated, and with these, extinction
cross sections (., equation 1.-05), local fields and Raman enhancement can be

calculated.®®

(1-05)
Where E *,-,w is an incident field. The electromagnetic contribution to the SERS
intensity can be determined by evaluating the local field £,; (®) on the exposed

surfaces of each of the cubes using equation 1-06. The electromagnetic field



enhancement factor F(w) is then determined by averaging the square of Ej,.; over

the exposed surfaces, and normalizing by the incident field

1.3 Types of metal nanoparticles

Gold and silver spherical NPs are the most widely used biosensor labels.
The LSPR absorption band for both silver and gold spherical NPs is found
between 400-600 nm, and red shifts with increasing particle size.””* Figure 1.02
shows the extinction spectra for spherical silver and gold spherical NPs of the
same size (40 nm diameter) and an image of their colloidal solutions. The
yellowish color for silver colloidal solution indicates absorbance of light at
shorter wavelength in the visible spectrum compared to gold spherical NPs that
yield a red colored solution. The extinction spectra of 40 nm silver and gold
spherical NPs exhibit LSPR peaks at 415 and 533 nm, respectively.

41,42

The size of both gold and silver spherical NPs plays a crucial role in

SERS signal enhancement ability.*>*

The intensity of the electromagnetic (EM)
field is strongly dependent on the number of electrons excited and, thus, on the
volume of the nanoparticles.*” Tt should be noted that using a particle that is too

large (>250 nm diameter) is not appropriate because the increased size results in

larger radiation damping effects, decreasing the SERS enhancement factor. The



Ia-ll- 533 nm

\ P : ﬂ
3 silver NPs

40 nm spherical silver NPs

40 nm spherical gold NPs

300 400 500 600 700 800
Wavelength (nm)

Figure 1.02. Localized surface plasmon extinction spectra of 40 nm diameter

spherical silver and gold NPs. The spectra were offset for clarity.

optimum size range is 30-100 nm.*® The LSPR effect is influenced not only by
size but also by solvent, ligand, temperature, and interparticle distance.*” %
Generally, silver NPs are much more efficient Raman signal-enhancing
material and give rise to SERS signals that are 10-fold to 100-fold higher than
those for similar sized spherical GNPs.*> The choice of NP is affected by other
factors beside its SERS capability. For instance, silver NPs have poor
biocompatibility and limiting their use in living cells, short-term stability
preventing practical utilization in real applications.49 Hence, silver is often
difficult to be substituted for gold in designing SERS labels, especially those for

living species labeling. Typically, spherical gold NPs are synthesized by the

reduction of HAuCly with citrate acid as described by Frens.”® This method for



synthesizing spherical NPs has many advantages, including having an easily
controlled size distribution and long-term stability. Therefore, basic studies or
biosensing applications are usually carried out by using spherical GNPs.*" >
GNRs exhibit two LSPR bands: a weak transverse band in the visible
region with a position similar to that of spherical GNPs that corresponds to
electron oscillations along the short axis and a strong longitudinal band at longer
wavelengths that corresponds to electron oscillation along the long axis.” These
bands are depicted in Figure 1.03. The longitudinal LSPR can be engineered by
changing the GNR ratio of length (1) to width (d), which is called the aspect ratio
(/d).>* By simply varying the silver nitrate concentration which is used as a
growth directing agent during the growth process of GNRs, the longitudinal
LSPR shifts from the visible to the NIR region as the rod’s aspect ratio increases
from 2.4 to 3.2 as shown in Figure 1.04.” Besides, GNRs have a high theoretical
extinction coefficient that is more than an order of magnitude higher than that of
a nanoshell®® and approximately 20 times greater for nanorods compared to
nanospheres.”” These advantages have driven GNRs to be used in
bioapplications, including tumor detection,” molecular and cell imaging,” and
photothermal therapy.®® Furthermore, the aspect ratio plays an important role in
the Raman enhancement effect. The SERS signal of 4-mercaptopyridine
physisorbed on the GNR surface can be maximized by plasmon resonance with
excitation wavelength, effectively optimizing contributions from the localized

electric field for a given aspect ratio.®!
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Figure 1.03. Schematic representation shows transverse and longitudinal LSPR
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Figure 1.04. Localized surface plasmon extinction spectra of 40 nm spherical

gold NPs and GNRs of three-different aspect ratios (I/d = 2.4, 2.8 and 3.2).

1.4 Gold nanoparticles in biological sensing

In the past decade, there has been an increasing number of scientific
reports detailing the modification of nanoparticles and their incorporation into
bioassays.®”® At the forefront, the application of spherical GNPs has
continuously received attention, and several reviews are dedicated to these noble

14. 6264 potential applications of GNPs in biosensing have

metal nanoparticles.
required the design of a new class of nanomaterials commonly known as bio-
nanoparticle conjugates. Formation of bio-nanoparticle conjugates by
immobilization protocols was first demonstrated in 1990s with enzyme-conjugate

gold nanoparticles.”” Different approaches have been reported towards GNP

surface modification and conjugation with a variety of biological molecules such
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as nucleic acids,66 enzyrnes,67 antibodies®® and others. The details of biomolecule

conjugation to NPs will be covered in section 1.5.

1.4.1 Label-free LSPR-based biosensing.

Recently, LSPR-based biosensors have been developed to complement
surface plasmon resonance (SPR) sensors.”” The LSPR peak wavelength of noble
metal nanoparticles is sensitive to their surface-bound molecules and the
surrounding environment. There are several research areas that utilize this
sensitivity in LSPR sensing that typically consist of NPs immobilized on a
substrate such as a glass slide and serve as a sensing platform to detect binding
events by monitoring the extent of Ay, shift.”>”® A UV-vis spectrophotometer is
normally employed to measure the LSPR extinction spectrum of GNPs. Another
type of LSPR sensor can be fabricated simply by suspending NPs in a solution to
form a solution phase LSPR sensor. In this format, the aggregation of GNPs of
appropriate sizes (diameter > 3.5 nm) induces inter-particle surface plasmon
coupling, resulting in a visible color change from red to blue at nanomolar
concentrations that can be readily monitored by conventional UV/vis
spec‘[rophotometry.74 Many LSPR sensors using metal nanospheres have been
developed for detection of large molecules, such as DNA and proteins.'"
However, detection of small organic molecules based on LSPR sensors is still a
challenge because the dielectric constant changes induced by small molecules are
much lower than that by large molecules. For this reason exploring elongated

GNPs such as GNRs is a way to improve sensitivity factor.”®
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1.4.2  Fluorescence quenching biosensing

GNPs can serve as excellent fluorescence quenchers due to their high
molar extinction coefficients and broad energy bandwidth.”” Tang and co-
workers have designed a fluorescence quenching-based cholesterol sensor by
using B-cyclodextrin functionalized GNPs.”® Ni and co-workers have shown that
single strand oligonucleotide functionalized GNPs with fluorophore terminal can
assemble into a constrained arch-like conformation.”” In this conformation the
fluorophore is efficiently quenched by GNPs due to close donor and acceptor
distance. Upon binding with the target DNA, the constrained conformation opens
and the fluorophore is separated from the GNPs, resulting in fluorescence turn

on.

1.4.3  Electrochemical biosensing utilizing GNPs.

GNPs feature an excellent conductivity, a high surface area and catalytic
properties that make them a great material for the electrochemical detection of a
wide range of analytes.go’ 81 GNPs have been used for enhanced electrochemical
detection of numerous small molecules including glucose, dopamine, uric acid,
etc. For example, Wang and co-workers have electrocatalytically detected
epinephrine using a self assembled dithiothreitol-dodecanethiol-gold colloid
modified gold electrode. The electrode reaction of epinephrine is significantly
improved at the nanogold electrode, providing a detection limit of 60 nM.* DNA
sensing has likewise been performed using GNPs-DNA conjugates on graphite
carbon electrode using methylene blue as an electroactive label by applying

14



differential pulse voltammetry™. The resulting system enhanced the response
signal during immobilization and hybridization by increasing the density of redox
active sites.”® Numerous examples of determining IgG® as well as IgE® via
GNPs-based electrochemical immunosensors can be found in the literature,

providing an IgG detection limit of picomolar, competitive with ELISA.

1.4.4 SERS biosensing.

Surface-enhanced Raman scattering is a vibrational spectroscopic
technique used to detect molecules on or near the surface of plasmonic
nanoparticles with high sensitivity, which greatly increased the role of standard
Raman spectroscopy.®’ Since its discovery in the 1970s,**"° SERS has been
applied to many analyses, especially in biochemistry and life science.”™ The
physical phenomenon behind Raman spectroscopy is the inelastic scattering of
photons by a molecule having quantized vibrational signature.* Raman
scattering is sensitive to different vibrational modes and consequently can
provide a “fingerprint” of the target molecules.” However, the direct application
of this technique in sensitive detection and identification of analyte molecules is
severely restricted owing to the low efficiency of inelastic photon scattering by
molecules such as biological molecules leading to a weak signal.”” The inherent
limitation of low scattering intensity arises from the fact that the Raman
scattering cross sections for molecules are usually small typically 10%°-10% cm?
molecules, 10-15 orders of magnitude smaller than that of a fluorescence cross
section. In the presence of plasmonic nanoparticles, however the Raman
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scattering intensity from a molecule can be enhanced by up to 10" ¥ % This
phenomenon has been attributed to two primary theoretical models,
electromagnetic (EM) enhancement and chemical enhancement (CE).

It is commonly thought that EM enhancements are the major contributor
to the SERS phenomenon. When incident light illuminates noble metal NPs, it
causes collective oscillations of the nanoparticle surface electrons (LSPR). When
the frequency of incident light is resonant with a plasmon, then the metal NP will
generate a dipolar field. A molecule near or adsorbed at the nanoparticle surface
will experience much-enhanced incident intensity that excites its Raman modes.
This enhancement has a strong molecule distance dependence feature: Only
molecules on or very close to the metal surface experience the enormous field

97-99
enhancement.

The EM enhancement mechanism does not totally explain all
the aspects of the SERS phenomenon. Researchers have only proposed a CE
mechanism, which is responsible for an order or two of magnitude of
enhancement to the Raman signal intensity. CE refers to the interaction between
adsorbed molecules and a metal surface. This is explained by the molecule
surface interaction inducing a novel charge transfer intermediate that has a higher
Raman scattering cross section than do those of the free Raman molecules that
are not adsorbed onto the NP surface.'**'"!

In two separate studies, the observation of a single molecule SERS for

dye molecules in silver colloid was reported. In the single molecule detection

cases, the combined Raman signal enhancement was nearly 14 orders of
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magnitude greater than those obtained in the absence of a metal nanoparticles.'”"
92 This high sensitivity laid the foundation for SERS labels of GNPs. The
development of these SERS labels is a significant step forward in biosensor
applications. These SERS labels exploit intrinsically strong Raman scattering of
aromatic compounds called Raman reporters, preparation of these SERS labels
will be discussed in details later in this chapter. These SERS labels offer some
main advantages over other optical probes, such as organic fluorescence dyes and

quantum dots (QDs).'"

For example, each label is coated with a large number of
reporters (10°-10%).'% Consequently, the response to an individual binding event
is therefore markedly amplified. Raman vibrational bands exhibits narrow line
width (<1 nm) compared to fluorescent bands (50 nm) thus, Raman based probes
are inherently suitable for multiplex analysis. The extremely short lifetimes of
Raman scattering prevent photobleaching, energy transfer, or quenching of
Raman reporters in the excited state'®”, rendering high photostability to SERS
labels. Optimal contrast can be achieved using visible to near infrared (NIR)
excitation to minimize the disturbing fluorescence of cells and tissues, enabling
SERS labels to be used for noninvasive imaging in living obj ects.'*

Mirkin and co-workers developed the quantitative SERS-based
multiplexed detection of DNA and RNA targets by employing GNP probes

107 For this

functionalized with oligonucleotides and Raman active dyes.
quantitative assay, dye-labeled GNP probes were captured by the target

oligonucleotide strands, followed by silver enhancement, generating detectable
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SERS signals exclusively from the Raman dyes immobilized on the particles,
with a limit of detection of 20 fM. GNPs functionalized with either protein
ligands or antibodies and Raman dyes to perform multiplexed screening of
protein-small molecule interactions and protein-protein interactions in a
microarray format was also reported.'®®

Biosensing applications of SERS labels of NPs were extended to in vivo
biosensing. One key for the use of SERS labels in living cells is sensitive
detection of cancer biomarkers on the cell membrane, demonstrating the potential
for high-throughput screening of cancer cells. Sha and co-workers reported
detecting circulating breast cancer cells in the blood by using a combination of
epithelial cell-specific, antibody-conjugated, magnetic probes anti HER2
antibody-conjugated SERS labels. Because the HER2 receptor is highly
expressed on the breast cancer cell membrane, SERS labels will specifically
recognize these tumor cells. Thus, the cancer cells could be detected rapidly, with
good sensitivity and calculated limit of detection of less than 10 cells/mL.'"”
SERS-based rapid screening of pathogenic bacteria has also been achieved
utilizing GNPs.®® ' Light scattering, absorption, and fluorescence arising from
biological samples limit the choice of Raman excitation wavelength to the near-
infrared (NIR) spectral region.''" ''* In this spectral region (700-1100 nm),

GNRs can be used as effective SERS-active nanoparticles as they exhibit a

tunable longitudinal LSPR band.'"
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Several aspects of SERS-based immunoassay utilizing SERS labels of
GNPs have to be carefully controlled to achieve quantitative and reproducible
results.'® The SERS response of GNPs is size and shape dependent, which
affects the overall intensity of the SERS signal.'® For this, uniform size and
shape of GNPs after any modification step should be assured. The colloidal
stability of functionalized GNPs is the other factor that needs to be strictly
controlled. The nanoparticle surface needs to be designed in such way that
prevents aggregation by maintaining a highly negative or positive surface

104

charge. ™ This is because aggregation of GNPs remarkably enhances SERS

4 g urther, the

signals in a manner that may result in irreproducible results.
antibody needs to be covalently linked to the surface to prevent desorption during
the assay, which could lead to a reduction in the signal.''”> Stable covalent bonds
can be formed by coating the GNPs utilizing thiolate ligands with a terminal
functional group such as carboxylic acid and with the aid of coupling reagents
such as N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS), carboxylic acid groups are activated for the
reaction with the amino groups from biomolecules such as antibodies forming an

amide linkage."'®'"’

1.5 Surface modification of metal nanoparticles
The surface plays an important role in the properties of metal
nanoparticles, including the solubility, colloidal stability, and electronic
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11
structure. 8

At the same time, the surface plays a vital role in the conjugation
with target molecules for biosensing application. During growth of the metal
NPs, stabilizing agents are present to prevent nanoparticles aggregation and
precipitation. Various organic and inorganic materials have been utilized as
capping materials on the NP surface through covalent or ionic interactions.''* '*°
These capping molecules can preserve the colloidal stability of the nanoparticles
in solution. Tuning the surface capping materials of the nanoparticles allow one
to tailor the optical and electronic properties and so the application of these
nanoparticles.

Nanoparticle-based SERS labels are created by attaching Raman reporters
to the surface of metal NP that results in a known SERS spectrum of the Raman
reporter. Attaching Raman reporters onto metal NP surface can produce probes
with SERS signal that are ready for biological labeling. A simple metal
nanoparticle-Raman conjugates usually lack colloidal stability. Hence, carefully
designed coating materials are essential to maintain colloidal stability, reduce
non-specific binding of interfering molecules in the biological sample and
provide terminal functional group available for further conjugation with
biological molecule.'® '*! Once this basic structure is established, a bio-
recognition element such as an antibody may be added to render the label with

stability and a selective binding feature. This conjugate of biological molecules

with NP modified with Raman reporter is called extrinsic Raman label (ERLSs).
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A variety of surface coating materials and encapsulation methods have
been proposed for surface modification of GNPs. In general, there are two
strategies applied for this purpose: (1) ligand exchange and (2) surface covering.
Ligand exchange can be used to replace the original coating of the GNP with a
different ligand. Since there is a strong affinity between sulfur and gold,
molecules containing thiol or disulfide functional groups are often used. These
are allowed to self-assemble at the GNP surface as a result of the specific
interaction of the sulfur end-group with the gold surface.'** '*

Spontaneous self-assembly of n-alkyl thiolate ligands on gold surface
form a well-ordered monolayer is illustrated in Figure 1.05. The benefits of
employing thiolates to modify gold surfaces include ease of use, reproducible
film formation, and wide compatibility due to the flexibility of the terminal
group. The adsorption process consists of several steps that include diffusion to

124

the surface and re-arrangement into a crystalline film.*" It is generally

understood that thiols and disulfides adsorb to gold as thiolates.'** Typically, the
crystallinity of the adlayer is dependent on the type of thiol used. Long
alkanethiols (C >8) produce more densely packed, organized structures through
van der Waals interactions between the alkyl chains which aids in monolayer

125

packing. ~” Further, it was determined that the molecule orientation at the gold

surface is typically tilted with respect to the surface normal in order to maximize

126, 127

intermolecular forces. The thiol-terminated polyethyleneglycol (PEG) is
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another popular ligand that is commonly used for GNP surface modification.'**

L

n-alkyl thiolate SAM

129

n-alkyl thiol
——

Gold surface

Figure 1.05. Schematic illustration of spontaneous self-assembly of thiol ligands

on gold surface forming a well-ordered thiolate monolayer.

There are many advantages of using thiolated PEG may include for example,
PEG is nontoxic, a water-soluble polymer so that the modification of GNPs can
be conducted in an aqueous solution, a weak affinity to interference molecules,
and an excellent biocompatibility.'”® ** ! Other polymers have been also
explored such as polyvinylpyrolidone polymer'** and chitosan.'** '*

GNP surface coating is another approach in NP surface modification,
which aims to introduce an additional coating to cover the entire surface of NP.
Liposome coating for NPs was reported because of their ability to self-assemble
into organized structures. Furthermore, the stability and targeting properties of

liposomes can be provided by the lipid vesicle itself and by the targeting

molecules bound to lipid anchors."*> *® Silica coating is another attractive
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coating method that provides colloidal stability, water solubility, low nonspecific
binding, and ease of further modification in biological systems.'® %7 In 2003,
two groups simultaneously reported creating silica-coated, dye-linked, GNPs for
use as SERS labels by hydrolysis of sodium silicate.'”> *” However, it requires
time-consuming pretreatment steps such as dialysis, ion exchange, and a

8 Caruso and co-workers have

preparation time exceeding 30 hours."
demonstrated an easy way of surface covering is to coat the charged surface of
GNPs with oppositely charged polyelectrolytes through the use of electrostatic
absorption, this method is called layer-by-layer (LBL). In this method,
electrostatic attraction between alternately deposited charged species of proteins
and polyelectrolytes is used to form multilayers on the gold colloid surface.'*’

However, coating of NPs prepared by this electrostatic force method normally

suffers from poor stability and poor uniformity.

