To myself I am only a child playing on the beach,

while vast oceans of truth lie undiscovered before me

- Isaac Newton



University of Alberta

Modification and Application of Gold Nanoparticles in Surface-Based Immunoassays

by

Lars Bjorn Laurentius

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Chemistry

© Lars Bjorn Laurentius

Fall 2012
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is
converted to, or otherwise made available in digital form, the University of Alberta will advise potential users
of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and,
except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or
otherwise reproduced in any material form whatsoever without the author's prior written permission.



Abstract

Gold nanoparticles (AuNPs) are at the forefront of many research areas
and generally require very specific surface functionalities to be compatible with
targeted applications. Suitable modification schemes should be simple, fast, and
robust. A common surface modification involves the use of thiols to coat the
AuNPs with a thiolate monolayer; however, the lability of the sulfur-gold
interaction can create problems in applications where high stability is required.
Alternatively, this thesis explored the use of diazonium salts to modify gold
nanoparticles.

In recent years diazonium cation grafting onto planar substrates has gained
significant attention. The resulting layers show resilience and controllable
properties such as film thickness and functionality. In order to extend this surface
chemistry to include AuNPs, the conditions necessary for the spontaneous
chemisorption of diazonium derived aryl films to pre-formed gold nanoparticles
were developed. The spectroscopic characterization of these organic layers on
gold nanoparticles provided evidence for a gold-carbon covalent bond. A direct
comparison of nitrobenzene diazonium salt derived layers to the thiol analogue
was used to show that diazonium salt modification schemes are similarly simple
and fast in comparison, but also exhibit marked differences in film structure as
they produce multilayers.

Gold nanoparticles are widely used in biosensing applications providing
unique optical properties for signal enhancement and detection schemes. In UV-

vis spectroscopy, localized surface plasmon resonance (LSPR) of the AuNPs



leads to an absorption band. The work presented in this thesis explored the
capability of utilizing the LSPR band magnitude in a simple transmission UV-vis
measurement to determine the nanoparticle density of adsorbed NPs on a
transparent substrate. This led to the development of a new method to incorporate
AuNPs as extrinsic labels in a sandwich immunoassay. The analyte, rabbit IgG, is
captured on a transparent surface and labeled with AuNPs. This was
accomplished by tailoring the surface chemistry of the nanoparticles specifically
to the target analyte. Consequently, quantitating the magnitude of the LSPR band
determines the number of AuNP-labels present on the biochip surface, which in
turn is proportional to the analyte concentration captured. In this fashion detection

limits on the order of 100 pM were achieved.
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Chapter 1:

Introduction

1.1 GENERAL OVERVIEW AND RESEARCH OBJECTIVES

There is a constant need to determine both qualitatively and quantitatively
the presence of numerous biological molecules in our world today, i.e. food
industry, environmental monitoring, and most importantly health care. A major
class of these biomolecules includes immunoglobulins (Ig) such as antigens and
antibodies, as they are indicators of diseases and infections. The early detection of
these immunoglobulins was carried out by radioimmunoassays, in which the
presence of an Ig was determined by capturing the analyte of interest on a solid
support and exposing it to highly specific radioactive labels for detection. * This
type of assay produced the capability and sensitivity needed to quantitate
immunoglobulins; however, the use of radioactive materials was a health concern,
it required expensive equipment and waste disposal was problematic.

In the late 1960s an alternative to radioactive labeling was invented, which
was based on the detection of biomolecules by enzyme-linked labels.* ° In this
format, the analyte is captured on a solid support and tagged with enzyme-linked
labels. An enzyme substrate is then added to the solid support and the enzyme
product is measured, which generally involves a color change in the substrate.’
This assay was consequently named enzyme-linked immunosorbent assay
(ELISA). The assay 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 high sensitivity, wide applicability to
most analytes, and rapid detection have made ELISA the “gold standard” in
biomolecule detection. 7 Nevertheless, researchers have investigated other
sensing schemes in hopes of simplifying the assay and employing more stable
labels. One such alternative replaces the enzyme label with fluorophores
exploiting fluorescence detection, but also here drawbacks involving the label are
apparent, as fluorophores are susceptible to photobleaching and detection requires
expensive instrumentation.” The drive towards new labels has been accelerated
with the appearance of nanomaterials.

In the past decade there has been an ever-increasing number of scientific
reports detailing the modification of nanostructures and their incorporation into
bioassays. At the forefront, the application of gold nanoparticles (AuNPs) has
continuously received attention, and several reviews are dedicated to these noble
metal nanostructures.*'* Faraday is credited with the inception of gold
nanoparticles into science in 1857, although colloidal gold has been used for
centuries in glass staining, providing a ruby-red color."> The major driving force
behind the use of gold NPs in bio-detection is their unique optical properties
resulting from localized surface plasmon resonance (LSPR) effects.''® These
effects result in extremely high absorption and scattering of light. The molar
extinction coefficients of AuNPs are several orders of magnitude higher than
organic dyes and outperform fluorescent molecules as well, thus exhibiting

promising applications as labels."



One of the first applications of gold nanoparticles in biomolecule sensing
was based on aggregation of AuNPs in solution, which resulted in a color change
from red to purple.’” Mirkin and coworkers pioneered the detection of single-
stranded DNA (ssDNA) by employing two sets of gold nanoparticles in solution,
each coated with ssDNA.""" A color change of the AuNP solution was observed
when the two strands were complementary, as the strands hybridized bringing the
NPs in close proximity to each other. Alternatively, if the strands were not
complementary, the hybridization was inhibited, and the NP solution color
remained red. This detection scheme is capable of sensing picomolar
concentrations of ssDNA and is able to discriminate between perfectly matched
oligonucleotides and single base-pair mismatches.” '*

In order to improve the sensitivity, Taton et al. developed a different set-
up for the detection of target ssDNA, employing a conventional flatbed scanner.
The target ssDNA was immobilized on a glass substrate and exposed to ssDNA
coated gold nanoparticles, which were captured through the DNA hybridization
on the glass surface. Then, a solution of silver ions was reduced in the presence of
the captured gold nanoparticles resulting in a silver coating around the
immobilized NPs. The extend of silver staining was quantitated by a conventional
flatbed scanner resulting in low picomolar detection limits for ssDNA.* The
benefits of inexpensive read-out techniques combined with superior detection
limits were promising and have motivated researchers to pursue strategies that

incorporate AuNPs in biosensing. This is also the focus of my thesis, which will



contribute twofold: in the field of surface modification of gold nanoparticles, and
in the field of immunoassays employing extrinsic AuNP-labels.

This Chapter will introduce the relevant subject areas that are vital to the
understanding of the surface modification and the optical properties of AuNPs.
One aspect of my work uses a well-studied surface modification of planar
substrates via diazonium salts and extends this method to gold nanoparticles
(Chapter 2 and 3). The diazonium salt derived surface modification has steadily
attracted more interest, as a literature search on SciFinder with the keywords
“surface modification” and “diazonium salt” reveals close to 200 publications per
annum in recent years. The diazonium salt chemistry provides a new approach to
the modification of AuNPs, thus facilitating more stable adlayer-substrate
interactions as discussed throughout this thesis.

The second aspect of my work focuses on an immunoassay design that
incorporates gold nanoparticles as labels in a sandwich assay. The detection is
based on a simple and commonly available technique: UV-vis spectroscopy.
Chapter 4 and 5 are dedicated to this biosensing area. First, the capability of
utilizing AuNPs as labels for the detection by UV-vis spectroscopy will be
explored, and then the integration in a biochip format will be evaluated. My goal
is that the ideas brought forward by this thesis will provide new strategies and

insights in the application of nanoscience to biological detection.



1.2 SURFACE MODIFICATION

Nanoparticle modification strategies are typically derived from
modification schemes for planar substrates and applied for the surface
modification of nanostructures. In this fashion, the knowledge about a well-
known system can be applied and extended to the new substrate. Here, the interest
lies in the modification of gold nanoparticles with strongly bound films using
established techniques to modify planar gold. Two surface chemistries have
received significant attention on this substrate: 1) thiol self-assembled monolayers
and 2) aryl diazonium salt derived adlayers. Below, the two strategies are

reviewed and the benefits and weaknesses of each are highlighted.

1.2.1 Thiol self-assembled monolayers.

One of the most prevalent methods to modify gold is through thiol self-
assembled monolayers (SAMs).” The sulfur head group of thiols binds to Au
while the other end of the molecule, the terminal group, can be tailored to meet a
specific surface functionality. The first report on the formation of thiol
monolayers dates back to 1983, when Nuzzo and Allara reported on the
adsorption of disulfides on gold.** Both alkyl and aryl thiols are readily available
with numerous chemical functional groups at the terminal end providing the

25, 26

flexibility needed for applications ranging from molecular electronics to

biomolecule immobilization.”” ** Thiols have also been used to coat a variety of

. . 23,27,29, 30
other substrates such as silver, platinum and copper.”?"**:
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Figure 1.01 Spontaneous self-assembly of aryl thiols on gold forming a

well-ordered monolayer.

The benefits of employing thiols to modify gold surfaces include ease of
use, reproducible film formation, and wide compatibility due to the flexibility of
the terminal group. In Figure 1.01 the formation of an aryl thiolate monolayer is
shown schematically on gold. The adsorption process consists of several steps that
include diffusion to the surface and re-arrangement into a crystalline film.?’ It is
generally understood that thiols and disulfides adsorb to gold as thiolates.”’
Additionally, thiolate films were also demonstrated on gold nanoparticles, both in
the application as capping agents during the synthesis of AuNPs and in the
modification of preformed AuNPs.*" 2
Typically the crystallinity of the adlayer is dependent on the type of thiol

used. Long alkanethiols (C > 8) produce more densely packed, organized

structures as van der Waals interactions between the alkyl chains aid monolayer



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

. 2 4
intermolecular forces.”> *

The reported strength of the sulfur-gold interaction,
~50 kcal/mol, is stronger than the interaction between a physisorbed species and
Au. However, the sulfur-gold bond is labile enough to allow for surface re-
ordering and several studies have shown that thiolate films on gold are prone to

3337 and thermal instability at higher temperatures.””** ** This instability

oxidation
was one factor which drove the development of alternative surface modification

schemes.

1.2.2 Diazonium salt derived films.

An alternate surface chemistry that was later adapted to modify gold was
pioneered by Pinson and coworkers in 1992 and involved the modification of
carbon substrates with aryl diazonium salts.** The motivation behind the early
work was to find a modification strategy for carbon electrodes that formed stable
yet versatile adlayers.*’ It was later determined that this chemistry resulted in the

formation of a covalent C-C bond on carbon substrates such as glassy carbon,*" **

highly ordered pyrolytic graphite (HOPG),*" **- ¢

and pyrolyzed photoresist films
(PPF).* The accepted mechanism involves the reduction of the diazonium ion by
an external potential forming an aryl radical intermediate in close proximity to the
conductive substrate.*® This radical intermediate then binds to the surface forming

the initial film. Further, it is also possible via an excess of aryl radical

intermediates to attack already attached molecules on the surface thereby forming



multilayers.* *” Tt was also shown that this surface chemistry could be extended
to other substrates, i.e. Si,48’ 9 GaAs,48 Fe,” Cu,49’ 31,32 pq 48 py 46. 52 Ag,53 Zn,52
Co,”* Ni,”* Ti,”* and Au.* > Studies on iron and copper surfaces have provided
direct evidence for the formation of a covalently bond.”* " *® In addition, stability
studies on a number of substrates modified by diazonium reduction have shown
excellent resistance to adverse conditions.**>* "

The grafting of diazonium salts was initially carried out by the application
of an external potential, but in recent years the electroless or spontaneous
deposition was demonstrated.”’ **® It is hypothesized that a substrate with
enough reducing potential provides the electrons necessary for the spontaneous
reduction of the aryl diazonium cation via a redox reaction.” Figure 1.02 depicts
the spontaneous formation of a diazonium salt derived film on gold. In the first
step aryl radicals are produced near the surface of the substrate. These highly
reactive radicals then bind to the substrate (2) and additional radicals attack
already bound molecules forming multilayers (3). Before the work presented here,
the nature of the gold-aryl interaction was unknown. The extent of multilayer
formation can be controlled by factors such as diazonium salt concentration and
exposure time. However, adlayer reproducibility is not on par with SAMs. The
possibilities of physisorbed dimers®* and azo-linkages®* among aryl groups or aryl
groups and substrate have been omitted in Figure 1.02 for clarity. The R-group in
Figure 1.02 indicates the possibility for a variety of different functionalities that
can be attached to the ring providing flexibility. The electroless grafting opened a

pathway for the modification of nanostructures motivated by the potential for a



1)

2)

Gold Surface

N,* BF,~

v

Aryl Diaznoium Salt

B |+ N

Figure 1.02 Schematic showing the spontaneous reduction of an aryl

diazonium cation at a gold surface resulting in a multilayered film with the

loss of molecular nitrogen.
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strong adlayer-substrate interaction.®>”° Although the bonding has been elucidated
for a majority of substrates, the exact nature of the adsorption on gold is still
under investigation and in Chapter 2 strong evidence for the formation of a

covalent carbon-gold bond will be presented.

1.3  PROTEIN CHEMISTRY AND BIOASSAY TECHNIQUES
The detection of biomolecules is a vast research area that spans across
several disciplines ranging from medicine to analytical chemistry.”" "> The work

. . . . 4
presented in this thesis is focused on immunoassays.”" ’

Immunoassays employ
antibodies to recognize and bind an analyte. Antibodies are a class of proteins
called immunoglobulins. This class of molecules present in living organisms finds
its importance in recognizing and fighting foreign invaders.” Immunoglobulins
exist in different classes (IgA, IgD, IgE, IgG, and IgM) depending on their
function. Antibodies circulate in the blood stream and recognize a certain
substructure on a foreign target called an antigen. The binding is highly selective
and this specificity is fundamental to immunoassays.” The structure of an
immunoglobulin G is shown in Figure 1.03 exhibiting a “Y-shape”. The 1gG
consists of a constant region (the stem) and a variable region (the forks). In the
constant region only heavy chains are found and these heavy chains determine the
class of immunoglobulin. On the other hand, the variable region contains both
heavy and light chains that act in unison to form the recognition site for a specific

antigen.”® An IgG molecule can bind up to two antigens and is generally 150 kDa

in size.
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Variable Region Variable Region

% S
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- - mmm Heavy Chain

Antibody (IgG) @ Light Chain

Figure 1.03 Schematic of an IgG antibody structure containing the
constant region in the “stem” and the variable region in the “forks”. The
heavy and light chains are indicated by the colors blue and red,

respectively.

In immunoassays the antibody is usually immobilized on a solid support,
which then is exposed to a solution containing the target antigen. This antibody
immobilization can create assay performance problems as the antibody orientation
determines its capability to capture antigens from solution.”” A random orientation
can lead to a reduced capture-agent activity on the biochip (20-50%) as opposed

to a perfectly oriented antibody layer.”” Other factors that could affect antibody
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activity include denaturation, which could result from conformational changes as
the IgG is immobilized on the biochip surface.”

There are several immunoassay techniques presently used in the detection
of the antibody-antigen binding, such as enzyme-linked immunosorbent assay
(ELISA),” * fluorescence,®" * and surface plasmon resonance (SPR).* * These
techniques can generally be separated into two groups based on the requirement
for an external label in the detection of the analyte of interest: label-free and
labeled. SPR is a label-free technique and the majority of other techniques require
labels such as enzymes in ELISA or fluorophores in fluorescence-based detection.
Label-free techniques offer the advantage of requiring fewer steps/reagents in
order to detect binding. However, label-free strictly relies on the specificity of the
capture surface and can be prone to false positives. A label brings in a second
layer of specificity.

Both label-free and labeled avenues have received significant attention
with the incorporation of nanostructures in biosensing. Gold nanoparticles, in
particular, exhibit a unique optical property called localized surface plasmon
resonance (LSPR) that can be utilized in a label-free sensing-format analogues to
SPR.* and AuNPs have provided a new method for generating labels in sandwich
immunoassays based on surface enhanced Raman scattering (SERS) detection.™
In the following sections selective assays will be described that are relevant to this

thesis and provide the foundation of the work presented in Chapter 4 and 5.
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1.3.1 UV-vis spectroscopy of AuNPs in biosensing.

A more detailed treatment of the phenomena associated with AuNPs will
be presented in Chapter 4 and only the applicable properties for the techniques
presented will be discussed here. Gold nanoparticles exhibit an intense absorption
band in the visible region of the spectrum. This phenomenon is called LSPR and
results from the collective excitation of conduction electrons in the nanoparticle."
The LSPR band position (Amax) 1s sensitive to changes in the refractive indices of
the NP surface and the surrounding medium.* *”> ® This sensitivity is used in
LSPR sensing designs that typically consist of a AuNP layer adsorbed on a
transparent support, which then is exposed to a target analyte that binds to the
surface of the nanoparticle resulting in a Amax shift. The important requirement in
this design is careful control of the gold nanoparticle surface chemistry to
specifically capture analyte molecules from solution while preventing non-
specific binding. A binding event changes the refractive index of the NP surface
and typically red-shifts Ama. The shift in the LSPR band can be calculated by

equation 1-01 as shown by Van Duyne.*> ¥

AL = m(nadsorbate + nmedium)(1 - e_Zd/ld) (1-01)

Here, 44 is the wavelength shift, m is the sensitivity factor (nm/refractive index
units), n refers to the refractive index of either the adsorbate or the surrounding
medium, d is the adsorbate layer thickness (nm) and /; is the electromagnetic field
decay length (nm). Figure 1.04 shows an immunoassay LSPR sensor design, in

which the nanoparticle surface has been modified with an antibody that then
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captures the target analyte, an antigen, from solution. The binding of the analyte

red-shifts the absorption band as shown in the UV-vis spectrum in Figure 1.04.

0.10 A
0.08 -
0.06 -
0.04 1
0.02 1
0.00 T . T 1
400 450 500 550 600

Wavelength (nm)

Absorbance

Figure 1.04. An illustration of an immunoassay LSPR sensor-design: a
layer of antibody coated gold nanoparticles is immobilized on a
transparent substrate and used to bind antigens from solution. The antigen

binding results in a shift of the LSPR absorption band.

In a similar format several researcher have employed gold nanoparticle
constructs to detect biotin-streptavidin binding”' and a variety of different
immunoglobulin G’s (IgG’s).”*®” This detection method can also be extended to
silver nanoparticles (AgNPs) as they exhibit the same phenomenon with the
exception that the silver LSPR band is located at a higher frequency.”®”® Lastly,

1 101, 102
#9:19 and gold nanorods'®" % have

other nanostructures such as silver nanoprisms
also been utilized in this fashion. Technological advancements in instrumentation

have made it possible to detect wavelength shifts as small as 0.0005 nm making
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LSPR based methods highly sensitive.* Detection limits in the low picomolar
range are readily obtainable and the drive towards single nanoparticle/molecule
detection is underway.'” However, sophisticated instrumentation is needed to
achieve these low detection limits and the measurement can be prone to subtle
changes in solvent composition, resulting in false positives. One significant
drawback of this detection method is the inability of multiplexing. The capture
layer on the solid support has to be the identical throughout and thus can only
bind one specific analyte at a time. Therefore a different approach was explored in
this thesis that measures the magnitude of the LSPR band. In order for such a
measurement to relay information about analyte concentrations the entire set-up
had to be changed. The next Section will present a sandwich assay design, which

will be used in conjunction with UV-vis spectroscopy in this thesis.

1.3.2 Surface enhanced Raman scattering (SERS) in biosensing.

Another bioassay design that exploits gold nanoparticles is based on
surface-enhanced Raman scattering (SERS). Metal nanoparticles can enhance the
Raman signal by both chemical and electromagnetic effects creating the basis for
SERS. The chemical enhancement only accounts for a small portion, ~107, of the
overall enhancement and involves a charge transfer state between the NP and the

104

adsorbent. " The majority of the signal improvement results from the localized

surface plasmon resonance coupling occurring at the nanoparticle surface when

irradiated by light, which can lead to signal enhancements on the order of 10" for

105

single molecules.®® Other benefits of SERS include narrow spectral
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bandwidths allowing to differentiate closely related compounds and the capability
for signal averaging as photobleaching is minimal. The signal enhancement
coupled with the other advantages of SERS rival techniques such as

1
fluorescence. '

Raman Reporter

P oy
@ /T Intensity

Surface Enhanced

,/’
W ' Raman Scattering Lt
>¥

\_ (SERS) 300 500 700 900 1100 1300 1500 1700
Raman Shift (cm™)

Figure 1.05 A sandwich immunoassay that “sandwiches” the analyte
(antigen) between a capture-molecule (antibody) and an antibody coated
gold nanoparticle. The AuNP also carries a Raman active molecule
(Raman reporter) that is used in the SERS detection of the analyte. This

Raman reporter generates the SERS spectrum shown to the right.

The incorporation of SERS in an immunoassay was first demonstrated by
Rohr and coworkers in 1989 with a roughened silver film to achieve SERS.'”” A
decade later in 1999 Porter and his research group presented the first sandwich

immunoassay that utilized gold nanoparticles in SERS detection.’’ The assay was
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capable of detecting rabbit and rat IgG at the nanomolar level. Figure 1.05
introduces the sandwich immunoassay format that “sandwiches” the analyte of
interest between an immobilized capture-molecule on a solid support and a
functionalized nanoparticle label. The gold nanoparticle is bifunctional, carrying a
capture-molecule to selectively bind to the analyte and a Raman active molecule
(Raman reporter) that will be used in the detection strategy. The SERS response
from the Raman reporter is measured and correlated to the analyte concentration.

Several aspects of the sandwich immunoassay have to be carefully
controlled to achieve quantitative and reproducible results.*® The solid support
chosen is most often planar gold, which can lead to plasmonic coupling between
the gold surface and the AuNPs. The electromagnetic coupling of the two
plasmons leads to a shift in the LSPR band of the gold nanoparticle thereby
affecting the electromagnetic enhancement of the Raman bands. In order to
minimize variations in signal intensity, the solid support has to be manufactured
with a low batch-to-batch variability. Even more important are gold nanoparticle
size variations and stability as discussed below.

The SERS enhancement for AuNPs is size dependent and variations in
nanoparticle diameter affect the overall intensity of the SERS signal.*® The
stability of the coated AuNPs is the other factor that needs to be stringently
controlled. The NP surface needs to be designed in such as way that it prevents
aggregation by maintaining a slightly negative or positive surface charge to cause
electrostatic repulsion.*® Further, the antibody needs to be covalently linked to the

surface to prevent desorption during the assay, which could lead to a reduction in
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signal.'”™ Here a bifunctional thiol is used that coats the gold surface and carries a
reactive succinimidyl ester functionality that reacts with primary amines on the
antibody forming an amide linkage.'”® ' Another aspect is non-specific binding
either as a result of the capture layer on the solid support or from the gold
nanoparticle. This can generally be prevented by exposing the modified surface to

blocking agents such as bovine serum albumin (BSA)."'> '"!

Blocking agents are
typically smaller proteins that can bind to the surface between antibodies, thus
covering the remainder of the surface and preventing any non-specific
interactions.

A carefully controlled surface chemistry and a uniform gold nanoparticle
size distribution can lead to detection limits in the femtomolar range, as was
shown for both IgG’s and viral pathogens.'®® "> '* Not only does this method
provide superior detection limits, it also has the capability of multiplexing by

employing different Raman reporter molecules for each type of analyte NP-

label.''

1.4. MOTIVATIONS AND INTENTIONS

The drive towards stable yet versatile gold nanoparticles was the
motivation behind Chapter 2 and the goal was to make use of strong adlayer—
substrate interactions while maintaining a simple modification procedure. The
spontaneous reduction of diazonium salts met these requirements on planar gold
and much of the work presented in Chapter 2 will focus on applying this

chemistry to AuNPs. Chapter 3 serves as an extension to the previous chapter and
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is meant to provide a better understanding of the diazonium derived film on gold
nanoparticles and investigate possible applications.

In the biosensing area, the motivation was to design a simple and readily
available detection method that will have the potential to analyze at least 2
analytes simultaneously. This idea is explored in Chapter 4 and applied to an
immunoassay in Chapter 5. Although Raman spectrometers have become more
affordable in recent years, they are still not present in a majority of analytical
laboratories. UV-vis spectrophotometers, on the other hand, are widely employed
and significantly less expensive. Therefore, we have combined certain aspects of
both techniques and developed a sandwich immunoassay with AuNP-labels
similar to the SERS assay shown in Figure 1.05. The detection, however, relies on
the LSPR band intensity measured by a common benchtop UV-vis
spectrophotometer. The magnitude of the LSPR band, which scales with the
number of nanoparticles present, is used instead of the LSPR shift to facilitate the

potential for multiplexing by employing other labels such as silver nanoparticles.
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Chapter 2:

Diazonium Derived Aryl Films on Gold Nanoparticles: Evidence for a

Carbon-Gold Covalent Bond"

2.1 INTRODUCTION

Methods to functionalize nanoparticles are generally derived from
schemes used for modifying macroscopic, planar substrates. The interaction
between a substrate and adsorbate layer often controls the structure and properties
of the layer and governs the types of applications for which the modified substrate
can be employed. Covalent bonding between organic molecules and substrates
such as silicon,' glass® and carbon® are known. Electrochemical methods are used
to chemically graft polymers to metal surfaces,’ but in general, organic molecules
covalently bound to metals are less prevalent. Organic molecular layers on noble
metal surfaces have been used in a wide range of applications. The self-assembly
of alkythiolate monolayers is the most broadly applied modification method for
noble metals such as gold.” ® The monolayers are easily formed, are highly
organized and provide a pathway to create interfaces with a variety of functional
groups. The interaction between the sulfur and gold is labile, which allows for the
self-organization of this monolayer system but can also lead to instability under

certain conditions.’ Despite the labile nature of the interaction, thiol derived

*
A version of this chapter has been published. Adapted with permission from (Laurentius et

al., 2011, ACS Nano, 5(5), 4219-4227). Copyright (2011) American Chemical Society.
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monolayers on gold are sufficiently stable to be widely applied in fundamental

studies, biosensing, molecular electronics and surface patterning.’

The modification of conducting surfaces with diazonium salt derived aryl
layers gained significant attention.” ' Diazonium salts are electrochemically or
spontaneously reduced at the surface of a conductor to form an aryl radical that
binds to the surface. These films tend to form multilayers and are relatively
disordered.® ° The interaction between diazonium derived aryl films and the
substrate is very stable, able to withstand prolonged ultrasonic treatment, boiling
in various solvents and long time exposure to ambient conditions.” It is widely
accepted that the interaction between diazonium derived films and graphitic
carbon substrates is a C-C covalent bond. This is supported by Raman
spectroscopic evidence'® and more recently by fragmentation patterns observed in
time-of-flight secondary ion mass spectrometry experiments.'' The bonding of
diazonium-derived films on metal surfaces has been studied. Angle resolved X-
ray photoelectron spectroscopy (XPS) revealed the presence of a carbide layer at
an aryl-Fe interface, suggesting a covalent bond on Fe.'? Highly stable films have
been reported on Cu surfaces and XPS results indicated the presence of both Cu-

O-C and Cu-C bonds."