1.5.1 Preparation of ERLs.

In 1999, Porter and co-worker pioneered SERS-based immunoassays that
utilized bio-conjugated spherical gold NPs. The method exploited the SERS
derived signal from Raman reporter molecules that are co-adsorbed with capture

antibodies on the GNP surface to serve as ERLs.'*

Porter and his research group
developed three types of ERLs. Figure 1.06 illustrates the three proposed
schemes for ERLs fabrication. The first scheme is for the first introduced type of

ERLs used co-adsorbed antibodies and Raman reporter molecules in a mixed
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monolayer. The second scheme is for ERLs modified with a bifunctional
molecule that has a large scattering cross section and a reactive moiety (e.g.
succinimidyl group) to covalently couple a capture antibody. A number of
bifunctional molecules were tested such as 5,5’-dithiobis (succinimidyl-2-
nitrobenzoate). This molecule has an aromatic nitro group, which has a large
scattering cross-section and disulfide moiety that reacts with gold by cleaving
and forming a thiolate layer. The third scheme depicts designed ERLs with a
mixed thiolate layer of antibody linkers and Raman reporter molecules. An
example of an antibody linker is dithiobis (succinimidyl propionate) that has a
small scattering cross section. Thus, the second thiolate is selected to have a large

Raman cross-section (e.g. 4-nitrobenzenethiol).'"

1.6 Motivations and goals

As introduced in this chapter, there are a tremendous number of
biosensing applications utilizing spherical GNPs. In parallel, there are a
considerable number of studies proved that when spherical nanoparticles are
transformed into one of arbitrary shape of NPs such as GNRs, the LSPR of these
rods are significantly affected, typically red-shifting and generating stronger
electric field at the rod surface especially at the corners. Because of the challenge
of GNR surface modification, a limited number of research groups exploited the
biosensing application of GNRs. This is the drive towards modifying the GNR
surface, and preparing SERS labels of GNRs (Chapter 2) to be tested in SERS-
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Figure 1.06. Schematic illustration of three types of ERLs; ERLs based on co-

adsorption of antibodies and Raman reporter molecules (Scheme 1), ERLs with a
monolayer of bifunctional coating (Scheme II), and ERLs with a mixed

monolayer of Raman reporter and antibody linker (Scheme III).
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based assays (Chapter 4 and 5).

In Chapter 2, the goal is to replace cetyltrimethylammonium bromide
(CTAB) coating of GNRs with a mixed thiolate monolayer of a Raman reporter
such as 4-nitrobenzenethiol (tNB) and a thiol linker that provides terminal
functional group for further conjugation with a biomolecule as well as preserves
the colloidal stability of the GNRs in solution. Chapter 3 serves as an extension
to the previous chapter and is meant to provide an experimental investigation of
SERS intensity of 30 nm diameter spheres of GNPs and GNRs of four-different
aspect ratios. These GNPs will be prepared as SERS labels and be examined in
solution to show the benefits of employing nanorods over spherical NPs.

Building upon the knowledge acquired from Chapter 2 and 3, the
motivation behind Chapter 4 and 5 was to take advantage of the richness of
Raman signatures and terminal functionality of modified GNRs, and applying
this to prepare bioconjugate of these rods to be used as extrinsic Raman labels
(ERLs) in SERS based-assays. A SERS-based sandwich immunoassay with
ERLs of GNRs was developed for quantitative analysis of goat IgG as a model
system for IgG detection (Chapter 4). Indirect competitive SERS based-assay
utilizing thyroxine-conjugated GNRs is developed for quantitative analysis of
free thyroxine (fT4) as a model system for detection of a small metabolite
molecule (Chapter 5). ELISA will be used to benchmark our SERS-based assay
for fT4. The constructed SERS calibration curve for these six standard solutions

of T4 will be compared to the ELISA calibration curve for the same standards to
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compare the analytical performance of a SERS-based competitive assay utilizing

fT4-conjugated GNRs to an already established detection technique.
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2 Chapter II

Formation of SERS active mixed monolayer of gold nanorods

2.1 Introduction

This chapter explores the surface modification of
cetyltrimethylammonium bromide (CTAB) capped gold nanorods (GNRs) to
serve as water-soluble surface enhanced Raman scattering (SERS) labels for
biosensing applications. Other laboratories have reported the use of either gold or
silver nanorods as SERS substrates. Nikoobakht and coworkers reported surface
enhancement factors of ~10° for 2-aminothiophenol on individual and aggregated
GNRs. ' 14 Murphy and coworkers use GNRs and other nanoparticles
morphologies immobilized on self-assembled monolayers on planar substrates to
sandwich Raman reporter molecules via electrostatic interaction. While
enhancement factor of 10® were estimated for 4-mercaptobenzoic acid monolayer
using nanorods in this geometry, the nanorods aspect ratio dependence on SERS
response was not observed due to plasmon coupling between the nanoparticles
and the gold surface.'** Recent studies on SERS with the GNRs based on Raman
reporter molecules, which were separated at a fixed distance from the surface of
the GNRs and this was accomplished by employing an ultra-thin silica shell.'*®
Murphy incorporated a Raman dye such as methylene blue (MB). The MB

molecules were then trap-coated by an additional polyallylamine hydrochloride

following a layer-by-layer (LBL) method.'* All of these studies proved that the
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GNRs are promising SERS candidates. However, the chemistry for replacement
of CTAB and surface functionalization with high cross section Raman molecules
for maximum SERS enhancement are still challenges.

Commercially available GNRs are typically synthesized in the presence
of CTAB surfactant. CTAB forms a tightly packed bilayer on the side faces of
GNRs and leaves the ends of the rods more exposed for anisotropic growth along
the longitudinal axis.'** '* The CTAB plays two important roles. Firstly, CTAB
is widely employed to control and direct the growth of the GNRs into the desired
sizes and shapes that are correlated to the desired wavelength of light that these
nanorods can absorb and scatter.'*> '* Secondly, the CTAB bilayer provides a
positively charged surface that repels the individual nanorods from each other
and prevents aggregation in solution.'*’ Despite the high stability of the CTAB
capped GNRs in aqueous solution. The CTAB lacks functionalization sites,
which hampers the GNRs application in chemical and biological sensing.'*® A
number of groups have studied CTAB displacement and exchange with other
gold binding ligands such as alkane thiols. However, direct exchange of the
CTAB with alkane thiols has, so far, not been achieved without significant
irreversible aggregation of the GNRs.'* ™ Complex protocols have been
developed including a strict procedure with precise temperature control and
modification within an ionic exchange resin to move towards complete coverage
of the GNR surface with alkane thiols."”" '** In recent work, biocompatible

polymers have been explored as simple models to maintain colloidal stability and
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provide specific functionality to the GNRs. For instance, thiolated
polyethyleneglycol (PEG),'> carbohydrate-based polymer (Chitosan),"* lipid

5> and phospholipids'®® have been demonstrated to replace the CTAB

bilayer,’
bilayer. It is unknown how much CTAB is left on the GNR surface after
modification. Murphy and coworkers initially reported an alternative method that
is commonly used for functionalization of the GNRs. They utilized LBL
deposition of polyelectrolytes directly on to the CTAB bilayer surrounding the
GNRs, 143157

Herein, we are studying functionalization of GNRs to be used as SERS
labels for future biosensing applications. We looked for a rational design based
on exchange of the CTAB cap with ligands to serve as a Raman reporter,
maintain the colloidal stability of the GNRs and provide anchor points to be
ready for linking to biological molecules. Figure 2.01 presents the proposed two-
step scheme for functionalization of the GNR surface. The first step included
displacement of the CTAB bilayer with 2-(2-{2-[2-(2-[2-(11-mercapto-
undecyloxy)-ethoxy]  ethoxy)—ethoxy]-ethoxy}—ethoxy)-ethoxy—acetic  acid
(HSC,1(EO)¢~COOH). Based on previous work, the —SC;;(EO)s~COO
molecules initially adsorbs on the ligand-free (111) ends of the GNRs."® Then
the —SC;1(EO)s~COO" exchanges with the CTAB molecules on the (110) or
(100) crystal faces™ '*® due to the higher affinity of thiolate than bromide ions

towards gold. The second step includes incubation of the —SC;;(EO)s~COO

modified GNRs in 4-nitrobenzenethiol (tNB) solution.
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Figure 2.01. Schematic representation of the two-step procedure proposed to
produce SERS labels of GNRs. A) CTAB capped GNRs, B) —=SC;;(EO)¢~COO

modified GNRs and C) —=SC;;(EO)¢~COO" /tNB modified GNRs.
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In this work, we characterized the GNRs before and after each
modification step in Figure 2.01. X-ray photoelectron spectroscopy, Zeta
potential and high resolution transmission electron microscopy (HRTEM)
measurements were utilized to track replacement of the CTAB capping material
with -SC;;(EO)s~COQO™ and tNB. Also, HRTEM images for GNR crystal face
were used to study sites of ligands exchange. UV-visible extinction spectra
coupled with scanning electron microscopy (SEM) images were used to study
colloidal stability of GNRs. SERS spectra were collected for the GNRs before
and after each modification step to show the replacement of the gold bromide
Raman signal of CTAB capped GNRs with the Raman fingerprint. To the best of
our knowledge, these are the first CTAB-free GNRs reported as SERS labels

with these characteristic activated surface features.

2.2 Experimental

2.2.1 Reagents and Materials

Cetyltrimethylammonium bromide (CTAB) capped GNRs were
purchased from NanoPartz, Loveland Colorado, U.S.A. Purchased solutions
contained 8.31 x 10'® GNRs per mL with 60 + 5 nm length, 25 £ 5 nm width and
an aspect ratio of 2.4. 2-(2-{2-[2-(2-[2-(11-mercapto-undecyloxy)-ethoxy]
ethoxy)—ethoxy]-ethoxy}—ethoxy)-ethoxy—acetic acid (HSC;;(EO)s~COOH,

MW= 526.73 g/mol) was from ProChimia, Poland. A solution of 40 mM
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HSC;1(EO)s~COOH was prepared in deionized water. 4-nitrobenzenethiol (98%)
was from Aldrich. 4 mM 4-nitrobenzenethiol (tNB) solution was freshly prepared
in 20% anhydrous ethanol (Quantum Chemical, Victoria, Australia) and 80%
deionized water with a Millipore Milli-Q Plus purification system. The reason for
preparation of tNB in a mixture of 4: 1, water: ethanol was to avoid GNR
aggregation. El-Sayed and coworkers demonstrated induction of GNRs
aggregation when absolute alcohol was used as solvent.''* Although, a
considerable amount of black precipitate of aggregated GNRs was observed
when 10 mM of HSC,;(EO)¢~COOH was tried first to replace the CTAB cap of
GNRs, these aggregates were not observed at higher concentrations of 40 mM
HSC,1(EO)s~COOH. UV-visible extinction spectroscopy and SEM imaging

confirmed these observations.

2.2.2  Preparation of GNRs as SERS labels

Replacement of the CTAB cap with —SC,;(EO)¢~COO/tNB. The

commercial GNR solution contained excess free CTAB, CTAB-capped GNR
solutions were purified from excess CTAB by centrifugation once at 8000 rpm
for 10 min and 25 °C in an Eppendorf a5417R microcentrifuge. The pellets of
GNRs were dispersed in 1 mL of 40 mM HSC,;;(EO)s~COOH, sonicated for 1
min and allowed to stand with intermittent gentle shaking for 24 h for the
exchange reaction to take place at room temperature. After 24 h, GNRs were
sonicated for 1 min and centrifuged once at 8000 rpm for 10 min then the
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supernatant of excess HSC1;(EO)s~COOH was removed without disturbing the
pellets. The pellets were either resuspended in 1 mL of deionized water for
characterization or in 4 mM tNB for further modification as discussed below.

Incorporation of Raman reporter (tNB) molecules onto the GNR surface.

The —SC;1(EO)s~COO™ modified pellets were resuspended in 1 mL of 4 mM tNB
in a mixture of 4: 1, water: ethanol. The GNR suspension was sonicated for 1 min
and allowed to stand for 24 h at room temperature with intermittent gentle
shaking. The excess of tNB and any HSC;;(EO)s~COOH in the solution were
removed by centrifugation once at 8000 rpm for 10 min and the pellets were
resuspended to ImL in deionized water for surface characterization to confirm

modification. The modified GNRs were stable and stored at 7 °C until use.

2.2.3  Instrumentation

UV-vis extinction spectroscopy. UV-visible extinction spectra for GNRs

in aqueous solutions were measured on a Perkin-Elmer Lambda 35 UV/VIS/NIR
spectrometer with a 10 mm optical path length and 1 nm bandwidth. Deionized
water was used as the blank.

Scanning electron microscopy (SEM). SEM images were performed

firstly to explore the degree of GNR dispersion after modification. SEM sample
was prepared by drop casting 20 uL of the modified GNRs on a clean gold-
coated substrate (200 nm thick films) and left to air-dry. Secondly, SEM images
were collected to count the density of GNRs dried on (1 in. % 1 in.) fused silica
wafers and examined by XPS and SERS. SEM images were collected using a
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Hitachi S4800 FE-SEM system (Hitachi Scientific Equipment). Image
acquisition on the Hitachi SEM was carried out with a 20.00 kV accelerating
voltage and a 15 pA emission current. The working distance was approximately
10-15 mm.

High resolution transmission electron microscopy (HRTEM). HRTEM

imaging was used to examine the atomic structure of the GNR crystal surfaces
and to characterize the film thickness. Nanopartz GNRs were centrifuged three
times at 8000 rpm for 10 min to remove excess CTAB molecules in solution and
the pellets were resuspended in deionized water. The CTAB bilayer was removed
from the GNR surface on the TEM grid using ozone treatment (UVO-Cleaner,
Model No. 42, Jelight Company Inc.) for 20 min. High-resolution TEM images
were captured using a JEOL ARM200F TEM/STEM microscope with a 200 kV
cold field emission gun. Spherical aberration corrector for electron optic system
has achieved a scanning transmission image (STEM-HAADF) resolution of 0.08
nm instruments. Secondly, HRTEM images were taken to measure the coating
thickness after modification. TEM grids (carbon coated copper grid) were
prepared by drop casting 2 uL. of CTAB capped GNR and —SC;;(EO)¢~COO
modified GNR solutions on the TEM grids. The solutions were wicked through
the grid by touching the underside to filter paper, and then left to air-dry before
analysis. This method was used to avoid forming specific patterns of GNRs on

the grid surface due to water evaporation.'” These HRTEM images were
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obtained with a JEOL 2200FS TEM/STEM microscope with a 200 kV field
emission gun and in-column energy filter (Omega Filter).

X-ray Photoelectron Spectroscopy (XPS). XPS samples of CTAB capped,

—SC11(EO0)s~COO" and —SC;;(EO)¢~COO/tNB coated GNR solutions were
prepared by placing 20 pl of each GNR solution x 4 onto 1 in. % 1 in. fused silica
wafers and left to air-dry. The XPS analysis was performed at the Alberta Centre
for Surface Engineering and Science (ACSES) using an Axis-Ultra Spectrometer
(Kratos Analytical). The monochromatic Al Ka source (hv =1486.6 eV), was
operated at a power of 210 W, and the analytical chamber were maintained a base
pressure lower than ~ 4 x107 Pa. The spot size was 400 x 700 pm. High-
resolution spectra were collected for N 1s, Br 3d, O Is and S 2p with pass energy
of 20 eV and a step size of 0.1 eV. All spectra were referenced to the C 1s peak at
284.8 eV. The XPS data was processed with CasaXPS version 2.3.15.

Zeta potential measurements. 1 mL solution of CTAB capped solution,

—SC1(EO)s~COO" and —SC;(EO)¢~COO/tNB coated GNR solutions were
measured with a Malvern Zetasizer Nano ZS with 633 nm laser at 25 °C for 10
seconds and 3 runs for each sample. The three samples were prepared in
deionized water with pH 7.

Surface enhanced Raman scattering (SERS). Three GNR samples

prepared similarly to the GNRs samples examined by XPS were drop cast on
silica wafers and further characterized by SERS silica wafers were used in these

experiments because they are relatively inert to interactions with CTAB. SERS
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spectra were recorded with a Renishaw inVia Raman Microscope equipped with
a high performance near IR diode (785 nm with a 40 x 2 um spot size, 1200
I/mm) laser, and a CCD detector. Laser power at the sample was 14 mW,

50xmicroscope objective, and the integration time was 10 s.