Several groups have reported on the formation of aryl films on gold
surfaces via the reduction of diazonium salts.'*'® The structure and stability of
electrochemically deposited films are similar to those formed on carbon.
Shewchuk and McDermott have shown that diazonium derived nitrobenzene

(dNB) films are more strongly bonded to gold surfaces than the thiol analog."
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Downard and co-workers have recently examined the formation of diazonium-
derived layers on gold by spontaneous (open-circuit) adsorption.”® It was shown
that the growth of nitrobenzene films was dependent on incubation time and films
ranging from a sub-monolayer to multilayers consisting of 2-3 layers were

observed.

F{

R

-N
40 nm + © é \?
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Figure 2.01. Potential reaction between a gold nanoparticle and

diazonium cation.

The general understanding of the formation and structure of thiol derived
self-assembled monolayers on planar gold substrates opened pathways for the use
of thiols in the modification of gold nanoparticles (AuNPs).*" ** Following a
similar train of thought, we envision the formation of aryl layers on AuNPs via
the spontaneous reduction of diazonium salts. A general scheme of the potential

reaction is shown in Figure 2.01. Our efforts are focused on showing that this
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reaction takes place and in exploring the type of binding between the aryl groups
and gold nanoparticles. The use of diazonium derived films for the stabilization of
metal nanoparticles has been examined by Schiffrin and coworkers, who reported
on the synthesis of gold and platinum nanoparticles in the presence of diazonium
salts.”> They postulated that the formation of a gold-carbon bond would provide
superior stability compared to metal-sulfur interactions. A similar process was
used for the synthesis of aryl-stabilized palladium nanoparticles.”* In both of these
studies, the existence of a metal-C covalent bond was assumed but not proven.
The use of diazonium salts for the modification of pre-formed nanoparticles has
also been demonstrated. Mangeney et al. reported on the sonication-assisted,
electroless modification of diamond nanoparticles with 4-nitrobenzene diazonium

salt.?

We demonstrate here the functionalization of pre-formed, citrate stabilized
AuNPs by spontaneous adsorption of dNB as shown in Figure 2.01. We are
motivated by the potential applications of nanoparticles with covalently bonded
layers. In addition, this system affords the ability to probe the aryl group—gold
interactions by surface enhanced Raman scattering (SERS). The combination of
SERS and density functional theory (DFT) modeling is used to identify a Raman
band associated with a Au-C stretch. This vibrational mode is also observed on
planar gold surfaces by high-resolution energy electron loss spectroscopy
(HREELS). The observation of a Au-C vibrational band is the first direct evidence

of a covalent bond in diazonium derived aryl layers on noble metals.
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2.2 EXPERIMENTAL

Reagents and Materials. 4-Nitrobenzenediazonium tetrafluoroborate,
97%, (dNB), silver nitrate, 99%, and tetrabutylammonium tetrafluoroborate
(TBABF,4) were obtained from Sigma-Aldrich and used as received. Nitrobenzene
99% (NB) was purchased from Fisher Scientific. Reagent grade acetonitrile
(CH3CN) was purchased from either Caledon Laboratories or ACP Chemicals Inc.
Anhydrous ethyl alcohol was obtained from Commercial Alcohols. 96% sulphuric
acid and 30% hydrogen peroxide were obtained from Mallinckrodt. 40 nm citrate
capped gold nanoparticles (AuNPs) were purchased from BBInternational with a
concentration of 9x10'" particles/mL. Deionized water with a resistivity of 18

MQ-cm or better was obtained with a Barnstead Nanopure purification system.

Gold nanoparticle modification. The 40 nm AuNPs were modified by
mixing 10 uL of 2 mM 4-nitrobenzenediazonium tetrafluoroborate in acetonitrile
with 1 mL of citrate capped gold nanoparticle solution. Control samples were
prepared by adding 10 uL of 2 mM nitrobenzene in acetonitrile to 1 mL of
AuNPs. The reagents were left to incubate for 24h after which time the
nanoparticles were separated from solution via centrifugation at 8000 rpm for 10
min in an Eppendorf a5417R microcentrifuge. Next, the AuNP pellet was
redispersed in 1 mL of deionized water. A second centrifugation step was added
to wash the particles further. The suspended modified particles were stable and

stored at 7°C until use.
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Extinction Spectroscopy. All nanoparticle solutions were diluted by a
factor of 4 with deionized water before analysis. The extinction spectra were
obtained in transmission mode on a double-beam Perkin Elmer Lambda 35
instrument with a photodiode detector. The UV-vis spectrum was scanned from
200 to 1100 nm with a scan rate of 960 nm/min. Deionized water or was used as

the blank.

Raman Spectroscopy. The gold nanoparticles were analyzed by surface-
enhanced Raman scattering (SERS). A 20 pL volume of the modified AuNPs was
deposited on a gold coated 3x1 inch premium microscope slide (Fisher Scientific)
and analyzed. SERS spectra were recorded with a Renishaw in Via Raman
microscope. Radiation of 785 nm from a high-performance, air-cooled diode
laser was used for excitation. The integration time for the Raman spectrum of
solid dNB was 10 s with a 17 = 0.5 mW laser power at the sample. The SERS
spectra of ANB modified 40 nm AuNPs, 40 nm AuNPs reacted with NB and
unmodified 40 nm AuNPs were integrated for 30 s and the laser power at the
sample was 5 £ 0.5 mW. A Molectron Power Max 5100 meter was used to
measure the laser power at the sample. All spectra were collected with a 50X
objective. Care was taken to deposit equivalent amounts of particles on the slide
and to focus the laser beam in areas of similar nanoparticle density for each

sample.

High-resolution electron energy loss spectroscopy (HREELS). The
electrochemical and spontaneous grafting of diazonium salts on planar gold and

the subsequent HREELS analysis was performed by Rongbing Du and Greg
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Lopinski at the Steacie Institute for Molecular Sciences. The results obtained
support the nanoparticle modification work. A polished Au (111) single-crystal
disk oriented to within 0.5° of the (111) plane (Metal Crystals and Oxides) was
cleaned in 3:1 v/v concentrated H,SO4/30% H>0O, at 120°C for 30 min, followed
by copious rinsing with Milli-Q water. (The concentrated H>SO, H,O; piranha
solution is very dangerous, particularly in contact with organic materials, and
should be handled with extreme care). Then the electrode was continuously
cycled in aqueous 0.5 M H,SO, solution between 0 and 1.75 V (SHE) at 100
mV/s until repeatable cyclic voltammograms were obtained. Cycling was halted
and then maintained at 0 V for 60 s in order to obtain an oxide-free surface.
Electrochemical grafting employed an Autolab PGSTAT potentiostat (Eco
Chemie, Utrecht, Netherlands), a homemade reference electrode consisting of a
silver wire submerged in a 0.01 M AgNOs; solution in acetonitrile with 0.1 M
tetrabutylammonium tetrafluoroborate (TBABF,), and a platinum wire as the
counter electrode. Electrochemical grafting was carried out using three full
sweeps from 400 mV to -600 mV at a sweep rate of 200 mV/s and a diazonium
salt (4-nitrobenzenediazonium tetrafluoroborate) concentration of 2.5 mM in
acetonitrile with 0.1 M TBABF,. Diazonium salt solutions were deaerated for 10
min with Ar gas prior to depositions. Spontaneous grafting was carried out by
immersing cleaned Au substrates in a 1 mM solution of the diazonium salt in
acetonitrile in the dark for at least 24 h. After the molecular grafting, the modified
Au samples were rinsed and sonicated for 30 min in acetonitrile to remove the

residual diazonium salt and the physisorbed materials.
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The modified Au sample was attached to a molybdenum plate sample
holder with a tungsten filament behind the sample to enable radiative heating.
Upon transfer to the ultrahigh vacuum system (UHV), samples were heated to less
than 400°C to remove physisorbed species. HREELS was carried out with an LK
Technologies LK3000 spectrometer. Spectra were acquired in the specular
geometry (60° with respect to the surface normal) at an incident beam-energy of 6

eV and a nominal spectrometer resolution of 6 meV (56 cm™).

Computational techniques. The computational calculations presented in
this work were performed by Stanislav Stoyanov, Sergey Gusarov and Andriy
Kovalenko from the Theory and Modeling group at the National Institute for
Nanotechnology (NINT). The geometry optimization of AuyoNB and Auy)NBj in
Cs symmetry was performed using the Becke-Perdew (BP86) exchange-

correlation functional,”® ’

as implemented in the Gaussian 09 computational
chemistry package.”® The BP86 functional often yields harmonic frequencies that
are close to the experimental values.”” *° For comparison, the PBEIPBE
functional is also employed.3 ' The AuyoNB and AuyoNBj contain odd number of
electrons and the electronic structures are modeled as unrestricted using double
determinants. The Stuttgart-Dresden (SDD) effective core potential (ECP) was
used for relativistic treatment of the [1s*-4f'*] core electrons of Au.*’ The
(8s7p6d)/[6s5p3d] Gaussian-type orbital (GTO) was applied for the valence shell
of Au. The all-electron double-C basis set 6-31G* is used for O, N, C and H

33, 34

atoms. The Raman polarizability derivatives were calculated by numerically

differentiating the analytic dipole derivatives with respect to an electric field.
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2.3  RESULTS AND DISCUSSION

Previous reports have shown that aryl films can be formed on planar gold
surfaces from the spontaneous reduction of diazonium ions.”* * It has also been
shown that metal nanoparticles can be stabilized during synthesis by a diazonium

. 23, 24
derived layer.”

It has not yet been demonstrated that diazonium salts will
spontaneously adsorb to preformed gold nanoparticles (AuNPs). We describe here
our results from spectroscopic studies that show aryl layers form on the surface of
40 nm AuNPs from the spontaneous adsorption of the corresponding diazonium

salt. Vibrational spectroscopic data is used to probe the interaction between the

aryl groups and AuNPs.
2.3.1 UV-vis analysis.

A strong absorption band, known as the localized surface plasmon
resonance (LSPR), is observed in the visible spectrum of AuNPs. It is known that
the position of this band is sensitive to the dielectric constant surrounding the
nanoparticle and, thus, responds to surface modification. For example, the self-
assembly of an alkanethiolate monolayer on silver nanoparticles was shown to red
shift the wavelength maximum (Amay) of the LSPR.>® The visible spectrum can
also be used to monitor the stability and flocculation of nanoparticles in
solutions.’® ¥’ Commercial 40 nm AuNPs were reacted with nitrobenzene
diazonium cations (ANB) as well as nitrobenzene, for comparison. Figure 2.02

contains the extinction spectra centred around the LSPR bands for unmodified,
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citrate capped 40 nm AuNPs and nanoparticles exposed to the various potential

adsorbates. The Ayax values of the LSPR bands are also listed in Figure 2.02.

A, (nm)

525 Au
525 NB

528 dNB

450 500 550 600 650

Wavelength (nm)

Figure 2.02. Extinction spectra of unmodified 40 nm AuNPs, AuNPs
reacted with nitrobenzene (NB, control), and dNB modified 40nm AuNPs.
All samples were suspended in water. The mean value of Anax for 3
measurements is shown. The uncertainty of the measurement (s.d.) is 0.3

nm.

The band for the unmodified NPs exhibits a maximum at 525 nm.
Nanoparticles reacted with NB yield a An., that is indistinguishable from

unmodified AuNPs, implying there is negligible physisorption through the
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aromatic ring or the nitro group. The band position for NPs reacted with dNB is
located at 528 nm, red shifted significantly from that for unmodified NPs. This
shift in Ayax 18 consistent with the formation of an adsorbate layer on the surface
of the nanoparticles. We note that the intensity of the LSPR band for the dNB
modified AuNPs is lower than that for the unmodified AuNPs. This is due to loss
of a portion of the AuNPs during separation of the modified nanoparticles from
unreacted diazonium salt via centrifugation. However, the dNB modified AuNPs
that are resuspended remain stable in the aqueous solution. The spectrum in
Figure 2.02 provides no indicators of nanoparticle aggregation, as we observe no
absorption bands in the region between 600 and 800 nm. We have found that 40
nm AuNPs modified with dNB are stable in solution for at least one month with
no evidence of aggregation. We conclude from Figure 2.02 that reaction of dNB
with AuNPs results in the formation of an adsorbed layer on the nanoparticle

surface.
2.3.2 Vibrational spectroscopy comparison.

We have further characterized the diazonium-derived layers on AuNPs
with surface enhanced Raman scattering (SERS). Gold nanoparticles with
diameters in the 20 to 100 nm range are excellent substrates for SERS.*® In
addition, NB and NB-containing films have been the subject of a number of
normal Raman®’ and SERS investigations.”> ** In addition to providing structural
information of an adsorbed layer, vibrational spectroscopy is particularly useful
for probing the nature of the bonding between various adsorbates and gold

substrates; a number of studies have reported evidence of a Au-C covalent bond.
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Figure 2.03. (A). Raman spectrum of solid dNB (top spectrum, red) and
SERS spectra of dNB modified 40 nm AuNPs (solid black line), 40 nm
AuNPs reacted with NB (dashed blue line) and unmodified 40 nm AuNPs
(solid green line). (B). Raman and SERS spectra of all the samples in (A)

expanded near 400 cm™.
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Table 2.1. Band assignments listed for the Raman spectrum of solid dNB
and the SERS spectrum of NB on the surface of 40 nm AuNPs.

References 39 and 40 were used for some assignments.

Band position (cm™)

Assignment dNB Powder | dNB on AuNPs
N=N stretch 2309 -
Ring stretch 1577 1589
Asymmetric NO; str. 1545 -
Symmetric NO; stretch 1358 1344
C-N; stretch 1130 -
C-N str. + ring str. 1107 1110
CHi.p. bend 1073 1080(w)
Ring breathing 1010 1005(w)
ONO scissor + ring str. 860 852
Asym. Ar C-C str. + C-N-N i.p. deform. 635 -

Recently, infrared photodepletion spectroscopy was used to study Au cluster with
chemisorbed CO. The vibrational spectra obtained show Au-CO stretching and
Au-C-O bending bands between 250-400 cm™.*' Cyanide adsorption to gold has
been probed with SERS. One study observed a band at 375 cm™ which was
tentatively assigned to Au(CN),.* Other investigations have reported an Au-C

stretching mode for Au-CN at 370 cm™ .
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Figure 2.03A contains the Raman spectra in the region between 300 and
1700 cm™ for the various NB-AuNP combinations as well as the normal Raman
spectrum of dNB powder. The spectra for the two control samples (unmodified
and NB) exhibit no major bands, consistent with negligible physical adsorption of
NB to Au nanoparticles. The spectrum of the dNB modified AuNPs is
significantly enhanced and features numerous bands that are consistent with those
observed in the dNB powder spectrum. Band assignments are listed in Table 2.1.
The relative intensities of some of the more prominent bands as well as band
positions in the SERS spectrum agree well with the dNB powder spectrum.
Despite these similarities, there are notable differences between the two spectra.
First, bands in the powder spectrum associated with the diazonium moiety are not
observed in the SERS spectrum. A strong band is observed in the powder
spectrum at 2309 cm™ (not shown), which corresponds to the N-N stretch of the
diazonium group. This band is not observed in the SERS spectrum of dNB on
AuNPs. In addition, bands at 1130 and 635 cm™ in the dNB powder spectrum also
involve the diazonium moiety (Table 2.1) and are not observed in the SERS
spectrum. Taken together, these observations are strong evidence for spontaneous
reduction of the diazonium cation to the aryl radical and the formation of a NB

layer at the AuNP surface.

A second major difference in the spectra in Figure 2.03A is evident in the
region between 1200 and 1300 cm™. The SERS spectrum of dNB on AuNPs
exhibits bands at 1201, 1250 and 1282 cm™ that are not present in the dNB

powder spectrum. We believe these bands are due to the multilayer nature of the
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dNB film on the AuNPs and assignment of these bands will be discussed below.
Finally, a low intensity band at 412 cm™ is observed in the dNB spectrum. This
band is highlighted in the expanded region of the spectra in Figure 2.03B. A band
centered at 412 cm™ is clearly present in the dNB spectrum and not in the spectra
of the powder or either of the control spectra. We have also observed this band in
SERS spectra of other diazonium salts spontaneously adsorbed to AuNPs.
Reaction of 40 nm AuNPs with nitroazobenzene diazonium salt results in a band
at 416 cm™, while reaction with phenylacetic acid diazonium salt produces a band
at 410 cm™. As noted above, previous work has assigned bands at 375 cm™ to a
Au-C stretch for Au-CN. We thus tentatively assign the band at 412 cm’
observed in Figure 2.03B to a Au-C stretch. The modeling studies described

below support this assignment.
2.3.3 Computational study of modified gold nanoparticles.

It is well accepted that electrochemically deposited diazonium derived
layers are bound to carbon materials through a C-C covalent bond.” Although it
has been shown that these types of aryl films are strongly bonded to gold and

1319 and a Au-C bond has been predicted computationally,*®*’ direct

other metals
spectroscopic evidence of a Au—C covalent bond has not yet been reported. The
attachment and configuration of phenyl groups to gold have been previously
explored using density functional theory (DFT). It has been predicted using DFT

that the bond between the phenyl group and the gold surface is chemical in nature

and that the upright configuration of the phenyl ring is favored.*® Other modeling
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Figure 2.04. Optimized structure of a nitrobenzene monomer (AuzovNB)

and trimer (Au2ovNB3) covalently bonded to pyramidal Auyo clusters.

efforts have used and optimized DFT calculations to complement SERS
experimental results.*® Schatz and coworkers have developed a time-dependent
DFT method for calculating SERS enhancement factors and predicting band
positions. The model is based on a pyridine molecule adsorbed to a 20 atom silver
cluster.””” * Building upon these previous reports, we model dNB adsorbed to
gold nanoparticles as an NB molecule covalently bonded to the vertex of an Auyo
pyramidal cluster and label it Au,ovNB (Figure 2.04). The effect of NB multilayer
formation on Raman spectra is modeled by an NB trimer bonded to the vertex of

an Au,, cluster, labeled as Au,,vNB,. In Figure 2.04, we show the optimized
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geometries of the structures containing NB and NB, bonded to the vertices of Au,,
pyramids. Binding configurations containing NB and NB, covalently bonded to
the vertex of the Au,, pyramid are more stable by 44 and 39 kJ/mol, respectively,
than the configurations bonded to the face of the pyramid. Optimization of
structures containing NB bonded to the rim of the Au,, pyramid converges to
either a vertex or a surface bonded structure. The optimized Au-C bond lengths

are 2.05 A for both Au,,vNB and Au,,vNB,.

dNB on AuNPs

Au,,vNB (Cs) A “ AH
A A J\'\JL

300 500 700 900 1100 1300 1500 1700
Raman Shift (cm)

Figure 2.05. Calculated Raman spectra (Gaussian 09) of AuxvNB and

AuzovNB3; compared to the SERS spectrum of dNB bonded to AuNPs.
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Table 2.2. Assignment of Raman bands from the SERS spectrum and

from calculated (Gaussian 09) spectra of the AuxovNB and AuzovNB3;

structures.

Band position (cm™)

Assignment SERS of dNB on AuNPs | Auy,vNB AuzovNB;3
Ring stretch 1589 1553 1598, 1510
Symmetric NO,; stretch 1344 1322 1365, 1325
Ring breathing 1282, 1250 (\%\/ZZ) 1289, 1248
C-Hi.p. bend 1201, 1170 1169 1174, 1152
C-N str. + ring str. 1110 1086 1091
ONO scissor + ring str. 852 836 825
Au-NB stretch 412 439 414

The calculated Raman spectra for the model systems as well as the

experimental SERS spectrum of dNB on AuNPs are shown in Figure 2.05. The

electronic absorption maximum for nitrobenzene is 263 nm and we do not expect

any resonance Raman effects with the 785 nm excitation used here. Thus, the

Raman scattering intensities for the model systems were calculated for the static

case. Band assignments for the two models as well as the experimental SERS
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spectrum are listed in Table 2.2. Qualitatively, in terms of relative band intensities
and band positions, the spectrum derived from the Au,,vNB model agrees more
closely to the experimental SERS spectrum. This implies that the majority of the
nitrobenzene molecules bound to the 40 nm AuNPs are in a single layer. The
spectrum yielded by the Au,,vNB; model contains a number of additional modes
assignable to the NB groups in the second layer. Of particular interest are ring
breathing modes for the second layer of NB groups at 1289 and 1248 cm™. These
modes agree well with bands observed at 1282 and 1250 cm™ in the SERS
spectrum. Multiple bands for in-plane C-H bending modes in the spectrum of
Au,,vNB; are also consistent with the SERS spectrum. A number of other bands
predicted for Au,,vNB; are not observed in the SERS spectrum. These differences
may be due to dissimilarities in the structure of the branched units in the dNB
layer on the AuNPs and the model trimer structure. The model also does not
account for coverage effects, which will certainly influence the bands observed in
the SERS spectrum. Despite this, the agreement of the SERS spectrum with the
calculated spectra of the two model structures is consistent with a diazonium

derived NB film bound to the AuNPs that contains branched multilayer structures.

A number of reports have addressed the interaction between diazonium
derived films and metals based on the stability of the film to various treatments."
151819 Shewchuk and others have previously shown that electrochemically
deposited dNB remains bound to planar gold surfaces following severe ultrasonic

15,19

treatment'> " and exposure to boiling solvents."” In addition, the dNB layer cannot
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be entirely displaced by long chain alkane thiols that completely displace a
mercaptonitrobenzene monolayer. Recently, it was shown that a portion of a
spontaneously adsorbed dNB film on planar gold remains following ultrasonic
treatment in acetonitrile.”® It has been suggested that these observations were due
to a covalent linkage between the diazonium derived film and the gold surface.

However, direct evidence of a Au-C covalent bond has not yet been reported. The

<> Atom displacement
without bond stretching
> E <= = >Qut-of-plane ring bending
<> Bond stretching

J
Au,,vNB (Cs) Au,,vNB; (Cs)

¥

Figure 2.06. lllustration of the calculated (Gaussian 09) vibrational modes
at 439 cm™ (AuzovNB) and 414 cm™ (AuxovNBs) that involve Au-C bond

stretching coupled with out-of-plane aromatic ring bending modes.
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calculated Raman spectra from the two model systems both contain bands due to
modes involving a Au-C stretch. As listed in Table 2.2, this band appears at 439
cm’! for AuyovNB and 414 cm’! for Au,ovNB;. The modes responsible for these
bands are shown in Figure 2.06. As noted above, we observe a band at 412 cm™ in
the SERS spectrum of dNB on AuNPs that is neither observed in the Raman
spectrum of the dNB starting material nor in the controls (SERS spectra of
unmodified AuNPs and AuNPs with physisorbed NB). There are also no other
bands in that vicinity of the SERS spectrum. We thus assign the 412 cm™ band to
a mode involving a Au-C stretch as predicted in the Raman spectra of our models.
This provides direct evidence for the existence of a Au-C covalent bond for this

system.
2.3.4 HREELS supporting evidence on planar gold.

The observation of a Au-C stretch in SERS spectra is compelling evidence
for the existence of a gold-carbon covalent bond in diazonium derived films on
nanoparticles. Confirmation that this mode of bonding occurs on planar surfaces
requires a highly surface sensitive vibrational spectroscopic method. We thus
studied dNB films on single crystal Au(l111) surfaces with high-resolution
electron energy loss spectroscopy (HREELS). In HREELS vibrational modes of
adsorbed molecules can be identified by analyzing the energy loss of inelastically
scattered electrons. Dipole active modes tend to dominate HREELS spectra in the
specular scattering geometry, however, non-dipole active modes can be observed
as well. Thus, HREELS spectra are very comparable and complementary to SERS

spectra.
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Figure 2.07. HREELS spectra for dNB films on Au(111) by spontaneous
adsorption (upper, red curve) and electrochemical grafting (middle and
lower, black curve). The lower spectrum is for the electrochemically
deposited film plotted at full scale. The other spectra are plotted with

expanded y-axis to better observe the vibration bands.

Figure 2.07 contains HREELS spectra for Au(111) modified with dNB by
both electrochemical grafting and spontaneous adsorption. The bottom spectrum
in Figure 2.07 is that for the electrochemically deposited film plotted at full-scale

and showing the relative intensities between the elastically scattered and
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inelastically scattered electrons. The signal intensities for the other two spectra in
Figure 2.07 were normalized to the elastic bands and were expanded for clarity.
The electrochemically deposited film yields bands at 1524, 1342, 1102, 845, and
420 cm™ in the region shown. The band at 845 cm™ is assigned to the ring stretch
+ ONO scissor mode and is in good agreement with the SERS peak observed at
852 cm™. The 1102 cm™ band is assigned to a mode involving a ring stretch and a
C-N stretch (Table 2.1). The bands at 1342 and 1524 cm™ are assigned to
symmetric and asymmetric NO, stretching based on previous publications.' *°
The peak observed at 420 cm™ is assigned to the Au-C stretch due to its proximity
to the 412 cm™ band in the SERS spectra.

The bands due to inelastic scattering for the spontaneously adsorbed dNB
are much less intense than those for the electrochemically deposited film. Based
on our group’s previous work, we expect that the conditions used here for
electrochemical deposition results in a dense, multilayer film of dANB with a
thickness of ~2 nm. Since, in general the inelastic scattering intensity increases
with surface coverage, the lower loss peak intensities observed for spontaneous
adsorbed film indicates that the coverage of dNB groups is substantially lower
than that observed for the electrochemically deposited film. Despite the difference
in coverage, the HREELS spectrum for the spontaneously adsorbed dNB film
contains bands with similar position as the electrochemically deposited film. An
interesting observation is the higher relative intensity of the band at 420 cm™ in
the spectrum of the spontaneously adsorbed film. We believe the enhanced

intensity of this mode results from a relatively thin spontaneously adsorbed film
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compared to the electrochemically deposited film. A less intense band for a mode
located at the metal-film interface is expected for a thicker, multilayer film due to
the limited probing depth of the electrons. This observation also provides support
for our assignment of the 420 cm™ band to a Au-C stretching vibration. We thus
conclude that a Au-C covalent bond is formed upon either spontaneous adsorption

or electrochemical grafting of dNB to Au (111).

O 0N
L
w 20 O
NO,
ozN\O\ O
-N o
2 2 NO,
40 nm + — O Q
A g (2
Q
NO,
+ N, O NO,
NO,

Figure 2.08. Reaction scheme for the spontaneous adsorption of dNB to
40 nm AuNPs illustrating the proposed film structure on the surface of the

nanoparticle.