2.3 Result and Discussion

There has been significant interest in functionalizing the GNR surface
through displacement of the CTAB cap to obtain GNRs with specific
functionality for biosensing applications. Although different coating materials
have been reported to modify GNRs, direct proof to support complete
displacement of the CTAB capping molecules has been limited. In addition,
SERS applications of GNRs are still confined to preferentially adsorbed Raman
reporter molecules at the (111) free ends of GNR and/or the weak Raman signal
of the CTAB bilayer.”” ''* ' Recently, methylene blue has been incorporated
within the CTAB bilayer via electrostatic interactions and SERS spectra for
methylene blue were obtained.'®" Our approach is to modify the surface of
synthesized CTAB capped GNRs to prepare SERS labels in an aqueous solution
with maintaining their colloidal stability and the ability to further functionalize
via terminal carboxylic acid group.'®*'® The modified surface of the GNRs was
characterized with different spectroscopic techniques and electron microscope

imaging.
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2.3.1 Tracking the replacement of CTAB with —SC;;(EO)s~COO and 4-
nitrobenzenethiol

X-ray photoelectron spectroscopy (XPS) characterization. XPS is a

surface sensitive method for surface characterization, in which information on
chemical bonding and elemental composition is provided.'®* '®® For this work we
are mainly interested in the degree of CTAB replacement by —SC;;(EO)s~COO"
and tNB. XPS were collected for three samples CTAB capped GNRs,
=SC1(EO)¢~COO" modified GNRs and —SC;(EO)s~COO/tNB modified GNRs.
Representative spectra are shown in Figure 2.02. Table 2.1 summaries the XPS
data for three XPS samples, presents: the experimental calculated O/N ratio, the
number of the GNRs counted manually from SEM images for three XPS
samples, and the zeta potential measurements for three GNR solutions. It was
previously reported that CTAB is bound to the surface through electrostatic
interaction between cationic quaternary amine head and bromide ions that has a
good affinity to gold.166 Thus, the detected features for the XPS spectrum of
CTAB capped GNRs are the presence of Br 3d and N 1s peaks. Figure 2.02A
presents high-resolution Br 3d XPS spectra recorded for CTAB capped,
—SC11(EO)s~COO™ and —SC;1(EO)s~COO/tNB coated GNRs. XPS spectrum for
CTAB capped GNRs exhibit a significant peak at 67.8 eV due to bromide ions
from CTAB.'" '® Second peak at 68.3 eV was assigned by other research
groups to AgBr because AgBr was used during GNRs synthesis and found in

commercially available CTAB capped GNRs.'®” A sharp decrease of the Br 3d
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signal was observed for —SC,;(EO)¢~COO" modified GNRs. Importantly, no Br
3d signal was detected at 67.8 eV for —SC;;(EO)s~COO/tNB GNR modified
GNRs, which demonstrated displacement of the residual CTAB molecules on the
GNR surface after modification.

Figure 2.02B presents high-resolution N 1s XPS spectra taken for three
GNR samples and shows the characteristic signal located at 400.1 eV assigned
for N 1s quaternary amine head of CTAB. The energy of the N 1s peak was
consistent with that of a protonated amine group assigned by previous reports.' "’
Close examination of the high resolution N 1s spectrum from the
—SC11(EO)s~COO™ modified GNRs produces a lower intense peak at 400.1 eV
that assigned to a quaternary amine head of the CTAB molecules, and a second
broad peak at 402.4 eV could be corresponding to N 1s peak for inner layer of
CTAB capped GNRs."”' This up-shift in the N s peak binding energy value
corresponds to the decrease in charge transfer from the bromide ion to the
positively charged N center of tetra-methylammonium head of inner CTAB
layer due to the presence of Br-Au. However, this new N 1s peak at 402.4 eV
could not be seen with the CTAB capped GNR sample. This observation can be
reasoned by highly intense signal of CTAB well packed out layer that may shield
N 1s signal from inner layer. Although, no signal from the N 1s signal CTAB
was observed after incubation of —SC;;(EO)¢~COO™ modified GNRs with tNB, a
very small atomic concentration of N was detected. This could correspond to a

the nitro group of tNB.
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Another piece of supporting evidence is Figure 2.02C, which is the high-
resolution XPS S 2p spectra, collected from three GNR samples. Typically, the S
2p peak is absent in the CTAB capped GNR sample. The —SC;(EO)¢~COO
modified GNR XPS spectrum shows a single doublet with peaks at 162.2 and
163.4 eV due to the presence of bound —SC;;(EO)s~COO" ligand. The S 2p
spectrum acquired for this SAM had a doublet structure due to the presence of
the S 2p3/2 and S 2p1/2 peaks. This doublet peaks could be fit using 2:1 peak
area ratio and a 1.2 eV splitting. The binding energy of the S 2p3/2 peak was
162.2 eV, consistent with sulfur atoms bound to the GNRs as a thiolate species.
This agreed with the S 2p binding energy reported in the SAMs of alkane
thiols.'”> '* However, sulfur species with S 2p3/2 binding energy above 165 eV
were unbound thiols. These unbound thiols could be either lying on top of the

SAM or partially penetrating into the SAM.'"*

It was noticeable weak XPS signal
of S 2p, which can be explained by the attenuation of sulfur signal due to
inelastic scattering from the long hydrocarbon chains of SAM as has been
reported by Whitesides and coworkers.'”

Table 2.1 presents sharp drop in Br and N atomic concentrations was also

recorded from 2.4 and 4%, respectively for CTAB capped GNRs to 0.01 and

0.06%, respectively for —SC;;(EO)¢~COO/tNB modified GNRs. A slight
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Figure 2.02. High-resolution XPS spectra for A) Br 3d, B) N 1s and C) S 2p

peaks collected from the GNR samples before and after modification.
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increase of sulfur atomic concentration was detected after tNB labeling from 1.47
to 1.67%, which can be attributed to incorporation of the tNB. The increasing
ratio of O/N for GNR modified samples confirmed exchange of CTAB with
thiolate ligands. The density of the GNR sampled was calculated by counting the
average number of the GNRs measured by SEM micrographs to help in
interpretation of the differences in the elemental composition related to how
many GNRs has been examined. Zeta potential measurements for three GNR
solutions were collected to track CTAB replacement with thiol ligands, which is
discussed below.

Zeta potential characterization. The sign and the magnitude of the zeta

potential are directly proportional to the sign and the magnitude of the surface

charge density of a particle."*> '

In this work, we utilized zeta potential
measurements coupled with XPS results to show successful CTAB coating
exchange by the negatively charged —SC,;(EO)¢~COQO" ligand. The zeta potential
measurements of the GNRs before and after modification are presented in Table
2.1. The zeta potential of the CTAB capped GNR solution after modification
with —SC;1(EG)¢COO™ changed from a highly positive (+36 mV) to a negative
value (—16 mV), indicating the successive exchange of the positively charged
CTAB by negatively charged —SC;;(EO)¢~COO". Although, the number of
CTAB molecules left on the surface was not determined in this study, the

lowering of zeta potential indicates that it is possible to displace most of the

CTAB.
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Table 2.1. XPS atomic concentrations of Br, N, S and O for the CTAB capped
GNRs and after CTAB replacement with —SC;;(EO)s~COO  and

—SC11(EO)¢~COO™ /tNB.

*GNR Zeta

System Atomic concentration (%) | O/N | density/ | potential

Br3d [N1s [ S2p | O1s um’ mV

CTAB capped 2.4 4 0.01 | 5.2 1.2 | 60+8 +37+£2

GNRs + + + +

0.7 1 0.3 0.2

—SC11(E0)~COO™ | 042 [1.19 | 15 | 23 | 21 | 556 | -16+2

modified GNRs + + + + +

0.05 | 0.07 | 0.1 3 2

—SC11(EO)¢~COO™ | 0.01 | 0.06 | 1.8 25 410 | 49+9 33+2
/tNB modified + + +

GNRs 0.2 2 2

* The listed values are averages based on n=3 measurements for number of GNRs
counted manually from SEM images. SEM images were collected for XPS

samples before being examined by XPS analysis.
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Incubation of the —SC;;(EO)¢~COO™ modified GNRs in tNB solution provides
particles with a more negative zeta potential, —33 eV. This corresponds to near
complete displacement of the CTAB as indicated by the XPS. Particles with a
zeta potential of -33 eV are expected to maintain colloidal stability in solution,
which is observed as discussed below.

HRTEM film thickness measurements. CTAB capped gold nanorods and

—SC11(EO)s~COO™ modified GNRs were imaged with HRTEM to quantitatively
measure the layer thickness. Previously, HRTEM has been used to image

T PEG coating™® and polyelectrolyte films on GNRs.'** '** So far

aliphatic thiols,
there has been no direct visualization of the CTAB coating by HRTEM. Our
experiments agree with this. Figure 2.03A is a HRTEM image of a CTAB coated
GNRs. No evidence of the coating is observed. Estimates for the thickness of
CTAB bilayer on the GNR surface are generally not reported because of its non-
covalent binding to the gold surface and dynamic equilibrium of CTAB bilayer
with free CTAB molecules in solution.”” '** 7817 Gémez-Grafia and coworkers
recently used small angle X-ray (SAXS) and neutron (SANS) scattering to
estimate the thickness of CTAB bilayer as 4-5 nm, which is less than a fully
extended bilayer thickness of 5-6 nm. This is due to the partial intercalation
between the two CTAB layers.'®

Part B and C of Figure 2.03 are the HRTEM images of GNRs after

reaction with HSC;(EO)s~COOH. A faint layer with a thickness of 2.2 + 0.6 nm
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Figure 2.03. Bright field
HRTEM images of (A)
CTAB coated GNR, (B) and

©) —SC1(EO)s~COO
coated GNR. The thickness
of the —SC;1(EO)s~COO
layer was measured to be 2.2

+ 0.6 nm.
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is observed on the (110) and (111) crystal faces. The theoretical monolayer
thickness for alkane thiol with Cis to Cys is in range of 2 — 3 nm,lgl’ 182 in
comparable agreement with our HRTEM thickness of 2.2 &+ 0.6 nm. Importantly,
the thin film of —SC;;(EO)¢~COQO" is observed on both the (111) and (110)

crystal faces, consistent with the replacement of the CTAB.

2.3.2 Sites of exchange

HRTEM characterization of a single GNR crystal faces. Atomic scale

defect structures of GNR surface were reported by Harmer and coworkers using

HRTEM images and electron diffraction of a single GNR.'*?

They observed that
the (110) faces are uneven or ridged. This has important implications in
modification of GNR surface and exchange of molecules on the (110) GNR faces
in order to be used in sensing applications.'"™ We investigated the atomic
structure of the GNR surface using HRTEM. The HRTEM images in Figure 2.04
show that both (110) and (111) crystal surfaces are not atomically flat. These
images reveal atomic scale step sites on both the (110) and (111) crystal faces of
the GNRs. The existence of these step sites can lead to packing defects in the
CTAB bilayer and therefore provide a site for replacement with
—SC11(EO)s~COO'". These steps can also serve as insertion points for the tNB. In

addition, long chain n-alkyl thiol SAMs (n >18) on gold nanoparticle surfaces are

not perfectly crystalline, as revealed by the He diffraction in previous

46



Figure 2.04. HRTEM images show atomic structure of a single GNR A) (110)
face and B) (111) end. Non-atomically flat surface is visible due to structure

defects. Red arrows points to atomic step sites on the GNR crystal faces.
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studies. '** 1% Similar disorder in the —SC11(EO)¢~COO™ monolayer could also
facilitate incorporation of the tNB molecules into the GNR surface in the second

step of our method.

2.3.3 Colloidal stability

Extinction spectroscopy analysis and Scanning electron microscopy

(SEM) characterization. A commonly used technique to monitor gold

69, 75

nanoparticles modification is extinction spectroscopy. The position of the

186, 187 186, 187,

extinction band is influenced by the nanoparticle size, shape,

flocculation,'®® and dielectric constant of the particles and medium.'”” "7 1% [
the modification of the nanoparticle surface with organic molecules the dielectric
constant of the surrounding medium is changed, which in turn affects the LSPR
band position. This sensitivity towards changes in the dielectric constant of the
surrounding medium upon addition of organic molecules to the nanoparticle
surface can be employed as a diagnostic tool to verify a successful surface
modification. This is demonstrated by equation 2-01 that describes the effect of
changes in refractive index and adsorbed molecules thickness on the surface on
the shift in Amax.” The dielectric constant is the square of the complex refractive
index."”

AN = m (Madsorbate™ Mmedium) (1-€77'9), (2-01)
Here, AM is the wavelength shift, m is the sensitivity factor (nm /refractive index

units), n refer to the refractive index of either the adsorbate or the surrounding
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medium, d is the adsorbed molecules thickness (nm) and 1, is the electromagnetic
field decay length (nm). Typically, the refractive index of an organic monolayer
is 1.5-1.6"25 1%

Extinction spectroscopic results provide evidence for successful
replacement of CTAB with a mixed thiolate layer of —SC;;(EO)¢~COO7/tNB as
well as an indication of the colloidal stability of the modified GNRs. Figure
2.05A contains the extinction spectra of CTAB coated and mixed thiolate layer
coated GNRs. The CTAB coated rods exhibit a transverse plasmon band at 523
nm and a longitudinal band at 646 nm. These same bands were observed at 526
nm and 654 nm, respectively, for the —SC;;(EO)¢~COO/tNB coated GNRs. The
shifts in the localized surface plasmon resonance bands clearly indicated a
variation in the organic coating. However, the exact origin of the shift was
unclear. We hypothesized that the stronger interaction of the thiolate layer, along
with the tighter chain packing, results in a film with a slightly higher refractive
index. Also, the rapid exchange of CTAB molecules on the surface with those in
solution may result in a lower refractive index. The spectra in Figure 2.05A also
show that the full width at half-maximum (FWHM) of the longitudinal LSPR
bands for the CTAB coated and —SC;;(EO)s~COO/tNB modified GNR samples
are 30 + 2 nm and 35 + 3 nm, respectively. This result confirmed that the mixed
thiolate coated GNRs maintained their colloidal stability. As it is known that
aggregation of GNRs dramatically increases the bandwidth of the longitudinal

band.
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SEM imaging can also assess the aggregation for nanoparticles at various
stages of surface modification.'”'” For example, previous studies presented
SEM images showing the tendency for the nanorods to self-assemble particularly
in a side-to-side fashion which was driven by reducing the CTAB concentration
during sample drying.'”™ The self-assembly is theorized to be driven by the
hydrophobic force of the coating molecules to minimize their exposure to

Water.195—197

The SEM image in Figure 2.05B image investigates the degree of
dispersion of the mixed thiolate coated GNRs. Figure 2.05B does not reveal a
particular pattern of self-assembly of the GNRs due to CTAB exchange and / or
drying. Thus, we can conclude that the —SC;;(EO)s~COO" /tNB coated GNRs are
not aggregated and maintained their colloidal stability, likely by steric
interactions between the alkyl chains and / or electrostatic repulsion of

dissociated ~COO groups. These results support the zeta potential electrostatic

stability.

2.3.4 Surface enhanced Raman scattering (SERS)

To further characterize the GNR surface, SERS spectra were recorded for
three GNR samples including; CTAB capped GNRs, —SC;;(EO)¢~COO
modified GNRs and —SC;;(EO)s~COO/tNB modified GNRs, which are left to
air-dry on silica wafers. In this work, SERS spectra for three GNRs samples were

collected to study the replacement of Raman signals of CTAB cap with the
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Figure 2.05. A) UV-visible extinction spectra collected for GNRs, aspect ratio
2.4 before and after modification with —SC;;(EO)¢~COO and tNB. B) SEM

image of —SC;;(EO)s~COOQO" /tNB modified GNRs.
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Raman fingerprint of tNB. Previously, it was reported that the SERS spectrum of
CTAB capped GNRs displayed three specific Raman bands with an intense Au-
Br band at 183 cm™ and two bands at 760 and 1444 cm™ for H2CN+(CH3)3
symmetric stretching vibration and (CHy), scissoring vibration respectively, but
they were significantly weak.''* 1% 1

Figure 2.06 presents SERS spectra for three GNR samples before and
after each modification step. An intense Raman signal of Au-Br at 183 cm™ was
recorded for the CTAB capped GNR sample. This strong Au-Br Raman signal
for the CTAB was significantly decreased for —SC;;(EO)¢~COO™ modified
GNRs. However, no characteristic vibration modes for the CTAB were observed
in the SERS spectrum for the —SC;1(EO)s~COO/tNB modified GNRs. Intense
Raman fingerprint signals for tNB molecule were observed for the modified
—SC11(EO)s~COO™ /tNB GNR sample. This data demonstrates significant
exchange of the CTAB by —SC;1(EO)s~COQO™ molecules at the first step and then
exchange of the residual CTAB by tNB at the second step of the modification
scheme. These results were in agreement with XPS analysis (Figure 2.02).

Comparing the peak position for both Raman spectra of powder tNB and
—SC11(EO)s~COO/tNB modified GNRs supports the modification method. Table
2.2 summarizes the Raman peak assignments for tNB in powder and after being

incorporated into the GNR surface. Many of the bands in the powder spectrum
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Figure 2.06. SERS spectra on CTAB capped, —SC;;(EO)~COO" and
—SC11(EO)s~COO/tNB coated GNRs of aspect ratio 2.4. Three GNR samples
were drop casting to air-dry on silica wafer. A 785 nm laser was used to collect
the SERS spectra at 14 mW laser power and integration time of 10 s. Star bands
at 760 and 1444 cm™' are assigned for HzCN+(CH3)3 symmetric vibration and

(CH,), scissoring vibration respectively. The spectra were offset for clarity.
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were assigned in the spectrum after incubation of —SC,;(EO)¢~COO™ modified
GNR in tNB solution, though some have undergone a small change in position.
For instance, the symmetric stretch of the nitro group has shifted from 1342 to

1337 cm™, and the ring vibration mode has moved from 1576 to 1572 cm™.''>2%-

292 The C-S bending mode at 325 cm™ and C-S stretching mode at 438 cm™ in the
normal Raman spectrum of tNB powder have been shifted to 330 cm™ and 433
cm’. These shifts were indicative of interactions between the adsorbates and with
the gold surface.’”?

This suggests that —SC;;(EO)¢~COO™ adsorbs first on (111) crystal faces
of the GNR, which is free from any CTAB molecules. After that,
—SC11(EO)s~COO" displaces CTAB on other faces. In the second step of the
modification scheme, tNB molecules displace the remaining of the CTAB on
(110) crystal faces. Also, tNB molecules could be incorporated into the defaults
of —=SC;1(EO)s~COO  self-assembled monolayer (SAM).

142,204

The previously reported SERS signals were collected from tNB and

other Raman reporterssg’ 205

incorporated into the GNR surface directly in
presence of CTAB. However, in this work CTAB was replaced by a mixed
thiolate layer of —SC;;(EO)s~COO™ and tNB. The thiolate ligand such as
—SC11(EO)s~COOH introduced anchor points to the GNR surface to be further

conjugated with biological molecules via its terminal carboxylic acid groups as

will be discussed in the Chapter 4.
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Table 2.2. SERS peak frequencies and assignments for 4-nitrobenzenethiol from

pure powder and after adsorption on GNRs, &= bending, v= stretch and vs=

symmetric stretch.