53

24 CONCLUSION

The results presented here show that aryl films can be formed on gold
nanoparticles by spontaneous reaction with diazonium precursors. Nanoparticles
modified with diazonium derived nitrobenzene yield excellent quality SERS
spectra. Both UV-visible extinction spectroscopy and SERS are consistent with
the formation of a nitrobenzene layer. The nitrobenzene modified nanoparticles
are stable in solution for at least 1 month. Comparison of the SERS spectrum
with Raman spectra from DFT modeling indicates a degree of multilayer
formation on the nanoparticles. The results are consistent with a reaction such as
that shown in Figure 2.08. Although Figure 2.08 implies propagation of the
multilayer solely through aryl-aryl attachment, propagation via radical attack of
the nitro group is also a possibility. Importantly, the DFT modeling leads to the
assignment of a SERS observed band at 412 cm™ to a Au-C stretching mode. This
is the first direct evidence of a gold-carbon covalent bond in these systems.
Results from HREELS experiments confirm the existence of a Au-C bond for
diazonium derived films on planar surfaces. The anchoring of these types of films
through a covalent interaction explains their enhanced stability compared to thiol
derived monolayer analogs. Diazonium derived films on gold and other metals
will continue to find applications where high stability and/or strong adsorbate-

substrate coupling are required.
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Chapter 3:

Evidence for Controllable Multilayer Formation of Spontaneously Grafted

Diazonium Salt Derived Layers on Gold Nanoparticles

3.1 INTRODUCTION

In Chapter 2 the modification of gold nanoparticles with diazonium salt
precursors was introduced and it was shown that these layers are covalently linked
to the gold surface through an Au-C covalent bond. This chapter will serve as an
extension to that work and characterize the adlayers in more detail providing a
better understanding of the nature of the resulting film. The motivation behind this
study is the ongoing importance of gold nanoparticles (AuNPs) in a variety of
applications such as bioassays,'™ medical imaging,” ® and electrocatalysis.” In
almost every application the integration of nanoparticles (NPs) requires a
carefully designed surface chemistry. To this end we have continued the work on
spontaneous grafting of diazonium ions on AuNPs utilizing the covalent nature of

the adlayer.

The gold nanoparticle modification scheme presented here is derived from
the better understood surface modification of planar substrates that include
silicon,® carbon,’ and gold.'® For planar substrates the diazonium derived adlayer
attachment proceeds via a radical intermediate that is either generated by

application of an external potential or by spontaneous reduction of the diazonium



59

ions in the presence of a conductive material. Aryl radicals either bind to the
substrate directly or attach to already adsorbed molecules forming multilayers.
Kariuki was the first to show multilayer formation on highly oriented pyrolytic
graphite (1999) and on glassy carbon (2001) by probing defect sites and
employing masks to cover areas on the substrate allowing for height

11, 12
> ' These results were later

differentiation by atomic force microscopy (AFM).
confirmed by Anariba ef al. on pyrolyzed photoresist films (2003) using AFM to
scratch an area of the diazonium derived film and then to measure the height
difference between the scratched area and the intact film."> This “scratch test” has
now become a common method to measure film thickness.'* Closely related to the
work presented in this chapter, Downard and coworkers have shown evidence of
multilayer formation for the spontaneous reduction of nitrobenzene diazonium
ions on planar gold substrates (2009)."> Tt has also been shown that diazonium
derived films can grow to a substantial thickness that is limited by the availability
of radicals in solution. Film thicknesses on the order of 1-2 um can be achieved

by prolonged chronoamperometric treatment.' " %7

The knowledge from the behavior of diazonium derived films on planar
substrates can be used to explain discrepancies observed in Chapter 2 between
experimentally derived SERS spectra and calculated Raman spectra of modified
AuNPs. In this study we demonstrate that the modification of AuNPs with
diazonium salt precursors results in multilayer formation, as shown in Figure
3.01A. In order to provide evidence for such a claim we compared the thickness

of diazonium-derived adlayers on gold nanoparticles to self-assembled
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monolayers of aliphatic and aromatic thiolates (Figure 3.01B). '®2° This
comparison will provide a basis on which we can attribute spectroscopic and
microscopic differences between the two modification schemes such as localized
surface plasmon resonance (LSPR) shifts, complex vibrational modes, and film
thicknesses to multilayer formation. For this purpose the thiol and diazonium ion
derived layers are probed with extinction spectroscopy, surface-enhanced Raman

scattering (SERS) and high-resolution transmission electron microscopy (TEM).

(A) Diazonium Salt Modification:

R
Nanopartic + >
Ny

(B) Thiol Modification:

R
Gold >
Nanopartic! + @
SH

Figure 3.01. A reaction scheme shown for the spontaneous modification
of gold nanoparticles with (A) diazonium ions forming a multi-layered film

and (B) thiols forming a single-layered film.
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3.2 EXPERIMENTAL

Reagents and Materials. 4-Nitrobenzenediazonium tetrafluoroborate,
97%, (dNB); 16-Mercaptohexadecanoic acid, 90% (tC;,cCOOH); and 4-
Nitrobenzenethiol, 80%, (tNB) were obtained from Sigma-Aldrich and used as
received. 4-Nitroazobenzene (ANAB) was synthesized according to a previously
published procedure by Starkey.”’ Anhydrous acetonitrile (CH3;CN) was
purchased from Caledon Laboratories. Sulphuric acid, 96%, and hydrogen
peroxide, 30%, were obtained from Mallinckrodt. Premium microscope slides
(3x1 inch) were received from Fisher Scientific. Citrate-capped 40 = 3 nm gold
nanoparticles (AuNPs) were purchased from BBInternational with a concentration
of 9x10'° particles/mL. Deionized water with a resistivity of 18 MQ-cm or better

was obtained with a Millipore Milli-Q Plus purification system.

Gold nanoparticle modification. 40 nm AuNPs were modified by mixing
10 pL of 2 mM diazonium ion or thiol in acetonitrile with 1 mL of citrate-capped
gold nanoparticle solution. The effect of precursor concentration was investigated
by choosing two different concentrations in the modification procedure mentioned
above for dNAB: a low concentration of 2 mM (LC-dNAB) and a high
concentration of 10 mM (HC-dNAB). The reagents were left to incubate for 24 h
after which time the nanoparticles were separated from solution via centrifugation
at 8000 rpm for 10 min in an Eppendorf a5417R microcentrifuge. The supernatant
was carefully removed with a micropipette and the AuNP pellet was redispersed

in 1 mL of deionized water. A second centrifugation/cleaning step was added to
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wash the particles further. The modified particles are stable and stored at 7 °C

until use.

Extinction Spectroscopy. All nanoparticle solutions were diluted by a
factor of 2 with deionized water before analysis. The extinction spectra were
obtained in transmission mode on a double-beam Perkin Elmer Lambda 35
spectrophotometer. The UV-vis spectra were scanned from 200 — 1100 nm with a

scan rate of 960 nm/min. Deionized water was used as the blank.

Raman Spectroscopy. The gold nanoparticles were analyzed with
surface-enhanced Raman scattering (SERS). A 20 pL volume of the modified
AuNPs was deposited on a clean gold-coated microscope slide and analyzed.
These gold-coated microscope slides were fabricated by coating a glass
microscope slide with an adhesive layer of 5 nm Cr followed by 300 nm Au in a
thermal evaporation system, Torr International. SERS spectra were recorded with
a Renishaw inVia Raman microscope. Radiation of 785 nm from a high-
performance, air-cooled diode laser was used for excitation. The SERS spectra of
dNB, dNAB, tNB, and tC;cCOOH modified 40 nm AuNPs were obtained by
integrating the sample for 10 s with a laser power at the sample of 0.33 + 0.02
mW. An Edmund Optics handheld laser power meter was used to measure the
laser power at the sample. All spectra were collected with a 50% objective. Care
was taken to visually deposit equivalent amounts of particles on the slide and to

focus the laser beam in areas of similar nanoparticle density for each sample.
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Transmission electron microscopy (TEM). The sample handling and
TEM analysis was performed by Hui Qian at the Hitachi Electron Microscopy
Products Centre (National Institute for Nanotechnology). TEM specimen were
prepared by applying one drop of nanoparticle solution onto a silicon nitride
membrane window grid. The excess solution was blotted with a filter paper after a
period of one minute in order to provide time for AuNP adsorption to the grid.
The grid was dried in air before being transferred to the ultra-high vacuum
chamber. The images were collected on a 200kV JEOL2200FS field emission
transmission electron microscope (TEM) equipped with an in-column omega type
energy filter. An objective aperture and an energy filter slit were applied to obtain
zero-loss bright field (BF)-TEM images, which enhanced the contrast of thin

organic layers around the AuNPs.
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3.3  RESULTS AND DISCUSSION

COOH
NO>
N02 NOZ N:N
SH SH N, NGt
tNB tC,,COOH dNB dNAB

Figure 3.02. Molecules (drawn to scale) used in the modification of AUNPs
from left to right: 4-nitrobenzenethiol (tINB), 16-mercaptohexadecanoic
acid (tC4COOH), 4-nitrobenzene diazonium salt (dNB), and 4-

nitroazobenzene diazonium salt (ANAB).

In order to investigate the thickness of diazonium-derived organic films on
gold nanoparticles we have characterized and compared a series of thiol and
diazonium  modified AuNPs, ie.  4-nitrobenzenethiol (tNB), 16-
mercaptohexadecanoic acid (tC;sCOOH), 4-nitrobenzene diazonium salt (ANB),

and 4-nitroazobenzene diazonium salt (ANAB). These four molecules (Figure
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3.02) were chosen for two reasons: 1) to directly compare the two different
modification schemes for similar structures using tNB and dNB, and 2) to provide
examples of different molecular sizes for both thiol and diazonium derived layers.
In the first case, any changes observed in TEM, extinction spectroscopy or SERS
should result from differences in linkage and film formation of nitrobenzene on
the gold nanoparticle surface. In the second case, changes in the resulting film
thickness are strictly a consequence of molecular size, and this provides additional
examples to support our findings. Lastly, dNAB is used to illustrate the capability
of controlling layer thickness by varying diazonium salt concentration during NP
modification from low concentration (LC-dNAB, ~20 uM) to high concentration

(HC-dNAB, ~100 uM).

3.3.1. TEM film thickness measurements.

Modified gold nanoparticles were imaged with high-resolution TEM to
quantitatively measure the layer thickness. Previously, TEM has been used to
image citrate® and aliphatic thiols®® on gold nanoparticles. Furthermore, aryl
diazonium derived layers have been imaged on the surface of single-wall carbon
nanotubes,” multi-walled carbon nanotubes, ** germanium nanowires,” and gold
nanoparticles synthesized in the presence of diazonium salt capping agents.’” In
the latter case, the high-resolution images indicated a monolayer of diazonium-
derived decylbenzene on the AuNP surface, whereas nitrobiphenyl diazonium salt

derived films formed multilayers on germanium wires with 2-4 nm in diameter.
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So far there has been no direct evidence for multilayer formation on gold
nanoparticles and applications of such diazonium-derived systems have been
limited. We have used both silicon nitride membranes and carbon grids to support
our samples and to assess beam induced carbon contamination that could result

from a carbon support.*®

Both thiolate monolayers and aryl diazonium derived films on AuNPs
were imaged to compare a known system with diazonium-derived layers. AuNPs
were incubated for the same time (24 h) and at the same concentration for both
thiols and diazonium salts in order to facilitate a direct comparison. Figure 3.03
shows bright field (BF)-TEM images of the organic film surrounding the
nanoparticle for each of the four molecules (tNB, tC;COOH, dNB, and dNAB)
and the citrate-capped starting material. Both the citrate-capped AuNPs (Figure
3.03A) and tNB (Figure 3.03C) display a thin film. This can be explained by the
similar molecular diameters for citrate and nitrobenzene. In contrast, for
mercapto-hexadecanoic acid (tC;cCOOH, Figure 3.03B) we observe a thicker
adlayer as a result of the increased molecular length. The organic layer thickness
for ANB (Figure 3.03D) resembles that of t;sCOOH (Figure 3.03B) indicating
multilayer formation, as mercaptohexadecanoic acid is 2-3 times the size of a
nitrobenzene molecule. Thicker films are observed for LC-ANAB and HC-dNAB
(Figure 3.03E and F). In addition, a direct comparison between the TEM images
of thiol and diazonium derived films shows that diazonium derived layers produce
thicker films. Table 3.1 lists the theoretical monolayer thickness, along with the

measurements obtained from the TEM images for the various adsorbates.
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Figure 3.03. Bright field TEM (BF-TEM) images for 40nm gold
nanoparticles capped with: (A) citrate, (B) mercaptohexadecanoic acid
(tC16COOH), (C) nitrobenzene thiol (tNB), (D) nitrobenzene diazonium salt
(dNB), (E) low-concentration nitroazobenzene diazonium salt (LC-dNAB),

and (F) high-concentration nitroazobenzene diazonium salt (HC-dNAB).
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Table 3.1. Summary of calculated molecule diameters and experimental
measurements taken from extinction spectroscopy and TEM images for 40

nm gold nanoparticles: citrate-capped (citrate), thiol modified (tNB and

tC16COOH), and diazonium salt modified (ANB and dNAB).

mocr?;;:)lfgeglm LSPR ) film thickness )

thickness - (nm) A (nm) from TEM (nm)
citrate 0.8% 526.6 +0.3 0.8+0.1
tNB 0.6-0.9%"% 527.9+0.5 0.8+0.1
tC1,COOH 2.2-2.5% 529.6 +0.1 22+0.1
dNB 0.79°° 531+ 1 22402
LC-dNAB 1.4" 532+ 1 4.0+0.3
HC-dNAB 1.4" 535+2 75+0.4

* Theoretical values for a monolayer thickness for the 5 molecules listed are based on reported
values.

b The listed values are averages based on n=3 measurements for LSPR values and n=6
measurements for adlayer thicknesses.