Peak frequency/cm’ Peak frequency/cm’ Mode
Pure powder tNB on gold nanorods
- 275 Au-S
325 330 d(C-S)
737 724 C-H & C=C
wagging
856 853 (NOy) scissoring
933 (w) 933 (w) C-H and C-C
wagging
1010 (w) 1010 (w) Ring breathing
1089 1083 v(C-S)
1111 1109 Ring v(NO»)
1179 1176 d(C-H)
1342 1337 vs(NO»)
1576 1572 v(C=C)
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2.4 Conclusions

A method has been developed to displace the CTAB layer on GNRs with
a mixed thiolate layer that provides enhanced Raman signals. The degree of the
CTAB exchange was demonstrated by XPS analysis and supported by zeta
potential measurements. HRTEM images were used to measure the thickness of
the —SC,1(EO)¢~COO" coating. The high-yield of the functionalized GNRs was
confirmed by the colloidal stability, which was examined by UV-visible
extinction spectroscopy and SEM. Moreover, the characteristic SERS spectrum
of tNB incorporated onto the GNR surface as well as disappearance of Raman
bands from CTAB illustrated replacement of CTAB and incorporation of tNB
molecules onto the GNR surface. The strong SERS potential of the
—SC11(EO)s~COO/tNB modified GNR and the simplicity of their preparation
following the proposed scheme could guarantee their integration as SERS labels

in biosensing applications as discussed in Chapter 4 and 5.
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3 Chapter III

Effect of aspect ratio on the surface enhancement Raman

scattering of 4-nitrobenzenethiolate adsorbed on gold nanorods

3.1 Introduction

In Chapter 2 the modification of gold nanorods (GNRs) with 2-(2-{2-[2-
(2-[2-(11-mercapto-undecyloxy) -ethoxy] -ethoxy) —ethoxy] -ethoxy} —ethoxy) -
ethoxy —acetic acid (HSC;;(EO)¢~COOH) and 4-nitrobenzenethiol (tNB) was
introduced. The replacement of CTAB coating of GNRs with —SC;;(EO)s~COO"
and tNB was thoroughly characterized, and the surface enhanced Raman
scattering (SERS) of tNB was measured. This chapter will serve as an extension
that compares the SERS response of four-different aspect ratio GNRs and 30 nm
diameter spherical gold nanoparticles prepared following the scheme illustrated
in Figure 2.01. The motivation behind this study is to identify a suitable aspect
ratio of GNR for optimal sensing in a variety of biosensing applications.”” "2
The longitudinal localized surface plasmon resonance (LSPR) band of

GNRs can be tuned by different aspect ratios.'*> 1> 207- 208

This promotes the
experimental investigation of the SERS enhancement due to the influence of the
combinationof the three factors. First is the LSPR extinction peak position when

it is red-shifted towards the laser excitation wavelength. This is because the on-

resonance field enhancement at the surface of nanoparticles (NPs) can increase
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the Raman signal intensity of localized molecules by several orders of
magnitude.”® '°* 2212 Second is the shape of gold nanorods (GNRs) and the
presence of corners.”’® The theoretical calculated electric field distribution
around gold nanoparticles (GNPs) of arbitrary shape demonstrated stronger
localized electric field than that for spherical GNPs** ** 2!* 215 Because SERS
enhancement is proportional to the fourth power of the localized electric field,
molecules within ~10 nm of the metal surface can have their Raman active band
intensities increase by 6-10 orders of magnitude.”” *® Third is the larger
excitation coefficient calculated for GNRs than that for nanospheres.*'®
Orendorff and coworkers demonstrated that overlapping of the excitation
wavelength with the longitudinal LSPR contributed an additional 10-10°

enhancement in SERS intensity.*"’

However, they used GNRs with only two-
different aspect ratios for their study. For that, their study was limited to present
the SERS enhancement factor for on and off resonance and lacked the study of
aspect ratio effect on SERS enhancement. Other studies of the SERS rsponse of
metal NPs employ surface coatings such as silica or polyelectrolytes layers (as
introduced in Chapter 1) to trap the Raman reporter molecules on the surface, and

provide stability of the nanoparticles,”® 0% 132 217219

For example, Murphy and
coworkers synthesized GNRs of six-different aspect ratios in order to obtain
longitudinal LSPR bands in the range of 600-800 nm.*'’* Methylene blue (MB)

trapped-coated with polyelectrolyte multilayer, generated the Raman spectra used

to study the SERS dependence on aspect ratio. The authors noted differences
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between simulated and experimental SERS spectra. The area of concern
regarding this surface coating approach was uncertainty of the location of the
Raman reporter molecules within the coating thickness. In the molecular trapping
process, some Raman reporter (MB) molecules may be located at different
distance from the GNRs than others. There is a strong dependence of SERS
intensity on distance from the surface as shown in
Isers = (a+1/a)™, (3-01)

Where Igprs is the intensity of Raman mode, a is the average magnitude of the
electromagnetic field enhancing, and r is the distance between the Raman scatter

24, 220
and the surface.””

Thus any variation in the distance between the Raman
reporter molecules and the GNR surface will lead to large variations in the SERS
intensities.

Here, we utilized tNB molecules directly attached to the GNR surface of
four-different aspect ratios following the scheme in Figure 2.01. In our scheme,
we overcome the variation in SERS enhancement due to uneven deposits for
coating material*’’ over the CTAB capped GNR surface that may result in
significant difference in the study of aspect ratio dependence on SERS. We will
investigate the SERS dependence on longitudinal LSPR frequency by using
GNRs of four-different aspect ratios, which provide longitudinal LSPR bands at
wavelength ranging from 617 nm to 714 nm in order to study the optimal Raman

intensity using a 780 nm laser excitation wavelength. The results will be

compared with Raman intensity for 30 nm spherical GNPs with LSPR ~524 nm.
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3.2 Experimental

3.2.1 Reagents and Materials

Cetyltrimethylammonium bromide (CTAB) capped GNRs with aspect
ratios (1/d) of 2.1, 2.4, 2.8, and 3.2 were from NanoPartz, Loveland CO, U.S.A.
The specific characterization of these GNRs, including the number of particles
per each mL, LSPR peak position, molar extinction coefficient, length (I) and
diameter (d) for each GNR is summarized in Table 3.1. Citrate capped 30 + 2 nm
diameter spherical gold nanoparticles were purchased from BBInternational
(Grand Forks, U.S.A.) with a concentration of 1.04 x 10'° particles/mL. 2-(2-{2-
[2-(2-[2-(11-mercapto-undecyloxy)-ethoxy]-ethoxy)—ethoxy]-ethoxy}—ethoxy)-
ethoxy—acetic acid, HSC,;(EO)¢~COOH, MW = 526.73 g/mol) was obtained
from ProChimia. A solution of 40 mM HSC,;;(EO)s~COOH was prepared in
deionized water from a Millipore Milli-Q Plus purification system. 4-
nitrobenzenethiol (98%), was from Aldrich, Canada. 4 mM 4-nitrobenzenetiol
(tNB) solution was freshly prepared in 20 v/v% ethanol (Quantum Chemical,

Victoria, Australia) and 80v/v % deionized water.

3.2.2  Preparation of GNRs as SERS labels

CTAB exchange by —SC,;(EO)¢~COQO". CTAB capped GNR solutions

were purified from excess CTAB molecules in solution by centrifugation once at
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Table 3.1. Summary of specific characterization measurements for 30 nm

spherical GNPs and GNRs of four different aspect ratios. 1 and d are the length

and the diameter of GNRs, respectively.

Aspect Aspect Aspect Aspect Aspect
Nanoparticle ratio ratio ratio ratio ratio
1.0% 2.1 2.4 2.8 3.2
LSPR" 524 nm | T=527nm T=526 nm T= 526 nm T=525 nm
L=617 nm L=640 nm L= 681 nm L=714 nm
Number of | 1.04x10" | 9.33 x10° | 8.60 x10° 1.70 x10° 8.53 x10°
particles/ ml°
Dimensions/ | Diameter | 1=51+1, 1=59 £ 2, 1=65 + 3, =71 £2,
nm £ SD¢ 30+£2 d=25+3 d=25+2 d=23+2 d=22+1
Molar 4.15x10° | 1.03x10° | 2.29 x10° 458 x10° | 1.14x10"
extinction®
(M'1 em’™)

* Aspect ratio 1.0 for 30 nm spherical GNPs.

" The listed values are averages based on n=3 measurements for LSPR values, T

is the transverse plasmon and L is the longitudinal plasmon.

“The listed values are calculated measurements provided by NanoPartz.

4 The listed values of the GNR dimensions (I is the length, d is the diameter) are

averages based on n= 3, AFM measurements.
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8000 rpm for 10 min at 25 °C in an Eppendorf a5417R microcentrifuge. The
pellets of GNRs were mixed with 1 mL of 40 mM HSC;;(EO)s~COOH,
sonicated for 1 min and left to incubate for 24 h at room temperature with
intermittent gentle shaking. The GNRs were then sonicated for 1 min and
separated from solution via centrifugation once at 8000 rpm for 10 min. The
supernatant of excess HSC;;(EO)~COOH was carefully removed with a
micropipette without disturbing the pellets, and the pellets were dispersed in 1
mL of deionized water.

Incorporation of tNB onto the GNR surface. The HSC;;(EO)¢~COOH

modified pellets of the GNRs were resuspended in 1 mL of 4 mM tNB. Then the
GNRs suspension was sonicated for 1 min and allowed to stand for 24 h at room
temperature with intermittent gentle shaking. The excess tNB and
HSC;1(EO)s~COOH in the supernatant solution were removed via centrifugation
once at 8000 rpm for 10 min and the pellets were resuspended to 1 mL in
deionized water. The modified GNRs maintain their colloidal stability for at least

one month at 7 °C.

3.2.3 Instrumentation

Atomic force microscopy (AFM) measurements. Dimensions of the

CTAB capped GNRs from NanoPartz, Loveland CO, U.S.A. were measured with
atomic force microscopy (AFM). The summary of the measurements is in Table
3.1. Topographical AFM images of immobilized gold nanorods of aspect ratios
2.1, 2.4, 2.8 and 3.2 were captured. Line scans are measured across the width of
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these GNRs. Figure 3.01 A shows a topographical AFM image of GNR of aspect
ratio 2.4 and the line scan measured across the width shown in Figure 3.01B. The
measurements were carried out using a Multimode instrument from Digital
Instruments (Santa Barbra, CA). Images were collected with aluminum coated
silicon cantilevers (Asylum AC240TS) with nominal tip radius of <10 nm, spring
constant of 2 N/m and resonant frequency of 70 kHz for tapping mode.

UV-vis extinction spectroscopy measurements. UV-visible extinction

spectra for CTAB coated GNRs, citrate capped GNPs and —SC,;;(EO)s~COO"
/tNB modified GNPs were collected to show colloidal stability and probe surface
plasmon shift due to the aspect ratio and changes in coating chemistry. Samples
were prepared in aqueous solution spectra and were collected on a Perkin-Elmer
Lambda 35 UV/VIS/NIR spectrometer with a 10 mm optical path length. The
UV-vis spectra were scanned from 400 to 1100 nm with a scan rate of 960
nm/min. Deionized water was used as the blank.

Scanning electron microscopy (SEM) measurements. SEM images show

the degree of the GNRs dispersion after modification. SEM sample was prepared
by drop casting 20 pL of the cleaned modified GNRs on a clean gold-coated
microscope slide (200 nm thick films) and left to air-dry. SEM images were
collected using a Hitachi S44800 FE-SEM system (Hitachi Scientific
Equipment). Image acquisition on the Hitachi SEM was carried out with a 20.00

kV accelerating voltage and a 15 pA emission current. The working distance was
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Figure 3.01. Atomic force microscopy (AFM) image of one GNR of aspect ratio
2.4 immobilized on a 200 nm Au substrate. A) A topographical image with line
scans traces marked. B) Line scans across the width of the GNR shows 25 + 1 nm

height (presented by two red arrows).
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approximately 8-10 mm.

Surface enhanced Raman scattering (SERS). SERS spectra for five

different size GNSs with aspect ratio (I/d) 1, 2.1, 2.4, 2.8 and 3.2 modified with
—SC11(EO)s~COO/tNB were recorded in aqueous solutions with a Thermo
Scientific - mega XR dispersive Raman microscope equipped with high
performance near IR diode (780 nm) lasers with a 2 um spot size. Laser power at

the sample was 30 mW, and the integration time was 10 s.

3.3 Result and discussion

Investigate the dependence of SERS enhancement on the aspect ratio,
GNRs of aspect ratio 2.1, 2.4, 2.8 and 3.2 and 30 nm spherical GNPs were
studied. This range of aspect ratio was chosen to have longitudinal LSPR with a
variable degree of plasmon overlap with the 780 nm excitation wavelength. Note
that previous reports describe SERS activity on primarily aggregated GNRs,'*
where determining the dependence of SERS on the GNR optical properties is

101,132, 221-223 T, determine the

difficult due to plasmon coupling contribution.
electromagnetic (EM) contributions to SERS enhancement from the aspect ratio

alone, one must minimize plasmon coupling. We thus used dilute colloidal

solutions of modified GNRs to minimize particle-particle coupling.
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3.3.1 Colloidal stability

Extinction spectroscopy. As discussed in Chapter 2, extinction

spectroscopy is a common technique was used to monitor GNPs modification.*”
> The sensitivity towards changes in the dielectric constant of the surrounding
medium upon exchange or addition of organic molecules to the nanoparticle
surface can be used to verify a successful surface modification. Although our
modification procedure was thoroughly characterized in Chapter 2, we recorded
extinction spectra here to ensure that all the nanorods and spherical NPs studied
were successfully modified. The LSPR of the 30 + 2 nm GNPs results in a strong
excitation band in the visible region near 524 nm, as shown in Figure 3.02A. As
noted above, GNRs have a characteristic transverse plasmon band in the visible
region near 525 + 2 nm and longitudinal plasmon band in the near infrared (NIR)
region that can be tuned by changing the aspect ratio (I/d) of the GNRs.'*” 2%
Figure 3.02A-E presents the experimentally measured extinction spectra for 30
nm citrate capped spherical GNPs and CTAB capped GNRs of aspect ratio 2.1,
2.4, 2.8 and 3.2 before and after labeling with tNB in a mixed monolayer of
—SC1(EO)s~COO". All modified GNPs and GNRs exhibit extinction bands that
are red-shifted from the original, citrate-capped GNPs and CTAB capped GNRs.
The LSPR band for 30 + 2 nm GNPs is red-shifted about

5 £ 1 nm after modification; however, the longitudinal and transverse LSPRs for

other four GNRs are shifted 8 + 2 nm and 3 + 1 nm, respectively after

modification. These observations agreed with previous studies, which showed red
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shift in the LSPR band position due to changes in the surrounding dielectric
constant and coating chemistry.>* #6224

Other aspects of the extinction curves shown in Figure 3.02 include
extinction magnitudes and LSPR broadening. We noticed that the intensity of the
surface plasmon band for 30 nm GNPs and GNRs of four-different aspect ratio
modified with —SC;;(EO)¢~COO" and tNB is slightly lower than that for
unmodified GNPs and GNRs. This was due to loss of a portion of the modified
GNPs and GNRs during separation from unreacted HSC,;(EO)¢~COOH and/ or
tNB via centrifugation. However, the —SC;;(EO)¢~COO/tNB modified GNRs
that were resuspended remain stable in the aqueous solution. In regards, to the
band broadening, all curves exhibit a small 3 + 1 nm width difference for
longitudinal LSPR (full-width-half-maximum, FWHM) before and after
modification. This is an indicator for the absence of significant aggregation

during surface modification.'”’

Scanning electron microscopy (SEM) characterization. SEM images were

collected to ensure the colloidal stability of the spherical GNPs and the GNRs
after modification. Figure 3.03 shows SEM images for GNRs of aspect ratio 2.4
and 2.8 after modification with —SC;;(EO)s~COO" and tNB. There is no
noticeable aggregation in any of the SEM images for 30 nm nanospheres and
GNRs modified samples. SEM samples were left to air-dry and that should be
considered, when examining the SEM images. Previous reports describe the

induced aggregation of nanoparticles by solvent evaporation that may explain
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Figure 3.02. Experimental extinction spectra for A) citrate capped 30 nm
diameter GNPs, GNRs of four-different aspect ratios B) 2.1, C) 2.4, D) 2.8, and

E) 3.2 before and after labeling with tNB in a mixed thiolate layer with

~SC;1(E0)¢~COO".
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presence of some dimers, trimers or more in the presented SEM images.””> We
have found that for all modified GNRs and GNPs with —SC;;(EO)¢~COO™ and
tNB maintains their colloidal stability in solutions at 7 °C for at least one month

with no evidence of aggregation.

3.3.2  Surface enhanced Raman scattering (SERS)

The SERS spectra for tNB adsorbed on GNP of five different aspect
ratios are shown in Figure 3.04. The effect of number of GNPs on the SERS
intensities was also examined and is shown in Figure 3.05. The number of tNB
molecules on each particle will depend on the surface area of the nanoparticle.
For that reason, we accounted for surface area by presenting plots of the Raman
intensity of the symmetric stretch of the nitro group of tNB at ~1337 cm™ versus
surface area X number of particles/mL (Figure 3.05). The number of particles per
mL was calculated from a series of dilutions for the stock solutions of GNPs and
GNRs with known concentrations as provided by manufacturer. We calculated
the surface area for each GNR by taking the average particle dimensions
measured by AFM (Figure 3.01). We observe a linear relationship (R*> 0.990)
for the chosen range of dilutions for the five plots. This is also portrayed by the
slopes of the curves for the various aspect ratios, which are related to SERS
sensitivity. The summary of least square fits equation are presented in Table 3.2.
The main feature of the plots in Figure 3.05 is the larger Raman response for the
higher aspect ratio GNRs (1/d=3.2). For example at the particles number/mLx
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Figure 3.03. SEM images show well-dispersed gold nanorods of aspect ratio (1/d)

A) 2.4 and B) 2.8 after modification.
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surface area of 2 x 10", the response is 10 fold higher for GNRs of aspect ratio
3.2 compared to GNRs of aspect ratio 2.1.

Usually, the SERS enhancement factor (EF) is estimated using: '*! '

EF = [Isgrs] / [IRaman] % [Moui] / [Mads] (3-02)
where, My, is the number of Raman reporter molecules sampled in the bulk,
M,4s 1s the number of Raman reporter molecules adsorbed and sampled on the
SERS-active substrate, Isgrsis the intensity of a vibrational mode in the surface-
enhanced spectrum, and Iraman 1S the intensity of the same mode in the Raman
spectrum. In our system, the number of tNB molecules adsorbed on the GNRs is
unknown. Thus applying equation 3.02 here is a problematic. We compare the
slopes for the plots of SERS intensity magnitudes of the symmetric stretch of the
nitro group at 1337 cm™ versus surface area x number of particles/mL (Figure
3.05).

In Figure 3.05 using the example for tNB incorporated onto the surface of
GNRs of aspect ratio 3.2 with longitudinal LSPR at 724 nm, the maximum slope
value was recorded 4x10” cts/nm”.number of particles/mL, while the minimum
slope was 4 x 10" cts/nm”.number of particles/mL for 30 nm diameter GNPs
with LSPR ~529 nm. Based on these values, we can estimate that SERS response

for GNRs with LSPR band ~724 nm that blue shifted from laser excitation

wavelength of 780 nm was two orders of magnitude greater than those
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Figure 3.04. SERS spectra for 30 nm GNPs and four-different size GNRs of

aspect ratios (lI/d) 2.1, 2.4, 2.8 and 3.2 after labeling with tNB in a mixed
monolayer with —SC;;(EO)¢~COO". The spectra were collected using 780 nm

laser and offset for clarity.
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Figure 3.05. Plots of SERS intensity of the symmetric stretching of the nitro

group at 1337 cm’ versus surface area x number of particles/mL for 30 nm
diameter GNPs and GNRs of four-different aspect ratios 2.1, 2.4, 2.8 and 3.2.
The y-error bars represents the standard deviation for n=6 measurements for each

of two separate samples.
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with LSPR more far from laser excitation wavelength. Also the difference in
SERS response for GNRs of LSPR ~724 nm and GNRs of LSPR ~624 nm was
one order of magnitude.

The differences observed in SERS intensity for five GNP solutions agrees
more closely to the theoretical models of calculated localized electric field for
metal NPs with LSPR band at different degree of overlapping with laser
excitation wavelength. The calculated SERS intensity from the slopes presented
in Figure 3.04 for on and off-resonance plasmon was higher by a factor of 10 to

100."* 22228 However, previous studies that presented theoretical calculations

for localized electric field at sharp points of arbitrary shape nanoparticles.”* **
They concluded that presence of corners and edges was accompanied with order
of magnitude of SERS enhancement. For this reason, it was expected that the
shape of the nanorods would influence the observed SERS intensity for the rods
compared to SERS response for spherical NPs.

The molar extinction values for GNP solutions of different aspect ratios
are presented in Table 3.1. It is clear that the molar extinction increases with
aspect ratio increases. El-Sayed and co-workers have reported using theoretical
calculations that the longitudinal plasmon extinction efficiency increases as
aspect ratio increases.”'® *** Consequently, it is predictable that extinction
efficiency has an influence on the SERS signal intensity. Figure 3.05 presents

SERS enhancement of one to two orders of magnitude between the GNPs of five

different aspect ratios that could be considered smaller enhancement in SERS
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Table 3.2. Summary of linear least squares fit equations for 30 nm diameter

GNPs and GNRs of four-different aspect ratios studied in SERS comparison.

Gold nanoparticles Slope Intercept R?
cts/nm”.number
of particles/mL
GNRs (1/d=3.2) 4 %107 77312 0.996
GNRs (1/d=2.8) 3x107 611+22 0.990
GNRs (1/d=2.4) 1x10"° 340+17 0.991
GNRs (I/d=2.1) 4x10M° 105+11 0.997
30 nm spheres (I/d=1) 4x10™M 111£19 0.991
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than what could be expected. Because the predicted SERS enhancement coming
from the three theoretical models that relate the localized electric field intensity
to the relative position of LSPR band to excitation wavelength, the presence of
sharp points and corners of GNR surface, and the larger extinction coefficient for
higher aspect ratio.

On the other hand, a number of reports demonstrate that the relative
scattering to the total extinction of GNPs was not only related to their shape but
also their absolute size: larger nanorods with the same aspect ratio, lead to more
scattering relative to total extinction that may attenuate SERS enhancement.*"
3! Others performed simulations for the relative contribution of absorption and
scattering to the total extinction of the longitudinal mode to be significantly
dependent on the aspect ratio of GNPs in somewhat complex manner, different
from a typical linear relationship for the resonance wavelength.'®’
Experimentally, a recent report for Murphy and coworkers has demonstrated
SERS enhancement for six-different aspect ratio GNRs after trapping Raman
reporter (MB) at least 5 nm from the surface using the layer-by-layer coating
approach.'® However, the variation in coating thickness in their study
significantly affected the observed SERS intensity. Murphy and her research
group demonstrated considerable extinction attenuation for SERS enhancement
when designing nanoparticles SERS probes in solution. This result is in
agreement with our results. Regardless of plasmon resonance frequency and

sharp points at the GNR surface, the competition between SERS response and
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extinction attenuation for colloidal nanoparticles in solution has an observable
influence on SERS response. However to the best of our knowledge Raman
enhancement of GNRs of different-aspect ratio has not been studied
experimentally for directly immobilized Raman reporter onto the GNR surface in

the absence of CTAB.

3.4 Conclusions

In this chapter SERS labels of 30 nm spherical gold nanoparticles and
gold nanorods of aspect ratios 2.1, 2.4, 2.8 and 3.2 were prepared by following
the proposed approach in Figure 2.01 for CTAB replacement with
—SC11(EO)s~COO/tNB. SERS experiments were done in aqueous solutions
under dilute conditions in order to study the dependence of SERS enhancement
on aspect ratio. This study has shown that the GNRs of aspect ratio 3.2 gives one
order of magnitude greater SERS signal intensity than GNRs of aspect ratio 2.1
and two order of magnitude greater SERS intensity than 30 nm diameter
spherical gold nanoparticles. Larger SERS intensity for GNRs of aspect ratio 3.2
than other GNRS of smaller aspect ratio could be explained by the position of the
longitudinal LSPR frequency at ~724 nm, which was closer to the 780 nm laser
excitation wavelength than other LSPR bands. This result was attributed to
greater contributions from localized electric field generated on the GNR surface
related to the longitudinal LSPR band position. In addition, localized electric
24, 38

field is stronger at corners of the GNR surface than spherical GNPs.
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However, these experimentally observed SERS intensity for the GNPs of
different aspect ratios was smaller than expected. For that we concluded that
SERS intensity could be attenuated by the extinction contributions of the GNPs
in solutions in agreement with the observation of Murphy and coworkers.'®' This
identifies experimentally important contributions such as LSPR band position to
laser extinction wavelength, shape and extinction effects on SERS enhancement

when designing tagged SERS probes in solution for optimal sensing.
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4 Chapter IV

Gold nanorods as extrinsic Raman labels in a sandwich

immunoassay

4.1 Introduction

The biosensing field has been revitalized by the incorporation of metal
nanoparticles (NPs). At the forefront of this field are spherical gold nanoparticles
(GNPs). One reason for the widespread use of spherical GNPs is that their
surface can be easily and efficiently modified. These GNPs as well as other metal
NPs have unique optical properties that can benefit the design of a biosensor by
exploiting a phenomenon called localized surface plasmon resonance (LSPR).” "
As introduced in Chapter 1, this phenomenon refers to the oscillation of
conduction electrons over the surface of the metal NP induced by the absorption
of visible light. The LSPR results in a localized electric field in close proximity

53

to the NP surface.”” Many reviews are dedicated to applications of gold

nanoparticles (GNPs) with different forms of labeling in vitro and in vivo 203162

64.75.232. 233 QPR biosensors utilizing GNPs have been employed to detect biotin

streptavidin binding,” and a variety of different immunoglobulin G’s (IgG’s).”"

73-23% Many other applications for GNPs in a solution based visible absorption

235-237
d.

spectroscopy analysis have been reporte Conjugation of gold

nanoparticles with biological molecules such as DNA, antibodies, enzyme and
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others have found applications in DNA hybridization studies,® surface plasmon

19, 239, 240 and imaging.241

resonance (SPR)
The incorporation of surface enhanced Raman scattering (SERS) in an
immunoassay was first demonstrated by Rohr and co-workers in 1989 using a

roughened silver film to achieve SERS.***

Natan and coworkers studied the gold
colloid bioconjugate applications in SERS and found that metal-protein-metal
sandwiches offer benefits as reagents. Single molecule SERS based spectroscopy
of hemoglobin adsorbed on 100 nm sized citrate capped colloidal nanoparticles
was achieved by SERS. Nanoparticle aggregation is necessary for this effect, and
the protein molecules actually bind the nanoparticle clusters together.””' Other
research groups have exploited surface modified GNPs to function as analytical
reagents in SERS-based bioassays. In 1999, Porter and coworkers presented the
first sandwich immunoassay that utilized GNPs with SERS detection.**! The
assay detected rabbit and rat IgG at the nano-molar level. In their work, the gold
nanoparticle surface was bi-functionalized, carrying a capture-molecule to
selectively bind to the analyte and a Raman active molecule (Raman reporter)
used in the detection strategy in order to prepare extrinsic Raman labels (ERLs)
of GNPs (as introduced in Chapter 1). The SERS response from the Raman
reporter was measured and correlated to the analyte concentration. The ERLs
with 30 nm GNPs were employed to detect free prostate-specific antigen from

115, 140, 243

human serum, various viral pathogens®** and microorganisms**, and

much lower molecular weight biomarkers such as a metabolite of vitamin D
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The colloidal stability of these ERLs is a challenging factor that needs to be
controlled to maintain the optical properties of GNPs.'**

Generally, GNPs have distinctive optical properties that depend on their
shape, size and surrounding dielectric constant.**’> ** Elongated NPs have an
inherently higher sensitivity to the local dielectric environment, as compared to
similar sized spherical nanoparticles.”** A SERS measurement for gold and silver
nanoparticles has already been established for other morphologies including

217

250 251
dendrites,”" cubes,” and rods.””’ These nanostructures were excellent substrates

for SERS because of their arbitrary shapes and the presence of sharp points and/
or corners.”"> Some research groups extend their biosensing applications to utilize

252, 253

some of these nanostructures such as silver nanoprism, and gold

nanowires.>>* 2%

However, the use of gold nanorods (GNRs) as biosensors has
not been widely pursued. GNRs are generally prepared with an adsorbed layer of
the surfactant cetyltrimethylammonium bromide (CTAB). This layer of CTAB is
difficult to displace and the conjugation of bromide to biological molecules is a
challenge.'”® ¢

Liao and co-workers have demonstrated that CTAB can be replaced by
thiol-terminated methoxypolyethyleneglycol (mPEG), which can be used to
subsequently conjugate immunoglobulin G. However, the large size of thiolated
PEG makes it difficult for it to reach the GNR surface due to dense CTAB
255, 257

bilayer and this results in an incomplete removal of CTAB molecules.

Yamada and his research group reported a method for replacing the CTAB with
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phospholipids by extraction with a chloroform phase. However, no bioconjugate
can be formed in the presence of phospholipids.'> The layer-by-layer method
(previously discussed in Chapter 1) is a widely applied method for GNR surface
covering with a polyelectrolyte coating that provides terminal groups for
antibody conjugation onto the GNR surface.””*?® Chilkoti and co-workers
reported a chip-based LSPR biosensor using an immobilized layer of GNRs. The
sensor had a refractive index sensitivity 5 times higher than a similar sensor
based on spherical GNPs.*®*! Wang and his research group demonstrated solution-
phase based LSPR sensor for the detection of human IgG*** and Microcystin LR
(environmental cyanotoxin) through the end-to-end and side-to-side assembly of
antibody-conjugated GNRs driven by antibody-antigen recognition.”*> However,
this type of LSPR sensing assays, does not allow for the detection of multiple
analytes simultaneously and the instrumentation has to be more sophisticated
when detecting small shifts. El-Sayed reported antibodies conjugated GNRs to
image human oral cancer cells. These cells assembled and aligned GNRs on its
surface and intense SERS spectra of CTAB coating were presented.' '

In Chapter 2, we presented a new design for GNR surface modification
with a mixed thiolate layer of —SC;;(EO)s~COQO7/tNB that maintains colloidal
stability in an aqueous solution and includes anchor points (carboxylic acid
groups) for further functionalization with biological probes. Herein, we
covalently link rabbit anti-goat IgG antibodies to the GNR surface via EDC/NHS

chemistry to prevent antibody desorption during the assay, which could lead to
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reduction in the signal.'"® The anti-goat IgG conjugated GNRs were characterized
by HRTEM and UV-vis spectroscopy. The GNRs of aspect ratio 2.4 were
conjugated with anti-goat IgG and utilized as ERLs in a SERS-based sandwich
immunoassay to detect goat IgG. The corresponding SERS response will be
presented. The SERS-based sandwich immunoassay performance was assessed
by Raman microscopy and scanning electron microscopy. This will show the
successful implementation of anti-goat IgG conjugated GNRs as ERLs, which are
well dispersed on the surface of assay chip. The specific assembly of GNRs upon
binding will be investigated that may influence the reproducibility of SERS
response. Further, SEM images will illustrate the aspect of non-specific binding
either as a result of the capture layer on the solid support or from the GNRs.
Lastly, the limit of detection of goat IgG will be investigated for our SERS-based

sandwich immunoassay.

4.2 Experimental

4.2.1 Reagent and Materials

Cetyltrimethylammonium bromide (CTAB) capped GNRs of aspect ratio
2.4 were from NanoPartz, Loveland Co. The number of gold nanorods per each
mL was 1 x 10", 2-(2-{2-[2-(2-[2-(1 1-mercapto-undecyloxy)-ethoxy]-ethoxy)—
ethoxy]-ethoxy}—ethoxy)-ethoxy—acetic acid (HSC;;(EO)¢~COOH), MW=

526.73 g/ mol) was from ProChimia, Poland. A solution of 40 mM
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HSC;1(EO)s~COOH was prepared in deionized water from a Millipore Milli-Q
Plus purification system. 4-nitrobenzenethiol (98%), was from Sigma Aldrich. 4
mM 4-nitrobenzenethiol (tNB) solution was freshly prepared in a mixture of 80%
ethanol (Quantum Chemical, Victoria, Australia) and 20% deionized water.
Buffer solution employed salts from Fisher Scientific Company (Ottawa, ON).
Phosphate buffered saline (PBS, pH 7.4) was prepared with reagent grade 1.4
mM KH,PO4 and 4.3 mM Na,PO,4, 137 mM NaCl and 2.7 mM KClI, all buffer
solutions were prepared in deionized water. N-hydroxy succinimide (NHS) 98%,
N-(3-dimethylaminopropyl)-N'-ethlycarbodiimide hydrochloride (EDC, Sigma
Aldrich, Canada). Sulphuric acid, 96%, and hydrogen peroxide, 30%, were from
Caledon Laboratories. Purified goat IgG and purified polyclonal rabbit anti-goat
IgG (anti-goat IgG) were from MP Biomedicals, Canada. Deionized water was

from a Millipore Milli-Q Plus purification system.

4.2.2  Substrate Preparation

Glass (Dow Corning, Portsmouth, NH, 18 mm x 18 mm x 1 mm)
substrates were pre-cleaned in piranha solution (1 : 3 H,O, : H,SOy) at 90°C for
15 min, rinsed several times with deionized water and dried with argon. A 15 nm
adhesive layer of chromium and a 200 nm gold film were prepared by physical
vapor deposition (PVP). A thermal evaporation system (lon International Inc.,
New Windsor, NY) was used for the deposition of the gold and chromium films

on the clean glass substrates. A vacuum of 4.6 x 10° mbar was maintained

84



during evaporation with rates of 0.2°A/sec for gold. Once prepared, the gold
surfaces were rinsed using ethanol and water followed by drying with Argon. The
substrates were then cleaned in ozone cleaner (UVO0-Cleaner, Model No. 42,

Jelight Company Inc., Irvine, CA) for 10 min prior to surface modification.

4.2.3  Preparation of extrinsic Raman labels (ERLs) of GNRs

The —SC;1(EO)s~COO/tNB modified GNRs were prepared following the
procedure in Chapter 2. The —SC;;(EO)s~COO/tNB modified GNRs were
covalently linked with rabbit anti-goat IgG. This was accomplished by exposing
the modified GNRs to an aqueous solution of equal volumes of 5 mM EDC and 5
mM NHS for 30 min to activate the carboxylic acid groups, the GNRs were
centrifuged once at 8000 rpm for 10 min, and the pellets were re-suspended in 2
mM phosphate buffer, pH 7.4. Afterwards 20 pL of 1 mg/mL purified rabbit anti-
goat IgG antibody solution was added to the GNRs suspension and incubated for
2 h. Finally, the rabbit anti-goat IgG conjugated GNRs were separated from
leftover reactants by centrifugation once at 8000 rpm for 10 min and re-
suspending the antibody-conjugated gold nanorods in 2 mM phosphate buffer
with pH 7. The modified GNRs are stable for at least one month, and stored at 7

°C until use (Figure 4.01A).
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4.2.4 Substrate modification

Surface modification was achieved through self-assembly of
—SC11(EO)s~COOH. A planer gold-coated 0211 chip was immersed in 1 mM of
HSC,;1(EO)s~COOH prepared in ethanol for 2 h. The slides were removed from
the solution and rinsed with ethanol to remove unbound thiols from the surface,
and then dried with a stream of argon. Then, the capture agent (rabbit anti-goat
IgG antibodies) was covalently linked to the —SC;;(EO)s~COOH modified
substrate. This was achieved by exposing the —SC;;(EO)¢~COOH modified
planner gold substrate to an aqueous solution of 5 mM EDC and 5 mM NHS for
30 min to activate the carboxylic acid groups. Afterwards the surface was rinsed
with deionized water and immediately exposed to 1 mg/mL rabbit anti-goat IgG
antibodies for 2 h, followed by rinsing with PBS buffer. To block any unreacted
succinimidyl ester sites the surface was exposed to 1% bovine serum albumin
(BSA) in PBS buffer for 10 min and rinsed with PBS buffer. At this stage the
biochip was ready to be exposed to varying concentrations of analyte (goat IgG)
for 2 h followed by rinsing with 2 mM PBS buffer (Figure 4.01B).