All nanoparticle precursors used in the two modification schemes
presented here are capped with a monolayer of citrate that prevents aggregation.
This layer binds to the gold surface through electrostatic interactions and has a
thickness of approximately 0.8 nm,”” in excellent agreement with our TEM
derived thickness measurement of 0.8 + 0.1 nm. The thin tNB adlayer measures
0.8 nm, which corresponds to a monolayer of nitrobenzene molecules on the
surface. Similarly, the mercaptohexadecanoic acid (tC;cCOOH) film measures 2.2
nm in diameter yielding monolayer coverage on the gold nanoparticle. The range

of 2.2-2.5 nm listed for the theoretical monolayer height in Table 3.1 relates to the
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orientation of these alkane thiols on the gold surface. It is well known that long-
chained alkyl thiolates prefer a tilted orientation on planar gold and our results
presented here show evidence for a similar orientation on the surface of gold

nanoparticles.’"**

In contrast, diazonium salts have been shown to produce multilayers on
planar substrates. We observe dNB film thicknesses of 2.2 nm (Table 3.1), which
theoretically corresponds to =3 layers of nitrobenzene. A similar result is achieved
for dNAB, which exhibits an adlayer thickness of 4.0 nm for LC-dNAB.
Furthermore, in most instances altering the incubation time and/or concentration
controls the thickness of such a film. This effect was probed by changing the
concentration for ANAB from 2 mM to 10 mM. The film thickness for the more
concentrated dNAB measures 7.5 nm and amounts to approximately 5-6 layers of
nitroazobenzene at the nanoparticle surface. Hence, there is a noticeable
difference in film formation between thiols and diazonium salts on AuNPs and we
have shown, for the first time, evidence for diazonium derived multilayer
formation on gold nanoparticles. Furthermore, the difference in the initial
diazonium salt concentration during the modification can significantly alter the

resulting film diameter.

3.3.2 Extinction spectroscopy analysis.

A commonly used technique to monitor gold nanoparticle modification is

extinction spectroscopy.” ** The localized surface plasmon of AuNPs results in a
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strong extinction band in the visible region near 520 nm as shown in Figure 3.04.

The position of this extinction band is influenced by the nanoparticle size,”* *°

shape,** ** flocculation®® and dielectric constant of the particle and the medium.*"
353 In 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 to verify a successful
surface modification. This is demonstrated by equation 3-01 that was introduced
in Chapter 1 and describes the effect of changes in refractive index and adsorbate

thickness on the shift in Amay.” The dielectric constant is the square of the complex

refractive index.’’
AL = m(nadsorbate + nmedium)(1 - e_Zd/ld) (3-01)

Here, 44 is the wavelength shift, m is the sensitivity factor (nm/refractive index
units), n refers to the refractive index of either the adsorbate or the surrounding
medium, d is the adsorbate layer thickness (nm) and /; is the electromagnetic field
decay length (nm). Typically, the refractive index of an organic monolayer (1.5-
1.6)***% is higher than the refractive index of a solvent (syaer = 1.33)° resulting in

a red shift of the LSPR band.

The effect of film structure and thickness as measured by TEM on the
extinction spectra is shown in Figure 3.04. All modified NPs exhibit extinction

bands that are red-shifted from the original, citrate capped NPs. The amount that
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each band is shifted scales with the film thickness. The larger shift induced by
dNB relative to the equally thick tC;sCOOH is likely due to slight differences in
refractive index. The refractive index of alkane thiol monolayers is typically
estimated at 1.5, while a value of 1.62 has been reported for a tNB monolayer.”® It
is clear from Figure 3.04 that diazonium-derived films on AuNPs shift the

position of the extinction band in a predictable way.

Amax (NM) /
Citrate 527 _/
tNB 528

tC,,COOH 530

dNB 531
LC-dNAB 532

HC-dNAB 535

450 500 550 600 650
Wavelength (nm)

Figure 3.04. Extinction spectra for citrate-capped AuNPs (Citrate) and
modified AuNPs with: nitrobenzene thiol (tNB), mercaptohexadecanoic
acid (tC46COOH), nitrobenzene diazonium salt (dNB), low-concentration
nitroazobenzene diazonium salt (LC-dNAB), and high-concentration
nitroazobenzene diazonium salt (HC-dNAB). The extinction maximum
(Amax) for each spectrum is listed on the left. The values are based on n=3

measurements and the uncertainties are listed in Table 3.1.
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Other aspects of the extinction curves shown in Figure 3.04 include
extinction magnitudes and LSPR band broadening. The absolute magnitudes are
not consistent and this is most likely linked to the loss of nanoparticles during the
centrifugation / cleaning steps in the modification procedure. In regards to the
band broadening, all curves exhibit approximately similar width (60 nm) defined
as the full-width-half-maximum (FWHM). This is a good indication that no
aggregation during the NP modification has occurred.”® Further, nanoparticle
solution stability can be evaluated by monitoring the extinction spectrum in the
region between 600 to 800 nm for the appearance of a second absorption band
that indicates aggregation. There are no additional bands observed in any of the
modified AuNP solutions (data not shown) and the resulting nanoparticles are

stable for at least 1 month.

3.3.3 Surface-enhanced Raman scattering (SERS) characterization.

Raman spectroscopy is especially useful in providing structural
information and due to narrow Raman bandwidths closely related compounds can
be differentiated. Noble metal NPs are known to provide a strong electromagnetic
field enhancement of Raman spectra of molecules adsorbed to their surface. SERS
enhancements at AuNPs are as high as 10°.* This enhancement is particularly
prevalent within a few nanometers of the nanoparticle surface. The SERS spectra
for all modified NPs are analyzed. A direct comparison between tNB and dNB

modified NPs shows the effect of the multilayer structure on the SERS spectrum.
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The SERS spectra for citrate, tC;COOH, and dNAB modified AuNPs are
displayed in Figure 3.05 and exhibit the typical vibrational bands for the
respective molecules. Both hexadecanoic acid and citrate are poor Raman
scatterers, which is manifested in the weak Raman band intensities observed.
However, the main bands for citrate are present and agree with previously
published literature.”” ** These bands consist of 1573 cm™ for the asymmetric
COO- stretching mode; two bands at 1436 cm™ and 1313 cm™ for the symmetric
COO- stretching mode. Lastly, the C-C band at 1050 cm™ and the C-O band at
855 cm™ are also observed in the spectrum. This confirms the presence of citrate
on the nanoparticle surface before these NPs were modified with thiols or
diazonium salts. Similarly, we observe vibrational bands characteristic of a
monolayer of mercaptohexadecanoic acid.’> *"" ** These bands consist of an O-H
bend at 1435 cm™, C-OH stretch at 1295 cm™, chain rocking at 1112 cm™, and a
C-S stretch at 710cm™. We also detect the symmetric and asymmetric CH,

stretches at 2850 and 2895 cm™, respectively (data not shown).

Nitroazobenzene, on the other hand, is an excellent Raman scatterer® as
shown by the intense SERS spectrum for the dNAB in Figure 3.05. To our
knowledge, this is the first reported SERS spectrum of dNAB adsorbed to AuNPs
and it adds to the list of diazonium precursors that can be used in the modification
of gold nanoparticles. A comparison of the obtained SERS spectrum for ANAB to
previously published Raman spectra by McCreery and co-workers of ANAB on
carbon, silver, and titanium substrates shows many similarities.** The major

Raman bands observed here are ring stretching (1589 cm™), N=N stretching (1452
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cm™), symmetric NO, stretching (1342 cm™), and two complex stretching modes
at 1142 cm™ and 1107 cm™ corresponding to ring-N=N and ring-NO, stretching,

respectively.

1142

100,000 counts

n
& o
dNAB - g
~ (% 20)
[42]
2 3 SF
Mx 20)
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600 800 1000 1200 1400 1600

Raman Shift (cm-1)

Figure 3.05. SERS spectra on 40nm AuNPs for diazonium salt derived
nitroazobenzene (dNAB) in blue, thiol derived hexadecanoic acid
(tC16COOH) in red, and electrostatic bound citrate (Au) in brown. Both
tC16COOH and Au spectra have been magnified by a factor of 20. A 785

nm laser was used to collect the SERS spectra.
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Figure 3.06. SERS spectra of diazonium derived 4-nitrobenzene (dNB)
and thiol derived 4-nitrobenzene (tINB) on 40 nm gold nanoparticles. Both
spectra were collected by irradiating visually equal amounts of AuNPs with
a 785 nm laser. The spectra are offset and the major bands a labeled for

comparison.
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Table 3.2: Band assignments listed for the SERS spectra of
nitroazobenzene (dNAB) on the surface of 40 nm AuNPs. Assignments

were made based on published work.*® 44

Assignment dNAB on AuNPs (cm™)

Ring stretch 1589
Asym. NO; str. 1484
N=N str. 1452
N=N str. + ring str. 1404
Sym. NO; str. 1342

C-H i.p. bend 1242, 1182
Ring-N=N str. 1142
Ring-NO; str. 1107

Ring deformation 1008, 966
C-H bend 923
NO; bend 855
C-H deformation 815
C-H + C=C wag. 725

A complete compilation of the Raman bands in the region between 600
cm™ and 1700 cm™ is listed in Table 3.2, which includes the various bending and

deformation modes of the NAB molecule. Although rather weak, we also observe
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the asymmetric NO, stretch at 1484 cm™ for nitroazobenzene, which was not
detected by McCreery and co-workers. Another marked difference is the
appearance of two bands instead of one for C-H i.p. bending (1242 cm™ and
1182cm™) and ring deformation modes (1008 cm™ and 966 cm™). We attribute
these additional bands to dNAB multilayer formation on the gold nanoparticle
surface, as indicated in the TEM section of this chapter. The reason behind the
appearance of the band splitting in our results compared to McCreery’s work is
most likely due to the SERS enhancement at the AuNP surface, which greatly
increases sensitivity in contrast to Raman spectra collected on planar substrates

without any surface enhancement effects.

Pursuing the SERS characterization further, Figure 3.06 provides a direct
comparison of a NB modified NPs with two different binding interactions.
Differences in the SERS spectra can be attributed to structural differences in the
adlayer. The major SERS bands for both tNB and dNB are summarized in Table
3.3. Two striking similarities between the SERS spectra are the intense ring-
stretching mode at 1573 cm™ for tNB and 1588 cm™ for dNB, and the most
prominent symmetric nitro stretch at 1342 cm™ and 1343 cm™, respectively. The
band positions are in agreement with previously published Raman spectra for
nitrobenzene.*** A cluster of peaks appearing in the region from 12001300 cm’
are unique to dNB and have been assigned to ring breathing and C-H bending
modes based on DFT calculations in our previous work.”” We attribute these
additional bands (1285 cm™, 1250 cm™, 1202 cm’™) to complex vibrational modes

within the multilayer structure of dNB.
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Table 3.3. Band assignments listed for the SERS spectra of diazonium
salt derived nitrobenzene (dNB) and thiol-derived nitrobenzene on the
surface of 40 nm AuNPs. References 46, 47, and 48 were used for some

assignments.

Band position (cm'l)

Assignment tNB on AulNPs dNB on AuNPs
Ring stretch 1573 1588
Symmetric NO; stretch 1342 1343
Ring breathing - 1285
Ring breathing - 1250
C-H i.p. bend - 1202
C-H i.p. bend 1176 1170
C-N str. + ring str. 1110 1111
CH i.p. bend 1079 1080(w)
C-N stretch 1051 1040(w)/1049(w)
Ring breathing 1010(w) 1006(w)
C-H o.0.p. bend 933(w) 928
ONO scissor + ring str. 855 852
C-S stretch 723 -
C-H and C-C wagging 723 713
CCC i.p. bending 637 634
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Additionally, the C-N stretch is split into two bands for dNB at 1040 cm™
and 1049 cm™. There are two possible explanations for this splitting from the
single band at 1051 cm™ in tNB: effect of multilayer formation producing
complex stretching modes, or an indication of azo coupling present in dNB films.
>! In terms of peak positioning, the bands in both spectra are usually within 10 cm’
! as would be expected for closely related molecules. Lastly, the precursor for the
dNB derived layers is a diazonium salt containing a N=N bond, which is highly
Raman active producing a stretch at 2300 cm™. This stretch is absent in our
spectrum (not shown here) and provides further evidence for the radical
attachment mechanism at the gold nanoparticle surface. Thus, the SERS spectra
support the formation of a nitrobenzene film for both tNB and dNB, while the
spectral comparison between the two molecules highlights differences in film

structure and provides evidence for the formation of multilayers in dNB.

As an illustration of applicability, a variety of thiolates have been used as
Raman reporters (molecules that a good Raman scatterers) in SERS based
sandwich-type immunoassays for low-level detection of analytes and
multiplexing."” ' In this format the nanoparticle surface is coated with both a
bioactive molecule, which binds specifically to the target analyte immobilized on
a planar substrate, and a Raman active thiolate. Porter and co-workers have shown
femtomolar detection of a prostate-specific antigen employing such bi-functional
AuNPs' and they have shown the detection of four different antigens on the same
chip employing four unique Raman scatterers.”> Diazonium salt derived layers

produce very similar SERS spectra compared to thiols as shown in Figure 3.06. In
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both cases the Raman intensity and bandwidth are alike. However, there are
differences in the SERS bands present due to structural changes of the adlayer.
These spectral variations are sufficient to discriminate the two Raman active
molecules. Consequently, diazonium salts provide new labels for multiplexing in

SERS-based bioassays.
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3.4  CONCLUSION

In conclusion, the comparison of thiol and diazonium derived layers on
gold nanoparticles provides an excellent basis to explore structural differences in
the two different modification schemes. The fact that thiol modification results in
a thiolate monolayer on gold nanoparticles makes it possible to attribute
differences observed in extinction spectroscopy, SERS, and TEM to multilayer
formation. This is the first demonstration of diazonium salt derived multilayer
formation on AuNPs. The thickness of this film can be controlled by modification

conditions such as concentration as was shown for ANAB in this study.