The analyte (goat IgG) was labeled on the chip surface by incubating the
substrate with 0.5 mL of 30 nM rabbit anti-goat IgG conjugated gold
nanoparticles, and rabbit anti-goat IgG conjugated GNRs with 2.4 aspect ratio for
4 h followed by rinsing with 2 mM PBS buffer, deionized water and drying under

a stream of nitrogen (Figure 4.01C).
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4.2.5 Preparation of blank sample

Blank solution contained 0 M goat IgG prepared in 0.1 M PBS buffer.
After preparation of anti-goat IgG coated substrate, blocking any unreacted
succinimidyl ester sites by 1% BSA for 10 min and rinsing with deionized water
the substrate exposed to blank solution for 2 h. Afterwards the surface was
briefly rinsed with deionized water. Lastly, the chip was incubated with SERS
labels for 2 h followed by rinsing with deionized water and drying under a stream

of argon.

4.2.6 Instrumentation

High resolution transmission electron microscopy (HRTEM)

measurements. HRTEM imaging was used firstly to examine the conjugation of
antibodies to —SC;;(EO)s~COO/tNB modified GNRs through measuring the
coating thickness of the GNRs. TEM grids (carbon coated copper grid) were
prepared by drop casting 2 puL of anti-goat IgG conjugated GNR solution on the
TEM grids. The solution was wicked through the grid by touching the underside

to filter paper and then allowed to air dry before analysis. This method was used

87



A) Anti-goat IgG modified
gold substrate

Polyclonal
antl-goat IgG
L"‘k“ ~toomms ¥

*;‘%‘é‘; v Polyclonal M'&‘&;{ Anti-goat IgG

anti-goat IgG - conjugated -

\.} - EDC/NHS g *w —5C,(EQ)(COO/
i {NB modified GNRs

wagsga i

-8C,(E0),CO07

tNB modified GNRs

¢ Goat IgG
SERS sandwich
—— immunoassay platform

Figure 4.01. Schematic diagram illustrates A) preparation of anti-goat IgG
modified planer gold substrate, B) conjugation of anti-goat IgG to
—SC11(EO)s~COO/tNB modified GNRs and C) SERS sandwich immunoassay

platform.

88



to avoid forming specific patterns on the grid surface due to water evaporation.'”

These HRTEM images were obtained with a JEOL 2200FS TEM/STEM
microscope with a 200 kV field emission gun and in-column energy filter
(Omega Filter).

Extinction spectroscopy. Anti-goat IgG conjugated GNPs and GNRs were

characterized with UV-vis spectroscopy to measure the surface plasmon band
shift and intensity after modification. The extinction spectra were obtained using
a Perkin-Elmer Lambda 35 UV/VIS/NIR spectrophotometer with a 10 mm
optical path length.

Surface enhanced Raman scattering (SERS) measurements. SERS spectra

were recorded with a Renishaw inVia Raman Microscope equipped with high
performance near —IR (HPNIR) diode (785 nm, 1200I/mm) laser, and a CCD
detector. Radiation of 785 nm from the air-cooled diode laser was used for
excitation. Laser power at the sample was a 5 = 0.5 mW. The microscope was
based on a Leica system. A 5% microscope objective was used to first focus the
laser beam and a 50X objective used to collect spectra. All reported spectra are
the result of integration time of 10 seconds.

Scanning electron microscopy (SEM) measurements. SEM images were

collected using a Hitachi S4800 Field Emission SEM system from Hitachi
Scientific Equipment, Japan. Image acquisition was carried out with a 10 and / or
15 kV accelerating voltage and a 15 pA emission current. The working distance

was approximately 5-10 mm.
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4.3 Results and discussion

As discussed above an illustration of the sandwich assay explored here is
shown in Figure 4.01C. The two main requirements for the proposed chip based
SERS sandwich immunoassay are conjugation of —SC;;(EO)s~COO/tNB
modified GNRs with anti-goat IgG and immobilization of capture antibodies
(anti-goat IgG) on a gold substrate. The analyte (goat IgG) will be sandwiched
between the assay chip and the GNR label. As shown in Chapter 3, GNRs with
larger aspect ratio provide higher SERS intensities with 780 nm excitation
wavelength. Thus, GNRs with an aspect ratio of 2.4 were used here. The
following discussion is divided into several sections that describe the conjugation
of =SC1(EO)¢~COO/tNB modified GNRs with antibodies and an assessment of

the designed SERS-based assay performance.

4.3.1 Characterization and monitoring of gold nanorods conjugated with anti-
goat IgG

HRTEM characterization for GNR coating thickness. Anti-goat

conjugated GNRs were imaged with HRTEM to quantitatively measure the
coating thickness before and after conjugation with the antibodies. In Chapter 2
we presented HRTEM images that enabled us to measure the thickness of the
—SC1(EO)s~COO monolayer on GNRs. This was determined to be 2.2 + 0.6 nm
based on average of ten measurements. Figure 4.02A presents again Figure 2.03
B which is HRTEM image of a —SC;;(EO)¢~COO" coated GNR of aspect ratio

90



2.4. Figure 4.02B is an image after conjugation with anti-goat IgG antibodies. In
these HRTEM images that the coating thickness is shown as a faint layer
surrounding the dark GNR surface. These HRTEM images were used to measure
the thickness of the anti-goat IgG layer surrounding the GNR (average of ten
measurements), which was found to be 5 = 1 nm.

The size of immunoglobulin G of various species, such as rabbit anti-goat
IgG has been reported to be ~8-10 nm.*** Variation among the size of antibodies
of various species is due to differences in their molecular weight. Note that in our
images (Figure 4.02B) the structure of the antibodies is not directly observed. It
is difficult to directly observe biological molecules such as antibodies with
HRTEM because they are usually composed of light elements include H, C, N,
and O. The Coulomb potential for the electron beam is small and the contrast of
TEM images becomes weak. Using an electron microscope dye, Kamogawa and
co-workers recently used HRTEM to measure the length of Fab region for IgG
antibody to be 2.5 nm; the length of Fc region was at least 3.1 nm and the width

of Fc and Fab varied from ~1.2 to 2.5 nm.>®®

In addition, it is expected that the
drying of biological molecules such as antibodies would be accompanied by a
noticeable decrease in size. Considering the above we feel that the change in
thickness observed upon conjugation of anti-goat IgG to the —SC;;(EO)s~COO

modified GNRs (2.2 £ 0.6 nm to 5 + 1 nm) provides compelling evidence that the

conjugation reaction was successful.
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Figure 4.02. HRTEM images show (A) —SC;1(EO)¢~COQO" coated GNRs of

aspect ratio (I/d) 2.4, and (B) anti-goat IgG conjugated GNRs.
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Extinction spectroscopy measurements. Extinction spectroscopic results

provides further evidence for successful conjugations of anti-goat IgG to the
GNRs and are diagnostic of the colloidal stability of the particles. Figure 4.03
contains the extinction spectra of —SC;;(EO)¢~COO/tNB coated and anti-goat
conjugated GNRs of aspect ratio 2.4. The —SC;;(EO)¢~COO/tNB coated rods
exhibit a transverse plasmon band at 529 nm and a longitudinal band at 648 nm.
These same bands are observed at 533 nm and 654 nm, respectively, for the anti-
goat IgG conjugated GNRs. The red-shift in the LSPR bands indicate a variation
in the effective reflective index of the surrounding molecular layer following

conjugation of the antibody.""

These results are in agreement with the HRTEM
imagines presented in Figure 4.02. The spectra in Figure 4.03 also provide no
indication of GNR aggregation, as no significant broadening of the plasmon
bands is observed. We have found that anti-goat IgG conjugated GNRs are stable

1n solution for at least one month at 7 °C.

Sandwich immunoassay featuring GNR ERLs. Herein, we demonstrate

the capability of anti-goat IgG conjugated GNRs for the detection of goat IgG in
a sandwich immunoassay as shown in Figure 4.01. GNRs of aspect ratio 2.4 were
used for various concentrations of goat IgG ranging from 1 pM to 1 nM. The
SERS spectra of tNB corresponding to six-different goat IgG concentration and a
blank are displayed in Figure 4.04A. The non-specific adsorption involved in

this assay platform was evaluated by exposing the capture layer to a blank
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Figure 4.03. The extinction spectra of —SC;;(EO)s~COO/tNB coated GNRs and

anti-goat conjugated GNRs of aspect ratio 2.4, the spectra were offset for clarity.
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sample, which containing 0 nM of goat IgG. An expanded view of the blank
spectrum is shown in Figure 4.04B. The low signal observed is indicative of a
very low amount of nonspecific adsorption of the GNRs to the substrate.

As discussed below, the signal of the blank, and thus the non-specific
adsorption is very important in determining the limit of detection (LOD).'™ Non-
specific adsorption was examined further by SEM imaging. Figure 4.05 present
two SEM images at two-different magnifications for SERS assay chip used for
detection of 1 nM goat IgG. These SEM images were collected to show the blank
area next to the analyte-exposed area on the same chip. This has been achieved
by using polydimethylsiloxane (PDMS) stamps to pattern the gold substrate
surface.?®® In our sandwich immunoassay design, we used —SC;;(EO)s~COOH
molecules to form a SAM monolayer on the surface of a planar gold substrate.
The choice of —SC;i(EO)s~COOH is due to presence of ethoxy groups that
minimize hydrophobic interaction of protein with gold surface and reduces the
nonspecific adsorption. Previously, ethylene glycol molecules have been widely
studied and used to reduce nonspecific adsorption of biological molecules.?”2%
In addition, the remaining active sites on the functional SAM were blocked with
1% BSA. The BSA step aims at blocking fraction of the surface that are not
covered with anti-goat IgG to prevent nonspecific binding. Figure 4.05 clearly
shows that the blank areas contain very few bound GNRs.

The spectra in Figure 4.04A were used to generate a calibration curve for

goat IgG. The binding of the GNRs to the assay surface can be quantitated by
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Figure 4.04. SERS spectra for tNB were collected from bioassay chips used for:
A) detection of different concentration of goat IgG 1, 2, 5, 10, 15, 20 pM, and
blank. The SERS spectra were offset for clarity; B) A magnified SERS spectrum

of blank.
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Figure 4.05. SEM images show anti-goat IgG conjugated GNRs of aspect ratio
2.4 used in SERS-based sandwich immunoassay for detection of 1 nM goat IgG
at two-different magnifications A) 1 pm and (B) 500 nm. Bovine serum albumin

was used as blocking agent.
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using the intensity of the Raman band of the symmetric stretch of the nitro group
of tNB at ~1337 cm™. As can be observed in Figure 4.04A this band clearly
scales with the goat IgG concentration. In agreement with previous reports using

104,245 there are no

antibody—conjugated GNRs in SERS-based immunoassays,
observable Raman active vibrations associated with the antibody conjugated onto
the GNR surface via the —SC;;(EO)¢~COOH linker. This is likely due to the
strong dependence of the SERS intensity on the distance from the GNR surface.”®

A plot of SERS response at various goat IgG concentrations is shown in
Figure 4.06 A. The SERS intensity at 1337 cm™ increases as the goat IgG
concentration increases until the surface has been saturated with goat IgG
resulting in the response to level off. The maximum concentration analyzed was
1 nM and produces a similar response to that for 100 pM, indicating that
saturation coverage has already been reached at 100 pM. We observe a linear
relationship (R*= 0.988) for a concentration range of 1-20 pM (Figure 4.06 B).
This establishes the linear dynamic range of our sandwich immunoassay from 1
pM to approximately 100 pM or 2 orders of magnitude, which is common for
surface based bioassays.

Figure 4.04 and 4.06 allow the determination of the limit of detection

(LOD). In these types of surface bioassays the LOD is governed by the amount

nonspecific adsorption.'®* '**27 For this
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Figure 4.06. A) Plot of SERS intensity of the symmetric stretch of the nitro
group at 1337 cm™ versus goat IgG concentration (1 pM to 1 nM) shows linear
dynamic range from 1- 20 pM. The error bars represent the standard deviation of
the mean for 5 different spots analyzed on each biochip of 2 separate bioassays.

B) Plot of SERS intensity at 1337 cm™ versus goat IgG concentration froml to

20 pM.
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reason, the signal of blank substrate shown in Figure 4.04B is used. The limit of
detection is defined as (blank signal + 30pjank), Where oppnk is the standard
deviation of blank. Using this calculation LOD is 15 fM. This value of the LOD
is lower than that of a SERS assay utilizing spherical gold nanoparticles (10
pM)*"" and for surface plasmon resonance based immunoassay (77 pM).%"* This

highlights the enhanced detection afforded by the use of GNR as ERLs.

4.3.2  Further characterization of anti-goat IgG conjugated GNRs performance
in SERS-based sandwich immunoassay by scanning electron microscopy

(SEM)

In this chapter, we focus on a SERS-based biosensing application that is
enhanced by the shape’” of the gold nanorods and not by aggregation. Strong
near-field coupling between LSPR of closely packed metal nanaoparticles results
in a dramatic electric field enhancement in nanoscale volume.”’* The enhanced
electric field influences the reproducibility of the Raman signal.”® This is because
the electric field intensity values are difficult to control due to random assemblies
of these aggregates with a huge variation in their size and shape. The challenge
facing the reproducibility of Raman signal collected from SERS assay chip relies
on an averaging of the Raman signal over a relatively large area. In general,
SERS-based assays require nanoparticle metal surface that combine high electric

field enhancement with low on-chip and chip-to-chip variability.
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In Chapter 2 and 3 we utilized SEM imaging to examine colloidal
stability of GNRs after exchange of the CTAB coating with —SC;;(EO)s~COO"
/tINB. Herein, SEM images provide evidence for the absence of large-scale
aggregation of anti-goat IgG conjugated GNRs on the surface of SERS assay
chip. Figure 4.07 presents a SEM image shows the distribution of the GNRs of
aspect ratio 2.4 utilized in a sandwich immunoassay for detection of 100 pM of
goat IgG. Figure 4.07 clearly shows the absence of large-scale aggregation. The
GNRs are generally well-distributed with a few clusters present throughout.
Some clusters are circled in Figure 4.07. A possible explanation for these clusters
is evaporation of the solvent following incubation. These SEM observations are
consistent with good SERS reproducibility results that we collected from SERS
assay chips as shown in Figures 4.04 and 4.06.

Figure 4.08 A and B shows side view SEM images of SERS assay chip
and anti-goat IgG conjugated GNRs of aspect ratio 2.4 were used for detection of
1 nM of goat IgG at two-different magnifications. The large spherical structure in
Figure 4.08A are unidentified and may be dust particles or salt crystals. These
SEM images show different orientations for anti-goat conjugated GNRs on the
biochip upon binding to the analyte (goat IgG) for example vertical, angled and
mainly flat bindings. This can be due to the rods binding at the (111) end in a
vertical manner. From these images we concluded that some spheres that

appeared in top
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Figure 4.07. SEM image shows anti-goat IgG conjugated GNRs of aspect ratio
2.4 used in SERS-based sandwich immunoassay for detection of 100 pM goat

IgG. The circles highlight clusters of GNRs that are discussed in the text.
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views of SEM images shown in Figure 4.07 could be top view of vertically
bounded GNR. In addition, the image in Figure 4.08 B provides strong evidence
that the conjugated antibodies are distributed evenly over the GNR surface. That
is, the antibodies are immobilized on the sides and ends of the GNRs by
extension. This implies that the two components of our mixed monolayer are

evenly distributed over the GNR surface.
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Figure 4.08. Side view SEM images of anti-goat IgG conjugated GNRs of aspect
ratio 2.4 used in SERS-based sandwich immunoassay for detection of 1 nM goat

IgG at two different magnification scales A) 100 nm and B) 20 nm.
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4.4 Conclusions

High resolution transmittance electron microscopy (HRTEM) and
extinction spectroscopy provide a clear evidence of successful conjugation of
—SC11(EO)s~COO/tNB modified GNRs with anti-goat IgG antibodies as
extrinsic Raman labels (ERLs) in SERS-based assays. The SERS intensity
dependence on the goat IgG concentration was assessed by a chip based SERS
sandwich immunoassay using GNRs of aspect ratio 2.4. The calculated limit of
detection of goat IgG was 15 fM, which is lower than other commonly used

272

immunoassay detection methods such as surface plasmon resonance™” and

surface enhancement Raman scattering utilizing spherical gold nanoparticles.?”"
The performance of the anti-goat IgG conjugated GNRs in the SERS-based
immunoassay has been demonstrated by Raman microscopy as well as scanning
electron microscopy (SEM) that evidenced absence of large-scale aggregation on
the surface of SERS assay chip. Lastly, with the design of ERLs of gold nanorods
with good colloidal stability and tested femto-molar limit of detection, theses

ERLs will provide the capability to detect small molecules such as metabolites.

This will be discussed in Chapter 5.
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5 Chapter V

An indirect competitive SERS-based assay for detection of free

thyroxine using gold nanorods as SERS labels

5.1 Introduction

The work presented here will build from the previous projects and focus
on biosensing of the small molecule metabolite, free thyroxine (fT4). In Chapter 2
and 3 the modification of CTAB capped gold nanorods (GNRs) of different-
aspect ratios to extrinsic Raman labels (ERLs) with good colloidal stability and
anchor points for functionalization with biological probe was discussed. Here, the
use of this chemistry to conjugate fT4to GNRs is described. Further, Chapter 4
demonstrated that these ERLs of GNRs could be successfully utilized in a SERS-
based sandwich assay for immunoglobulin G detection with a femto-molar limit
of detection. The experience gained from the earlier work will be utilized to
introduce an indirect competitive design that detects and quantifies fT4 in human
plasma.

Recent reports show more than 300 million people suffer from thyroid
disease. In general, the concentration of hormones secreted by the thyroid gland
is proportional to reflect the thyroid function of the patient. Determination of

these hormones, can aid in the establishment of therapy for thyroid disease.
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Figure 5.01A shows the chemical structure of thyroxine (3, 5, 3°, 5'-
tetraiodothyronine, T4), with molecular weight of 777 Da, T4 is the most
commonly measured thyroid hormone for diagnosis of thyroid function. T, are
present in blood in both free and bound forms. More than 99.97 % of the T4 in
blood is bound to carrier proteins, among which 60 % is to thyroxine binding
globulin (TBG), 30 % to thyroid binding prealbumin (TBPA), and 9.97 %
binding to albumin (Alb) with a total concentration in human serum of ~65-155
nM. Only 0.03 % of T4 with a concentration of 10-30 pM exists as free thyroxine
(fT4).7"*"" The fT, is of interest to clinicians since it is believed to represent the

biological activity that permeates cell membranes or interacts with receptors.”’®

2" Thyroid function was assessed through the measurement of T level related to
a reference range of 9-23 pM (Figure 5.01B). Increased levels of fT, are found in
hyperthyroidism due to Graves’ disease and Plummer’s disease.”™ Low levels of
fT4 are associated with congenital hypothyroidism, myxedema, Hashimoto’s
disease, and some genetic abnormalities.”” *** Also fTy is necessary for normal

279-280 Bor example, children

neural development and normal cellular metabolism.
born with thyroid hormone deficiency will not grow well and brain development
can be severely impaired.