Furthermore, we have presented a direct comparison of SERS spectra for
nitrobenzene for the two modification schemes. The differences in the two spectra
can now with certainty be assigned to complex vibrational modes stemming from
multilayer formation for dNB, and the similarities can be exploited in applications
such as SERS based immunoassays to expand on the number of Raman reporters
available. Lastly, the structural differences resulting from the two different
modification techniques will provide researchers with additional methods to

control adlayer thickness on gold nanoparticles to suit specific applications.
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Chapter 4:

Nanoparticle Adsorption to Modified Transparent Substrates: Method

Development towards Biosensing

4.1 INTRODUCTION

The biosensing field has been re-vitalized with the incorporation of
nanoparticles and nanostructures.'” Specifically gold nanoparticles have found
applications in  Raman-based immunoassays, optical enzyme-linked

immunosorbent assay (ELISA),” DNA hybridization studies,® surface plasmon

7-12 13, 14

resonance (SPR)""“ and localized surface plasmon resonance (LSPR) sensing.
The work described in this chapter will focus on LSPR sensing and lay the
groundwork for a simplified approach to detect biomolecules in a sandwich
immunoassay format. LSPR 1is described as the collective oscillation of
conductance electrons as a result of exposure to electro-magnetic radiation. In
UV-vis spectroscopy of gold nanoparticles this effect leads to the appearance of
an LSPR band in the visible region and the theory that governs the interaction of
light with metal nanoparticles will be discussed below.

In 1908 Gustav Mie formulated an approach derived from Maxwell’s
equations to predict the influence of electromagnetic radiation on colloids.'” "
When light interacts with a particle the likelihood of an interaction taking place is
summed up in the extinction cross section oy, which is made up of two terms,

namely o, (absorbance) and oy, (scattering), as shown by equation 4-01.

Oext = Oaps + Osca (4-01)
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The extinction cross section can be calculated from equation 4-02, where k refers
to the wavevector, and (a; + b.) is a simplification of a mathematical expression
that includes the indexes of refraction for the particle and the surrounding
medium, size parameters, and Riccati-Bessel cylindrical functions. The g,y
expression also contains the term L that includes dipolar, quadrupolar, and higher-

order modes.
2 [ee]
Oext = 1z Liea (2L + 1) Refa, + b} (4-02)

There is however an approximation that can be used for particle sizes much
smaller than the resonance wavelength. The nanoparticles used in this study range
from 10-100 nm and fall within this quasi-static regime. In this regime higher
order excitation modes are absent and the dipole mode dominates.'® This
simplifies the expression for the extinction cross section as shown by equation 4-

03.

Oext (@) = 122 £,/ 2R3 £2(0) (4-03)

[e1(w)+2em ]2 +2(w)?
Close examination of the expression for g,,; in equation 4-03 reveals that the
extinction cross section is dependent on the particle volume (R%), the complex
dielectric function of the particle (¢; and ¢;), and the real dielectric function of the
surrounding medium (e,). A study conducted by Johnson and Christy has
demonstrated the effect of changes in the particle dielectric function.”® For gold
and silver, both the real and imaginary part of the dielectric function are
significantly different resulting in distinct wavelength maxima or resonance
wavelengths. The dependence on R’ also implies that larger nanoparticles have a

higher extinction cross section and result in greater absorption/scattering of light.
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The o,,; can be related to the unitless extinction read-out in an UV-vis
experiment by equation 4-04 that is derived from the Beer-Lambert law.?' In this
equation the extinction cross section takes area units (cm?), path length / is in
(cm), and concentration, C, is in the form of number density (cm™).

Extinction; = 0.434Clo,,; (4-04)
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Figure 4.01. Schematic representation of the experimental design for an
extinction measurement to evaluate the quantity of nanoparticles present

in (a) solution and (b) immobilized on a transparent substrate.
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Traditionally, the majority of extinction measurements are carried out in
solution (Figure 4.01A), but more recently nanoparticles have been adsorbed to
solid supports to serve as sensing platforms in bioassays. This requires extinction
measurements of immobilized nanoparticles on transparent substrates (glass or
quartz) as shown in Figure 4.01B. Typically, these sensing platforms detect
binding of organic- or bio-molecules by relying on a shift in the NP extinction
maximum due to refractive index changes as adsorption to the nanoparticle
surface takes place. We took a different approach that utilizes nanoparticles as
labels. In this fashion, the LSPR band magnitude is used for quantitation. The
magnitude can be related to the number of nanoparticles present on the substrate

surface, which in turn can be related to the number of analyte molecules captured.

Nanoparticle
LSPR band

P \> 0.10
NS .

& S 0.05

Nw~-

&

' 0.00 - . , .
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Figure 4.02. An outline showing a sandwich immunoassay that detects

Extinction

binding based on the nanoparticle density on the surface measured by the

LSPR band intensity.
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A schematic of this approach is illustrated in Figure 4.02 in which a sandwich
immunoassay detects binding through the use of antibody coated NP labels. For
the purpose of biosensing applications, we needed to explore our ability to
quantitate nanoparticle adsorption on a solid support by extinction spectroscopy.
Once the detection method was thoroughly studied, then the nanoparticle labels
were incorporated into a sandwich immunoassay as shown in Figure 4.02
(Chapter 5).

Several researchers have studied the adsorption of AuNPs over the past 15
years, and the study presented here will serve to reproduce and expand on this
work to establish a foundation for our biosensing application. In 1995, Natan and
coworkers successfully demonstrated adsorption of gold nanoparticles on
modified quartz to produce surface-enhanced Raman scattering (SERS) active
substrates.”” Other researchers have since studied the adsorption of gold
nanoparticles to various substrates by surface-enhanced infrared absorption

2 SERS,24 and extinction

spectroscopy,” quartz crystal microbalance,**
spectroscopy.”® 27 The majority of work in this area investigated the adsorption
kinetics and applications of such AuNP adsorbed films; however, low particle
densities that would commonly be found in sandwich immunoassays were not
considered. For such systems a more comprehensive study was necessary. In
order to quantify the adsorption of various sizes of NPs to modified quartz, the
nanoparticle densities obtained from scanning electron microscopy (SEM) were

compared to LSPR band magnitudes obtained from UV-vis spectroscopy. Further,

the goal of this work was to evaluate the possibility of monitoring more than one
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type of metallic nanoparticle at the quartz surface simultaneously by UV-vis
spectroscopy. A two-color detection would be beneficial for biosensing
applications as there is a drive for techniques capable of analyzing multiple
analytes at the same time. The work presented here lays the groundwork for
Chapter 5, which describes the incorporation of nanoparticles as labels in

biosensing.
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4.2 EXPERIMENTAL

Reagents and Materials. N-(2-aminoethyl)-11-aminoundecyltrimethoxy
silane (AUTS) was obtained from Gelest. Reagent-grade methanol, sulphuric
acid, 96%, and hydrogen peroxide, 30%, were purchased from Caledon
Laboratories. All substrates are made out of GE-124 fused quartz with a
dimension of 1x1 cm supplied by Technical Glass. Citrate-capped 10, 40, 60, 100
nm gold nanoparticles (AuNPs) and 20, 40 nm silver nanoparticles (AgNPs) were
purchased from BBInternational. In addition 20 nm silver nanoparticles were
synthesized following the procedure published by Chen and Lu.*®* Briefly,
AgNOs (0.012g) was added to a 90 °C mixture of 50 mL ethylene glycol and
0.026 g of sodium citrate. After stirring for 10 min the solution turned dark yellow
and was consequently diluted with 100 mL of deionized water and stored at 4 °C
until use. Deionized water with a resistivity of 18 MQ-cm or better was obtained
with a Millipore Milli-Q Plus purification system.

Silane Modification. All quartz substrates were cleaned in a hot piranha
solution consisting of 4:1 (96% sulfuric acid: 30% hydrogen peroxide) for 30
minutes followed by thorough rinsing with deionized water and drying under a
stream of argon gas. Warning: Piranha solution should be handled with extreme
care; it reacts violently with organic materials, presenting an explosion danger.
The cleaned substrates were placed elevated inside a glass petri dish in a furnace
set to 90 °C. The silane solution was added to the petri dish (1-2 mL) and was not

in direct contact with the substrates. A 1 h vapor deposition of the silanes
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followed, after which the modified substrates were thoroughly rinsed with
methanol, dried under a stream of argon gas and left to cure for 1-2 h before use.

Atomic force microscopy (AFM). In order to determine the silane layer
thickness, a 2x2 um area on the AUTS modified quartz surface was first imaged
in tapping mode and then a 1x1 um area was “scratched” by 10 cycles at 5 Hz in
contact mode. Afterwards the “scratched” area was re-imaged in tapping mode
and a height profile showed the difference between the undisturbed and disturbed
area corresponding to the silane film thickness on the surface. The same
procedure was repeated for an unmodified quartz substrate in order to determine if
the applied force during contact mode caused damage to the quartz.

The above-mentioned work was carried out on a Digital Instruments
Nanoscope III Multimode microscope using an Olympus Si cantilever with a
spring constant of 2 N/m. The oscillation frequency used for tapping mode was
72 + 4 kHz and a contact force of 0.3 uN was used for all contact mode
experiments corresponding to a setpoint of 2.000 V. The applied force, Fgppiica

was determined using equation 4-05,

Vs—V
Fapplied = %kspring (4-05)

where Vs is the setpoint voltage used in contact-mode, V; is the voltage required
to break the tip away from the surface (-0.3384 V), and S is the cantilever
sensitivity to bending (0.01387 V/nm), and kjpine 1s the spring constant for the

cantilever (2 N/m).
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Static sessile contact angle. All contact angle measurements were carried
out on a Ramé-hart model 590 automated goniometer with DROPimage advanced
version 2.4. Both unmodified and modified quartz substrates were analyzed by
placing a drop of deionized water with a syringe needle on the surface and
immediately capturing an image of the drop, which was used to calculate the
contact angle the drop makes with the substrate. Measurements were repeated for
a minimum of 3 samples.

X-ray photoelectron spectroscopy (XPS). The XPS analysis was
performed at the Alberta Centre for Surface Engineering and Science (ACSES)
using an AXIS Ultra Spectrometer (Kratos Analytical). The source, a
monochromated Al Ka source (hv = 1486.6 €V), was operated at 210 W, and the
analytical chamber maintained a base pressure lower than 4 x 107 Pa for all
measurements. The spot size for all samples was set to 400x700 pm with a
hemispherical analyzer operated in fixed analyzer transmission (FAT) mode.
High-resolution spectra were collected for Cls, Ols, N1s and Si2p with pass
energy of 20 eV and a step size of 0.1 eV. All spectra were referenced to the Cls
peak at 284.8 eV and charge neutralization was omitted. The XPS data was
processed with CasaXPS version 2.3.15.

Nanoparticle adsorption. The N-(2-aminoethyl)-11-
aminoundecyltrimethoxy silane modified substrates were exposed to various
nanoparticle solutions. Typically, adsorption was carried out by exposing the
surface of a 1x1 cm substrate to 1-2 mL of NP solution for 24 h, followed by

rinsing with deionized water / drying under a stream of argon gas. Both
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nanoparticle solution concentration and immersion times were varied in studying
adsorption behavior. Adsorbed NPs at the substrate surface were stable for several
weeks without aggregation.

Extinction Spectroscopy. All nanoparticle solutions were diluted by a
factor of 2 with deionized water before analysis. The extinction spectra for both
solution-based and adsorbed nanoparticles were obtained in transmission mode on
a double-beam Perkin Elmer Lambda 35 spectrophotometer with a photodiode
detector. The UV-vis spectrum was scanned from 200 to 1100 nm with a scan rate
of 960 nm/min. Deionized water or a bare quartz slide were used as the blank.

Scanning Electron Microscopy (SEM). All quartz substrates were coated
with a 5 nm chromium film prior to SEM analysis to avoid charging. The Cr film
was sputtered at a rate of 0.4 A/s by bombarding a Cr target with a 8 keV and 300
HA electron beam in a Gatan precision etching coating system model 682. SEM
images were either collected by Jane Cao on a Hitachi S4800 Field Emission
SEM in the Hitachi Electron Microscopy Products Centre (NINT), or by staff on a
JEOL Field Emission Auger Microprobe JAMP 9500F at ACSES. Image
acquisition on the Hitachi SEM was carried out with a 10.0 kV accelerating
voltage and a 15 pA emission current. Image acquisition on the JEOL was carried
out using a 25.0 kV accelerating voltage and a 8 nA emission current. In both

cases the working distance was approximately 20-24 mm.
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4.3  RESULTS AND DISCUSSION

The following discussion is divided in several sections that describe the
approach taken to quantify nanoparticles on transparent substrates. The
modification of quartz will be discussed first and evidence for the successful
surface modification will be presented. Then a description of a solution based
UV-vis analysis of various nanoparticle solutions and mixtures follows. Lastly,
both gold and silver NP adsorption on amine terminated silanes and their

quantification based on LSPR intensities will be discussed.