At present, the number of patients that suffer from thyroid diseases is

increasing. A convenient and sensitive assay kit for thyroid hormones, especially
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Figure 5.01. A) The chemical structure for thyroxine (T4) hormone and B)
changes in free thyroxine (fT4) normal range during hypo or hyper thyroid

disorder.
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T4, is strongly desired. The methods proposed up to now for the determination of

T, in its free and/ or bound form are HPLC,”' radioimmunoassay (RIA),*** 2%

. 284 T 2 2
fluorescence ~ immunoassay, 8 electrochemiluminescence, 85, % mass

288-292 293,294

spectrometry,”’ various enzyme immunoassay, and amperometry.

There are several problems to overcome for a simple, sensitive, and
reliable assay for fT4 detection. For example, electrochemical method requires
preparation of working electrodes and multiple-step preparation. RIA tests now
face increased concerns posed by waste disposal issues with radiolabeled
analogue of the target analyte.

This chapter examines the use of surface enhanced Raman scattering
(SERS) as the basis for a new test for fT4. Past work on the development of
diagnostic tests with SERS has focused on the detection of peptides, proteins,

: . . 91, 140, 142, 203, 244, 295-298
vIruses, and microorganisms.””’ ’ ’ ’ ’

These targets, however, are
much larger than fT4 and have multiple recognition sites and are, as a result, well
suited for use in sandwich-type assays. Although sandwich assay exhibits
specificity and sensitivity, small molecules such as metabolites including fT, are
not suitable for the conventional sandwich assay because of the lack of two
discrete binding sites. For that, fT4 is not a candidate for detection using
sandwich assays because of its small size; thus a different scheme is necessary.
While the direct detection of small molecules when adsorbed onto a SERS

299-305
d,

substrate has been previously reporte much of this work has relied on the

303, 306
%

use of a chromatographic preparation technique such as HPL and
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capillary electrophoresis®®’. Furthermore, the inherently weak Raman signal of
analytes such as fT4 complicates the detection at low concentrations even when
adsorbed on SERS substrates.

We have employed SERS-based sandwich assay in Chapter 4 utilizing
antibody-conjugated GNRs in a femto-molar limit of detection of goat IgG. The
advantage of this strategy largely reflects three unique features of SERS.?""7%
First, the widths of Raman spectral bands are 10-100 times narrower than those
of fluorescence, minimizing spectral overlap. Thus facilitating the detection of
different ERLs at a single chip in multiplexed assays.”’" *'® Second, SERS
intensities for Raman reporter molecules can rival those of fluorescent dyes,
which enabled the detection of a single SERS label of GNR.>'"*'* Third, only
one excitation wavelength is needed to produce SERS from different SERS
labels, which simplifies the instrumental hardware required for signal generation
and acquisition. This work herein studies the strategy of combining ERLs of
GNRs in an indirect competitive assay to measure fT4. The results are compared
with conventional ELISA. The additional advantages of SERS assay over ELISA
include eliminating the need for measuring the sample signal (absorbance) within
limited time after stopping the reaction due to fading of the color. Also it is time
saving because of fewer washing steps are required. Preparation of ERLs of

GNRs has been achieved following the proposed scheme discussed in Chapter 2.
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5.2 Experimental

5.2.1 Surface enhanced Raman scattering (SERS) study

Reagent and Materials. Cetyltrimethylammonium bromide (CTAB)

capped GNRs were from NanoPartz, Loveland CO, which contained 1 x 10"
GNRs per 1 mL with 60 = 5 nm length, 25 + 5 nm width and aspect ratio of 2.4.
2-(2-{2-[2-(2-[2-(11-mercapto-undecyloxy)-ethoxy]-ethoxy)-ethoxy]-ethoxy} -

ethoxy)-ethoxyamine hydrochloride (HSC;;(EO)s~NH, HCI, MW= 526.73
g/mol) was obtained from ProChimia, Poland. A solution of 40 mM
HSC;1(EO)s~NH, HCl was prepared in deionized water. 4-nitrobenzenethiol
(98%) was from Sigma Aldrich; Canada. 4 mM 4-nitrobenzenethiol (tNB)
solution was freshly prepared in 20% of anhydrous ethanol (Quantum Chemical,
Victoria, Australia) and 80% deionized water. Six-fT4 standards spiked in human
plasma from the ELISA kit were used in the indirect competitive SERS assay to
construct the SERS calibration curve. These fT4 calibrators were chosen to
evaluate assay applicability with true biological samples. Purified thyroxine (fT4)
monoclonal antibody was from MyBioSource Inc. San Diego, U.S.A. T,
monoclonal antibody was specific to fT4 and T,—BSA conjugate and it was
prepared in 0.15 M sodium chloride, 10 mM Tris, pH 7.5. Phosphate buffered
saline (PBS, pH 7.4) was prepared with reagent grade 1.4 mM KH,PO, and 4.3
mM Na,POy4, 137 mM NaCl and 2.7 mM KCI. All buffer solutions were prepared
in deionized water. N-hydroxy succinimide (NHS) 98%, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide =~ hydrochloride (EDC, Sigma
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Aldrich). Deionized water was from with a Millipore Milli-Q Plus purification
system.

Preparation of fT4-conjugated GNRs. The fTs-conjugated GNRs were

prepared following the procedure outlined in Figure 2.01. Briefly, CTAB capped
GNR solutions were purified from excess CTAB molecules in solution by
centrifugation once at 8000 rpm, 25 °C for 10 min. The pellets of GNRs were
dispersed in 1 mL of 40 mM HSC,;,(EO)¢~NH,, sonicated for 1 min and then
allowed to stand for 24 h at room temperature with intermittent gentle shaking.
After 24 h, GNRs were sonicated for 1 min and centrifuged once at 8000 rpm for
10 min then the supernatant of excess HSC;;(EO)¢~NH, were removed. The
—SC11(EO)s~NH; modified pellets of GNRs resuspended in 1 mL of 4 mM tNB.
After that GNRs suspension was sonicated for 1 min and allowed to stand for 24
h at room temperature with intermittent gentle shaking. After 24 h, GNRs were
sonicated for 1 min and centrifuged once at 8000 rpm for 10 min then the
supernatant of excess tNB was removed by centrifugation once at 8000 rpm for
10 min and the pellets were suspended to 1 mL in deionized water. A 200 pL of 8
ng/dL fT4 was added to a mixture of 5 mM NHS/5mM EDC in phosphate buffer,
pH 7.5. After 1 h, the activated ester of fT, was added to —SC;;(EO)s~NH,/tNB
modified GNR solution and allowed to stand for 2 h. Then the GNR solution was
centrifuged once at 8000 rpm for 10 min to remove excess reagents. The fTs-
conjugated GNR pellets were resuspended in 1 mL of phosphate buffer, pH 7.5

and stored at 4 °C until use (Figure 5.02).
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Preparation of gold substrate. The 4-inch Si/SiO, sample wafers (thermal

SiO, thickness was 200-300 nm) were cleaned with piranha solution (3:1
H,S0O4/H,0,) for 30 minutes. Then wafers were transferred to a Johnsan Ultravac
electron-beam evaporator where 5 nm of Cr adhesion layer and 200 nm of Au
were deposited under vacuum (deposition rate 3 A/s, vacuum pressure 2.4 x 107
torr). The wafers were diced into pieces of 0.5 inch x 0.5 inch after being coated
with photoresist to protect wafer surface from scratches. The wafers were
sonicated in acetone, isopropanol and water 10 minutes each to remove the
photoresist and clean them. The substrates were then cleaned in an ozone cleaner
(UVO-Cleaner, Model No. 42, Jelight Company Inc., Irvine, CA) for 10 min
prior to surface modification.

Warning: Piranha solution should be handled with extreme care, it will
react violently with organic materials, presenting an explosion danger.

Modification of gold substrate. Modification of the substrate surface was

achieved through self-assembly of —SC;;(EO)¢s~COOH. Typically, a planar gold-
coated chip was immersed overnight in 10 mM ethanolic solution of
HSC,1(EO)s~COOH. The slide was rinsed well with ethanol to remove unbound
thiols, and dried with a stream of argon. Then, the chip was immersed in a
mixture solution 1 : 1 mixture of 5 mM NHS/5 mM EDC prepared in phosphate
buffer pH 7.5, and allowed to react for 1 h. The slide was removed from solution
and rinsed well with ethanol to remove excess reagents. The slide was incubated

with 1 mg/mL T4-monoclonal antibody for 2 h. To block any unreacted
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Figure 5.02. Schematic illustration shows preparation of fT4-conjugated GNR.
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succinidyl ester sites the surface was exposed to SuperBlock blocking buffer for
I h and then rinsed with PBS buffer and deionized water. Figure 5.03 shows
SERS-based assay chip was exposed to fT4 calibrators and fT4-conjugated GNRs
for 2 h, followed by rinsing with PBS buffer, deionized water and drying under a

stream of argon.

5.2.2  Enzyme-linked immunosorbent assay (ELISA) study

We purchased a solid phase competitive ELISA kit for fT4 from
MyBioSource, Inc. San Diego, USA. The ELISA kit contained microwells coated
with fT4 monoclonal antibody, fTs horseradish peroxidase (HRP) enzyme
conjugate, 3, 3°, 5, 5’-tetramethylbenzidine (TMB) substrate, stop solution
(sulfuric acid), wash concentrate and six fT4 standard solutions prepared in
human serum of values: 0, 0.45, 0.94, 2.10, 3.70 and 8.20 ng/dL. 50 pL of fT4
standard solution and control were pipetted into microwells coated with T4
monoclonal antibody to be assayed in duplicate. TMB is a soluble colorimetric
substrate for HRP enzyme and provided as a ready-to-use solution. In the

presence of HRP, the TMB and peroxide contained in the substrate solution react
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fT,conjugated GNRs T, standard solution

T, monoclonal
antibodies

-8-C,,EO~COOH thiol linker

Figure 5.03. Schematic diagram shows SERS-based assay platform. Planar gold
substrate was modified with a SAM of —SC;;(EO)¢~COOH linked with the
amino group of Ts-monoclonal antibody via NHS/EDC chemistry and fTs-
conjugated GNRs compete with fT4 standard solution for Ts-monoclonal

antibody binding sites. The diagram is not drawn to scale.
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to produce a blue color. The color intensity is proportional to the amount of HRP
activity, which in turn is related to the levels of target analyte. Addition of
sulfuric acid stop solution changes the color to yellow, enabling accurate
measurement of the intensity at 450 nm using a spectrophotometer or plate
reader. Figure 5.04. shows ELISA indirect competitive assay platform. A 100 pL
of fT4 enzyme conjugate was added to all wells and incubated for 60 min at room
temperature 26 °C. Liquid from all wells was removed; unbound fT, and Ts-
enzyme conjugate were washed off by filling the wells with 300 uL of wash
buffer and washed three times. To all the wells 100 uL of TMB substrate was
added and wells incubated for 15 min at room temperature. Followed by addition
of 50 uL of stop solution to all wells and the plate was shaken gently to mix the
solution. Control solution was prepared using 50 pL. deionized water instead of
fT4 standards and the next steps were performed under the same conditions. The
readings were monitored at 450 nm using a microplate ELISA reader within 15
min after adding the stopping solution. The intensity of color is inversely
proportional to the concentration of fT,4 in the standard solutions. A calibration
curve was prepared relating absorbance of T4 calibrators versus fT,4 calibrator

concentrations. The ELISA kit should be stored at 2 - 8 °C until use.
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Figure 5.04. Schematic diagram shows ELISA indirect competitive assay
platform. T4-monoclonal antibodies are immobilized on micro-plate wells and
fT4-conjugated horseradish peroxidase (HRP) enzyme competes with T4
standard solution for T4-monoclonal antibody binding sites. TMB substrate is

used to produce a color product at 450 nm.
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5.2.3 Instrumentation

Surface enhanced Raman scattering (SERS) measurements. SERS spectra

were recorded with a Renishaw inVia Raman Microscope equipped with high
performance near—IR diode (785 nm, 1200 I/mm) lasers, and a CCD detector.
Radiation of 785 nm from air-cooled diode laser was used for excitation. Laser
power at the sample was 5 + 0.5 mW. The microscope attachment was based on a
Leica system. A 5X objective focused the laser beam and a 50X objective used to
collect spectra. All reported spectra were the result of 10 s integration.

ELISA reader measurements. The readings were monitored at 450 nm

using a SPECTRAmax 340PC384 Microplate spectrophotometer made by
Molecular Devices, Biological services, Chemistry department, University of
Alberta. The reading was plotted as a graph of concentration versus absorbance.

Scanning electron microscopy (SEM) measurements. SEM images were

collected using a Hitachi S4800 Field Emission SEM system from Hitachi
Scientific Equipment, Japan. Image acquisition on the Hitachi SEM was carried
out with a 20.00 kV accelerating voltage and a 15 pA emission current. The
working distance was 10-15 mm.

UV-vis spectroscopy measurements. CTAB capped GNRs and f{Ty-

conjugated GNRs were centrifuged once for 10 min at 8000 rpm and suspended
into 1 mL with deionized water before analysis. The extinction spectra were

obtained in transmission mode on a Perkin Elmer Lambda 35 UV/VIS/NIR

spectrometer with a 10 mm optical path length instrument and a photodiode
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detector. The UV-vis spectra were scanned from 200 to 900 nm. Deionized water

was used as the blank.

5.3 Result and discussion

Figure 5.02 illustrates the indirect competitive assay platform designed
for the SERS-based assay for detection of the fT4. The two main requirements for
the proposed indirect competitive SERS assay are the conjugation of GNRs with
fT4 molecules and the immobilization of capture fT4-monoclonal antibodies on a
gold chip substrate. The fT4-conjugated GNRs compete with the analyte, T4, for
the binding sites of fT4-monoclonal antibodies immobilized on the gold substrate.
This approach relies on the indirect determination of fT4 by quantification the
SERS intensity of fT4-conjugated GNRs left on the biochip surface after
competing with the fT4 solutions for antibody binding sites. As such, the higher
the fT4 concentration, the greater the number of occupied antibody binding sites
on the capture substrate, and the lower the amount of fT4-conjugated Raman
labels of GNRs. Thus, the observed SERS intensity decreases with an increase in
the level of fT4. This chapter will present SERS indirect competitive assay design
utilizing GNRs of aspect ratio 2.4, and compared to an established ELISA

competitive assay.
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5.3.1 SERS-based competitive assay study

SERS measurements. GNRs are discussed in Chapter 2, 3 and 4 of this

thesis. The rods provide better SERS enhancement than spherical gold
nanoparticles. This enhancement is particularly prevalent within a few
nanometers of the nanostructure surface.”* Our design strategy for ERLs of
GNRs includes directly immobilized tNB molecules on the GNR surface and thus
maximizes SERS intensity. Figure 5.05A presents representative SERS spectra.
The corresponding SERS response versus fT4 concentration is plot in Figure
5.05B. Two important points can be drawn from these SERS spectra. First, the
intensities of all spectral features decrease as the concentration of fT, increases.
This trend follows the expectation for a competitive assay. Second, all the
features in each spectrum are attributable to various vibrational modes of the
tNB. For example, the bands at 1337 and 853 cm™ are respectively assigned to
the symmetric stretch (vs (NO,) and scissoring mode for the nitro-group. Those at
1083, 1469 and 1572 cm™ arise from aromatic ring modes. No Raman bands are
observed that can be assigned to fT4 molecules linked into the GNR surface
through the —SC;;(EO)s~NH,. This observation is in agreement with our
sandwich-based SERS assay presented in Chapter 4. There were no observable
Raman active vibrational modes associated with antibody conjugated into the
GNR surface. This is explained by weak Raman scattering of biological

molecules and also being separated from the GNR surface by a thiolate linker.
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The SERS-response versus fT4 concentration curve presented in Figure
5.05B plots the intensity of the symmetric stretch of the nitro group at 1337 cm™,
the strongest mode in each spectrum, against the fT4 concentration. The average
intensity of spectra collected from five different locations on each sample was
used to define each point. The signal exhibits a decrease with an increase in T4
concentration. This general trend, again, is consistent with the expectation for a

L 313
competitive assay.

The position of the curve in relation to analyte
concentration is determined by several factors, most notably the ratio of fT4
conjugated GNRs to fT4 standard solution concentration. This parameter was
manipulated for SERS-based competitive assay used in this study. Based on
several experimental trials, the appropriate concentration of fT4-conjugated
GNRs was determined to be one-fifth of the initial concentration of the prepared
fT4 conjugated GNRs (1 % 10" particles/mL). More importantly, serum levels of
fT, in healthy adults range from 9-23 pM or 0.7-18 ng/dL*’® Serum
concentrations below this range would be potentially diagnostic of
hypothyroidism. This concentration range is readily, detected using our

competitive SERS assay, as shown in Figure 5.05.

SEM measurements. SEM images were used to examine details of the

GNR binding. The SERS assay chips at various fT4 concentrations were imaged
with SEM to visualize the immobilized ERLs. Figure 5.06A and B shows
representative examples for two different concentrations of fT,4. Images were

collected at the same magnification and a visual inspection reveals the expected
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Figure 5.05. A) SERS spectra of 4-nitrobenzene-thiol collected from competitive

assay biochips. The spectra were X-axis offset for clarity. B) A plot of SERS

response versus fT4

concentration. SERS response values are reported as the

average intensity of symmetric stretch of the nitro group at 1337 cm™ from five

independent locations of each sample, with an error bars representing the

standard deviation of the mean for 10 readings collected from 2 separate assays.
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trend: the GNR density decreases as the analyte concentration is increased. In
both images the GNRs are generally well-dispersed on the surface, with few
clusters present throughout and no evidence of large-scale aggregation. Several
clusters are circled in Figure 5.06. A possible explanation for these clusters is
evaporation of the solvent following incubation. The relation between
aggregation and increases in SERS intensity has been reported previously. For
instance, El-Sayed and co-workers reported the relative SERS peak enhancement

as a function of the degree of aggregation.'"’

The enhancement pattern of
vibrations is different from that in the absence of aggregation. For all the
stretching modes the relative intensities increased, whereas for some bending
modes this value decreased. The change in relative enhancement was explained
by differences in field symmetry in the aggregates from that in the absence of
aggregation and most of SERS intensity in the aggregates originates from
molecules adsorbed in the hot spots between nanoparticles in the aggregates and
not on individual GNRs."*

We closely examined SERS spectra collected for tNB labeled fT4-conjugated
GNRs used in the competitive assay (e.g., Figure 5.05A). These SERS spectra
revealed that the relative SERS intensity of both stretching and bending modes
decrease when fT4 calibrator concentrations increase. Based on the argument
above, the clusters shown in the SEM images do not provide additional

enhancement or interfere with SERS intensity reproducibility in our competitive

SERS-based assay
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Figure 5.06. SEM imaging of indirect competitive SERS-based assay utilizing
fT4-conjugated GNRs: fT4-conjugated GNRs were competing with fT4 standards

for (A) 0.45 ng/dL and (B) 8.20 ng/dL.
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One more issue should be addressed: the activity of the immobilized
antibodies. A study by Shannon demonstrated that ~30% of the immobilized
antibodies on a capture substrate were effective in target binding.>'* This level of
activity was attributed to steric effect with respect to the spatial orientation of the
capture antibody and/ or to the antibody denaturation due to interactions with the

315

substrate surface.” ~ Moreover, the distribution of lysine residues throughout the

antibody structure points that an immobilized antibody can have a distribution of

316

orientations.” = These issues explain the random distribution of ERLs on the chip

surface.

5.3.2  Comparison using indirect competitive ELISA platform

The concentration-absorbance curve for the ELISA, obtained using the
same concentrations of fT,4 standard solutions as for the SERS measurements, is
presented in Figure 5.07. The reported values for the calibration standards
represent the average readings from three complete, but independent, runs on
each standard for two different ELISA kits. As is evident, in Figure 5.07, the
absorbance decreases as the level of fT4 increases. A comparison of these data

with those in Figure 5.05B demonstrates
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Figure 5.07. A plot of absorbance versus fT4 concentration for ELISA assay. The
error bars represent the standard deviation of the mean for six runs of 2 separate

bioassays.
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that our SERS assay has comparable reproducibility with the established ELISA.
For ELISA the coefficient of variance (CV) for 0.45, 2.1 and 3.7 ng/dL samples
are 6.7, 3.8 and 19.4%, respectively. The CVs for the SERS assay for the same
three sample concentrations are 3.0, 6.3 and 8.4%. Thus, the reproducibility of
the SERS assay for fT4 closely matches or is better than that for ELISA while

eliminating the multistep washing procedure of ELISA.

5.3.3 Langmuir adsorption isotherm fits for competitive assay responses

To compare the results between the SERS-based and ELISA assay, we
fitted both plots from Figure 5.05B and 5.07 to a Langmuir isotherm (Figure 5.08
A and B). This model assumes that: all binding sites are equivalent; monolayer
coverage of fT4-monoclonal antibodies, and fT4 molecules do not interact with
each other. If concentration of fT4 >> immobilized affinity reagent, data from
Figure 5.08A and B can be used to estimate the dissociation constants (Kp)
between the fTs-conjugated GNRs and fT4 -monoclonal antibody and similarly
between fT4 horseradish peroxidase (HRP) enzyme conjugate and fTy-

317 and

monoclonal antibody. Similar estimations have been used for SPR
SERS*'®-based competitive assays. This approach is straightforward because it
does not require quantification of the immobilized antibodies. Although a linear
regression approach is simple, error measurements are distorted. Therefore,
calculated constants should be used as estimates only. The amount of receptor —

ligand complex [RL] can be expressed as
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[RL] = [R] [L}/ Kpq) (5-01)
where [R] denotes the concentration of free surface binding sites and [L] the
ligand concentration, with Kp,) as the dissociation constant for [RL]. During a
competitive assay, the labeled reagents [L] including fTs-conjugated GNRs and
fT4-HRP enzyme conjugates are held at fixed concentrations while the analyte
(fT4) concentration varies. Under these conditions, concentrations, and affinity
constants determine fractional binding of each competitor to the antibody-binding
site. When an analyte [A] competes with a labeled ligand [L] a new equilibrium
expression may be written as

[RA] =[R] [A}/ Kpa) (5-02)
where [A] is the analyte (fT4) concentration, [RA] the binding site-analyte
immunocomplex, and Kp) the dissociation constant for [RA]. A mass balance
for the three-component system can be written for the surface receptor as

[Rr] =[RL] +[R] +[RA] (5-03)
where, [Rr] is the total concentration of binding sites on the surface. Combining
and rearranging equations 5.01 and 5.03 gives

[RL]/ [Rr] =[R] [L]/ Kpe,/ [RL] + [R] +[RA] (5-04)
The relationship of this ratio with the SERS or absorbance response can be
written as

AR / ARpqax = [RL]/[RT] = [R] [L]/Kpr)/[RL] + [R] + [RA] (5-05)
Finally, by substitution equation 5.02 and rearranging, we can write

AR / ARmaX = (KD(L) / KD(A) [L]) [A] + (1 + KD(L)/ [L]) (5-06)
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where, AR is the response (either SERS signal for SERS-based assay or
absorbance value for ELISA) at a fixed concentration of the ligand and variable
concentration of the analyte (fT4). ARy, is the response when the binding sites
are saturated with fT4-conjugated GNRs. A plot of [A] versus 1/ASERS produces
a slope from which Kpq) for fT4-conjugated GNRs and fT4-HRP enzyme
conjugate can be estimated, as [L] is fixed. Kpa) for T4-monoclonal antibody was
determined previously to be 1.0 x 10%m 318 Figure 5.08 show plots of ASERSax
/ASERS and Aabs,.x/ Aabs versus fT4 concentrations. The slope value for SERS
assay was 1.26 compared with 1.24 for ELISA, whereas the intercept for SERS
and ELISA assays were 0.59 and 0.51, respectively. Values found for these
dissociation constants are closely matched.

This result shows that conjugation of fT4 with GNRs has no significant
effect on the competition between fT4 standards and fT4-conjugated GNRs for its
surface binding sites. Furthermore, these results show that the SERS-based assay

is comparable with established ELISA technique.

5.3.4 Colloidal stability of fT4-conjugated GNRs

Extinction spectroscopy. The colloidal stability of GNR based SERS

labels is important for assessing shelf-life of such reagents. The visible spectrum

was used to monitor colloidal stability and flocculation of fT4-conjugated GNRs

177, 188

in solution. The broadening of the LSPR band and shifting to longer

114,176

wavelength is used as indicators of aggregation. We do not observe
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Figure 5.08. Plots of A) ASERS,,/ASERS and B) Aabsp./Aabs versus {T4
concentrations for competitive SERS-based and ELISA assays, respectively. The

fit yields R* = 0.993 for SERS-based assay and R*=0.991 for ELISA.
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any broadening in the extinction spectrum of fT4-conjugated GNRs as shown in
Figure 5.09. The extinction spectra of GNRs before and after modification
exhibit approximately ~60 =+ 2 nm for full-width-half-maximum. The intensity of
the longitudinal and transverse plasmon bands for the fT4-conjugated GNRs is
slightly lower than that for unmodified CTAB capped GNRs. This is due to loss
of a very small portion of the GNRs during centrifugation after each step of the
modification scheme. The sensitivity of LSPR towards changes in the dielectric
constant of the surrounding medium upon GNR surface modification is employed
again in this chapter an indicator for colloidal stability after fT4 conjugation to
the GNRs. This effect was monitored by the Al shift in Figure 5.09. The Ty4-
conjugated GNRs exhibit longitudinal and transverse plasmon bands that are red
shifted by ~8 and 4 nm, respectively. Because fT4 is a small molecule, a
significant change in the Aln.x 1S not expected after fT4 conjugation with
—SC11(EO)¢~NH,/tNB modified GNRs.

Scanning electron microscopy (SEM). Variation between GNRs in shape

and size after surface modification has been reported previously. Wang and co-
workers reported GNR surface modification with biological molecules such as
glutathione and cysteine.’’” Transverse overgrowth of GNRs due to preferential
binding of glutathione and cysteine to the ends of GNRs was observed. The
preferential end binding blocked the growth of the GNRs in the longitudinal
direction completely and allowed for the growth only in the transverse direction.

As aresult, the diameter of the GNR became larger while the length remained
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Figure 5.09. Extinction spectra of CTAB coated GNRs and fT4 conjugated

Raman labeled GNRs. The spectra were offset for clarity.
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unchanged. Also the shape of the GNRs showed a gradual change from rods to
either peanuts, octahedral or spheres during overgrowth. Since size and shape
control the GNR plasmon frequency, constancy is crucial to prepare ERLs and
conjugate them with biological molecules to realize a quantitative and
reproducible assay.” '*®* We used SEM to address this variability by
characterizing the size and shape distribution of an aqueous solution of fTs-
conjugated GNRs dropped on gold-coated glass slide and left to air-dry. Figure
5.10 presents similar sized GNRs distributed on a gold-coated glass slide. The
majority of the particles are rod shaped with a diameter of 23 = 6 nm and a length
of 56 + 7 nm. This agrees well with the unmodified. Some spheres are observed
but as shown in Chapter 4, these can be due to the rods binding at their (111) end

in a vertical manner.
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Figure 5.10. SEM image of the —SC;;(EO)¢~NH,/tNB modified GNRs after

conjugation with fTj.
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5.4 Conclusions

We have described a successful extension of SERS-based assay utilizing
ERLs of gold nanorods from a sandwich format for a large biological molecule
such as IgG to one based on a competitive assay for a small metabolite molecule
by focusing specifically on the biologically important free thyroxine (fT4). The
amount of fT4 in standard solutions spiked in human plasma quantified using
indirect competitive SERS-based and the results were compared with ELISA
assay. The Langmuir adsorption isotherm fits showed that the binding affinity of
fT4 remained unaltered after conjugation to GNRs. The reproducibility of the
newly developed SERS-based assay matched that of established ELISA for fT,4
and overcame one of the main disadvantages of ELISA, which was label
instability where fading of the developed color within 15 to 30 min after stopping
the enzyme reaction. ELISA samples should be examined within a time limit
otherwise the accuracy of the results will be significantly distorted. Furthermore,
the required number of washing steps for SERS-based assay was less than with
ELISA test. We believe that this work sets the stage for the broader
implementation of SERS-based detection utilizing ERLs of gold nanorods and
other nanostructures with different size and shape to detect other small
molecules. The potential of our SERS platform is concurrently detecting multiple

biomarkers if configured for multiplexing application.
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6 Chapter VI

Conclusions and Future Work

6.1 Chapter conclusions

The drive towards nanotechnology and its applications in biosensing was
the primary motivation for the work conducted in this thesis on gold nanorods
(GNRs). The thesis was divided into two distinct parts. Chapters 2 and 3 revolved
around the modification of gold nanorods using 2-(2-{2-[2-(2-[2-(11-mercapto-
undecyloxy) -ethoxy]-ethoxy)—ethoxy]-ethoxy}—ethoxy)-ethoxy acetic acid
(HSC,1(EO)¢~COOH) and 4-nitrobenzenethiol (tNB) in a mixed thiolate
monolayer. Chapters 4 and 5 demonstrated the use of gold nanorods as extrinsic
Raman labels in SERS-based assays. Both studies provided new avenues and
insights for the utilization of gold nanorods.

Chapter 2 introduced exchange of CTAB coating of gold nanorods with a
mixed thiolate layer of —SC;;(EO)¢~COO™ and tNB in an aqueous solution.
Tracking of the CTAB replacement was evidenced by X-ray photoelectron
spectroscopy  (XPS), zeta potential measurements and high-resolution
transmittance electron microscopy (HRTEM). There are three direct evidences
of successful GNR surface modification. First is the disappearance of the Br 3d
and N 1s signals of CTAB in the XPS spectra. Second is the reversal of the GNR
surface charge from > +30 eV for CTAB coated GNRs to > -30 eV for
—SC11(EO)e~COO/tNB modified GNRs. Third is HRTEM imaging of
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—SC11(EO)s~COO/tNB coating thickness on the GNR surface. Extinction
spectroscopy and scanning electron microscopy demonstrated the colloidal
stability of —=SC;1(EQ)¢~COO/ tNB modified GNRs.

In Chapter 3 the SERS intensity of 30 nm diameter GNPs and GNRs of
four different aspect ratios were modified by —SC,;(EO)¢~COO7/tNB in aqueous
solutions, were investigated. Experimentally, GNRs of aspect ratio 3.2 exhibited
10 and 100 times higher response of SERS signal than the SERS signal of the
GNRs of aspect ratio 2.4 and 30 nm spherical GNPs, respectively. Lastly, these
results can find applications in SERS based assays that require utilization of
GNRs of different aspect ratio as Raman labels. The outcome of Chapters 2 and 3
provide a well-established scheme for designing tagged Raman probes of GNRs
of different aspect ratios while maintaining their colloidal stability and optical
properties.

Chapter 4 introduced preparation of bioconjugates of —SC;;(EO)s~COO
/tINB modified GNRs by covalently linking the amino group of rabbit anti-goat
IgG to the carboxylic acid group of —SC;;(EO)¢~COOH linker via EDC/NHS
chemistry. HRTEM and UV-vis spectroscopy were used to characterize the
conjugation of the antibodies into GNR surface. Further the anti-goat
immunoglobulin G (IgG) conjugated GNRs of aspect ratio 2.4 were utilized in a
SERS-based sandwich assay for goat IgG. The SERS signal from the Raman
reporter molecule (tNB) was correlated to the goat IgG concentration. Assays

derive much of their successfulness from the limit of detection that could be
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achieved. However, nonspecific binding either as a result of the capture layer on
the solid support or from the gold nanoparticles. It was therefore important to
assess nonspecific binding by scanning electron microscopy (SEM). The limit of
detection of goat IgG was15 fM.

Lastly, Chapter 5 described the development and preliminary testing of a
competitive SERS-based assay for free thyroxine. Chapter 5 extends the many
attributes of SERS based sandwich immunoassays utilizing extrinsic Raman
labels of gold nanorods that have been exploited in the detection of large
molecules such as goat IgG (Chapter 4) into a competitive assay for the
determination of a small metabolite molecule, free thyroxine. Various
concentrations of analyte (free thyroxine) were competing with thyroxine
conjugated GNRs for binding sites of thyroxine-monoclonal antibodies, which
were indirectly detected by correlation to the Raman response of tNB. In this
fashion free thyroxine concentration as low as 0.45 ng/dL were detected, which is
lower than the borderline of hypothyroidism of 0.7 ng/dL. The analytical
performance of our designed SERS competitive assay match those of tests for
free thyroxine that rely on enzyme labels, while using a stable label and
eliminating the need for multistep washing procedure. Chapters 4 and 5 described
a new approach for using the gold nanorods in SERS biosensing. Similar
approaches utilizing spherical gold nanoparticles have been adopted for years in
detection strategies. Gold nanorods exhibit much more localized electric field due

to their shape and presence of corners that typically outperform spherical of gold
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nanoparticles. Therefore it makes sense to employ these nanorods in SERS

biosensing applications such as these.

6.2 Future work

The work conducted in this thesis shows a new and simple method to
prepare bioconjugate of gold nanorods for a variety of biosensing applications.
To date the majority of modification schemes rely on introducing an additional
coating to cover the entire surface of the CTAB capped gold nanorods by layer-

by-layer polyelectrolyte deposition method."®" %

The large size of these
multilayers makes it difficult to exploit the strong localized electric field of gold
nanorod for SERS applications due to the SERS distance dependence.”® **” These
multilayers also increase the distance between the analyte and the GNR surface,

which will reduce the sensitivity when they are used as LSPR sensor.'*®

Further,
the stability of this coating obtained through electrostatic interaction is in
question for long sensing times necessary for a number of analytes in biosensing
assays. This is where our proposed scheme of gold nanorod surface modification
should enjoy increased attention in the near future. For instance, a solution or
chip based LSPR sensing using gold nanorods has gained significant attention in
recent years. This because the gold nanorods exhibit extinction efficiency that is

approximately 20 times greater for rods compared to spheres.”” '*

However, this
application is still limited because of the challenge of gold nanorod surface

functionalization with biological probes at close distance from the surface that
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significantly influence the sensitivity factor. I would like to see our proposed
scheme for exchange of CTAB with thiolate linker such as —SC;;(EQ)s~COOH,
its length measured with HRTEM to be 2.2 £ 0.6 nm and conjugated with
biological probes, be applied . We believe that some detailed work should be
done to adjust a couple of factors such as incubation time, temperature or
sonication to guarantee complete replacement of CTAB layer at this step.

The second part of this thesis is using gold nanorod bioconjugate as
extrinsic Raman labels in SERS-based assays in detection of large and small
biological molecules. The detection relies on the characteristic SERS spectrum of
Raman reporter molecule immobilized on the gold nanorod surface, and has the
capability for multiplexing by employing a variety of different labels. The
ongoing issue with the usage of gold nanorods and other labels in a small
molecule sensing is the conjugation of the small molecule to the nanorod without
losing its binding affinity to the capture molecule. The proof-of-concept
experiment demonstrated in Chapter 5 has shown a successful thyroxine-
nanorod conjugate. Using gold nanorods is often preferable to multiplexed
biosensors due to their tunable LSPR bands in the near infrared region. Their
absorbance at higher wavelength enables use of near infrared laser excitation
wavelength, as biological molecules weakly absorbs photons at those
wavelengths. Further the fluorescence background is minimized which improves
the performance of the SERS assay. I would like to see both small and

macromolecular biomarkers, which could be group of clinically related analytes,
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could be detected from a single sample using SERS based assay utilizing gold
nanorods.

Another material that provides promising biosensing application is silver
nanorods. The Raman enhancement by silver nanorods is more efficient than by
gold nanorods because the plasmon field intensity of silver rods is stronger than
that of gold rods.”®**' Due to their superior properties an aligned silver nanorods
array have been employed in SERS detection and are capable of providing

322 .
However, the silver nanorod surface

extremely high enhancement factor.
chemistry remains an issue that need to be resolved to extend biosensing to silver

nanorods due to silver oxide formation.
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