4.3.1 Silane modification

Commercially available nanoparticles are typically coated with citrate
molecules resulting in a negative charged surface that repels the individual
nanoparticles from each other and prevents aggregation in solution. In order to
capture NPs on a planar substrate the surface is modified to either enhance
electrostatic interactions or to utilize specific metal-ligand interactions. Functional
groups are chosen that either have a high affinity to gold (-SH and —CN)* or that
yield in a positive surface charge (-NH,)* at neutral-acidic pH which can
electrostatically bind the negatively charged NPs. The most prevalent method to
modify quartz is silane chemistry that typically wuses trimethoxy- or
trichlorosilanes.’®>® Alkylsilanes self-assemble at hydroxylated surfaces to form
relatively ordered monolayers driven by hydrophobic interactions between the
alkyl chains. The two methods for film formation are solution or vapor based

depositions. Especially in solution depositions from organic solvents the amount
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of water needs to be stringently controlled in order to form reproducible layers.
Excess water can lead to silane aggregates in solution that then deposit on the
substrate forming disordered films.*” ***® Several reports claim that chemical
vapor deposition (CVD) results in more reproducible, ordered layers as a result of
more controllable deposition conditions; solvent impurities are virtually
eliminated and water content can be better controlled.”*' To this end the silane
vapor deposition was chosen for this study. Lastly, a long chained amine

terminated silane was selected in order to minimize hydrolysis of the formed film

Si
™ i Si Si i
HCO™ o OCH Ho” 1 0”1 071 01 o] SoH
0 (0] (o) (o] (o) (o]
I I I I I I
© | J
N-(2-aminoethyl)-11-
aminoundecyltri- Silane Modified Quartz
methoxysilane
(AUTS)

Figure 4.03. The formation of a vapor deposited silane layer on a quartz

substrate.
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due to exposure to aqueous nanoparticle solutions.* Figure 4.03 shows the
formation of an ideal silane film with individual silane molecules cross-linked on
quartz from CVD. The modified quartz substrates were characterized with contact
angle measurements, AFM and XPS to show evidence for a successful surface

modification.

4.3.2 Contact angle measurement.

Surface wettability can be determined by contact angle analysis. A water
droplet is placed on the substrate under investigation and the angle between the
surface and the tangent to the droplet defines the contact angle (see Figure 4.04).
There are a variety of different contact angle techniques presently used:
Wilhelmy-balance tensiometry, tilting-plate goniometry, and captive drop
goniometry.* Although commonly two measurements involving the advancing
and the receding angle are done to characterize wetting, a single measurement
called the sessile drop contact angle method is sufficient for this study. The
adhesive forces between the water droplet and the substrate govern the
wettability. An unmodified, cleaned quartz surface commonly exhibits an angle
near 0° displaying a high degree of wettability. On the other hand, an AUTS
modified surface exhibits a larger contact angle that can exceed 90°.

Typical angles reported in the literature for closely packed alkanes that
produce a highly hydrophobic surface are above 100°.** ** Short-chained amine
terminated compounds that exhibit a mixture of hydrophobic and hydrophilic

surface characteristics show a contact angle between 50-60°.>* ** The measured
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angle of 65 £+ 1° obtained from our study of AUTS on quartz (Figure 4.04) is
consistent with angles observed by Reinhoudt and coworkers that obtained a
contact angle of 57 + 2°.*° Small changes in the measured angle can be due to
variations in film packing and density. More importantly, the drastic change in
contact angle from an unmodified substrate (10 = 1°) to an AUTS modified

substrate (65 £ 1°) indicates successful surface modification.

Unmodified Modified

Figure 4.04. Sessile contact angle measurement for both unmodified and

AUTS modified quartz substrates.
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4.3.3 AFM measurement.

Additionally, the silane layer was probed with AFM and compared to an
untreated quartz surface. The height images shown in Figure 4.05A and B indicate
a change in the topography from the untreated quartz with a smooth surface (RMS
roughness of 0.3 £ 0.1 nm) to the AUTS modified surface that exhibits twice the
RMS roughness equal to 0.6 + 0.1 nm. The latter shows regions of tall features
dispersed over the imaged area. These features most likely represent localized
regions of silane aggregation at the surface. Such aggregation has been mentioned
in previous studies and aggregate prevention requires careful control of surface
modification conditions.’® * Despite aggregation occurring these height features
are dispersed and at most 3-4 nm in height, corresponding to silane dimers or
trimers. Overall the modified surface is uniform with a low roughness. The film
thickness can be determined by a procedure first reported by Anariba et al. that
involves the “scratching” of the film in contact mode AFM.*

Here a 1x1 pm area was scratched and re-imaged in tapping-mode (Figure
4.05C and D). Consequently, the height difference between the undisturbed and
scratched areas shows the thickness of the silane film, as can be seen from the
cross-sectional profile in Figure 4.05E. The measured height of 1.3 = 0.3 nm is
less than the reported monolayer height of 2.4 + 0.2 nm measured by
ellipsometry.*® Our lower thickness measurement may be caused by molecular
compression due to the AFM tip or molecular orientation on the surface that
represents a more liquid-like film. However, based on the AFM results we are

confident that the desired silane layer has formed on the quartz surface.
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Figure 4.05. Tapping-mode AFM height images with 10 nm z-scale before
scratching (A: unmodified quartz), (B: silane modified quartz) and after
scratching a 1x1 ym area (C: unmodified quartz), (D: silane modified
quartz). Section analysis of scratched area for silane modified quartz

surface (E).
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4.3.4 XPS analysis.
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Figure 4.06. XPS high-resolution N1s spectra of an untreated quartz

surface (A) and an AUTS modified quartz substrate (B).

Another surface sensitive method for silane film characterization is XPS,
in which information on chemical bonding and elemental composition is
provided.”” *=! For this work we are mainly interested in determining that the
AUTS layer has self-assembled on quartz and we will use the high-resolution
nitrogen 1s spectrum for this purpose. Figure 4.06 clearly shows the difference in
the N1s region between an untreated (A) and AUTS modified (B) substrate. Low
intensity signals corresponding to nitrogen containing species are observed on the
untreated quartz as shown in Figure 4.06A. We believe this is due to adsorbed
impurities from sample handling and transport. The AUTS modified substrate
exhibits strong nitrogen signals at 401.4 eV and 399.4 eV. These signals are

significantly greater than those observed at the untreated quartz. The two peaks at
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401.4 eV and 399.4 eV have been reported in the literature and were assigned to a
protonated amino group and a free amine group respectively.** This assignment
fits with the silane structure shown in Figure 4.03, as there is a secondary amine
group within the molecule and a terminal amine group that can be easily

protonated.

Table 4.1. XPS derived atomic concentrations (N, C and Si) for both an

unmodified and silane modified quartz substrate.

Atomic Concentrations (%)

N1s Cls Si2p
Unmodified 0.560 17.4 26.1
Modified 2.40 24.2 23.4

Another piece of supporting evidence are the atomic compositions shown
in Table 4.1. Relative to the unmodified quartz, the AUTS modified substrate
exhibits a 5x higher N signal and a larger C signal, as we would expect from
adding a carbon/nitrogen rich adlayer to the surface. Second, the silicon signal
decreases for the modified substrate indicating the quartz surface has been
covered and the silane film partially blocks the escaping electrons from the Si2p.
In summary, all three techniques: contact angle, AFM and XPS provide evidence
for the formation of a silane layer on quartz that is uniform and imparts an amine
functionality to the surface that will be used in Sections 4.3.6 and 4.3.7 to capture

gold and silver nanoparticles.
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4.3.5 Solution UV-vis Spectroscopy of gold and silver nanoparticles

Initially, nanoparticle solutions were analyzed in the absence of a solid
support, thus providing the simplest approach measuring the LSPR band intensity
as a function of NP solution concentration. We selected 20 nm Ag and 40 nm Au
nanoparticles on which to focus our study. The difference in size between silver
and gold facilitates easy differentiation in SEM imaging. Figure 4.07A displays a
representative extinction spectrum for the respective AgNPs and AuNPs in
solution. This type of measurement was then extended to a mixture of two
nanoparticle solutions with varying concentrations as shown by Figure 4.07B. For
the mixtures the gold nanoparticle concentration was decreased from 75 pM to 5
pM while the silver nanoparticle concentration was increased and then kept
constant in the upper two curves. The extinction magnitudes for both gold and
silver were proportional to the solution concentration, as expected. This behavior
is as predicted by the Beer-Lambert law (extinction « concentration).

In order to monitor two LSPR bands simultaneously the bands have to be
sufficiently resolved to accurately track nanoparticle concentrations by extinction
magnitudes. The Rayleigh criterion can be used to determine if two bands are
resolved by comparing the maxima of the two bands to the minimum between
them.** Typically, the minimum has to be less than 80% of the maximum signal
for the two bands to be considered resolved. In the case of Ag and Au in Figure
4.07B the bottom curve’s minimum is approximately 50-60% in magnitude
compared to the AgNP and AuNP LSPR bands, thus confirming the bands are

well resolved.
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Figure 4.07. Individual solution UV-vis spectra are shown for 20 nm Ag
and 40 nm gold nanoparticles in (A). UV-vis spectra of solution mixtures
consisting of various concentration ratios of 20 nm Ag / 40 nm AU NPs are

displayed in (B).
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4.3.6 Transmission UV-vis of Au and Ag NPs adsorbed to modified quartz

We then extended the extinction measurements to immobilized
nanoparticles on the modified transparent quartz substrates. The immobilization
chemistry has been described earlier in section 4.3.1 and involves the use of
amine-terminated silanes to modify the quartz surface. The amine functionality
has a partial positive surface charge when exposed to a 7.4 pH nanoparticle
solution and this surface charge facilitates electrostatic adsorption of the
negatively charged NPs. For all our studies we mainly focused on 40 nm AuNPs,
but we have also tested a variety of other sizes for comparison and validation. The
effect of the adsorption time was investigated by collecting UV-vis spectra of
adsorbed nanoparticles after specified intervals ranging from 1 h to 72 h. The plot
in Figure 4.08A indicates that NP adsorption plateaus after 24 h. Similar results
have also been established for 100 nm AuNPs and 40 nm AgNPs (not shown
here). All consequent adsorption studies were carried out with a 24 h adsorption
time to reach equilibrium coverage. The effect of solution concentration was
investigated and the results are shown in Figure 4.08B and C. As the solution
concentration was raised from 15 pM to 150 pM the extinction magnitude
increased 30 fold. A plot of extinction vs. [solution] is linear (R*= 0.9946) in the
range analyzed, which covered one order of magnitude. The lowest solution
concentration studied, 15 pM, corresponds to the limit of detection (LOD) as this
concentration produces an extinction magnitude that is approximately 3x the
noise. We note that while the LOD for the NPs in solution is of general analytical

interest, this figure of merit is irrelevant to our proposed application as modified
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Figure 4.08. Adsorption of 40 nm gold nanoparticles on AUTS terminated
quartz as a function of incubation time (A) and as a function of solution
concentration (B). Part (C) shows a graph of the extinction magnitude of
the LSPR bands from the UV-vis spectra in (B) versus solution
concentration. The y-error bars in (C) represent the standard deviation for
n=3 measurements. The line through the markers is the linear least

square fit and yielded y = 0.000397x -0.00250 and a R? value of 0.9946.



108

NPs will be used as labels and will be present in solution concentrations much
higher than 15 pM. It appears that a saturation coverage was not reached for the
concentrations studied, but the range was sufficient to demonstrate effective
adsorption and quantitative monitoring by UV-vis spectroscopy.

Hitherto we have considered the extinction response as a function of
nanoparticle solution concentration; however, in our bioassay design a more
appropriate measure is the nanoparticle density at the surface of the substrate.
During a bioassay the analyte concentration is varied, but the nanoparticle
solution concentration used to label the analyte is kept constant. Therefore the
nanoparticle density on the surface is directly proportional to the number of
analytes present. Scanning electron microscopy (SEM) was used to examine the
relationship between extinction magnitude and NP surface density. The same
substrates analyzed by UV-vis were coated with a thin film of chromium to
prevent charging and imaged with SEM as shown in Figure 4.09A-D. Each image
was analyzed by counting the number of NPs present and calculating a
corresponding particle density (particles/um?). This value was then used to
construct the calibration plot of extinction vs. particle density shown in Figure
4.09E. Again, we observe a linear relationship (R” = 0.9970) for the chosen range.
The LOD that was mentioned previously as a solution concentration of 15 pM for
40 nm AuNPs corresponds to approximately 10 particles / pm”. The total number

of adsorbed NPs detected can be determined by considering the spot size of the
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Figure 4.09. SEM imaging of adsorbed 40 nm AuNPs on quartz from four
different solution concentrations: (A) 150 pM, (B) 75 pM, (C) 30 pM, and
(D) 15 pM. Extinction magnitudes from UV-vis measurements of the
substrates shown in A-D are plotted versus particle density in (E) with a
linear least square fit with y = 0.000362x — 0.00283 and R? = 0.9970. The
x- and y-error bars represent the standard deviation for n=3

measurements.
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visible light beam. The light beam dimensions for the instrument used is 1 x 8
mm. Thus, we can detect about 8.0 x 10’ nanoparticles in the light path. We note
that this is a relatively large number of adsorbed NPs and does not approach
single NP detection. However, in our intended application, the density of NPs will
be governed by the number of analyte species captured by the assay, which, in
turn depends on the binding strength between the immobilized capture agent and
analyte.

Equation 4-03 shows that factors such as NP size and material
significantly influence extinction and these factors are examined below.
Following the same procedure as above we constructed extinction-particle density
plots for AuNPs of various sizes as shown in Figure 4.10A. The differing ranges
in particle density observed are due to the solution concentrations used for
adsorption, which are typically higher for smaller NP sizes. The main feature of
the plot in Figure 4.10A is the larger response for bigger nanoparticles. For
example at a particle density of 8 particles / pm?, the response is 30 fold higher
for 100 nm compared to 40 nm AuNPs. This is also portrayed by the slopes of the
curves for the various sizes, which are related to o.y. Extinction cross section

. . 21
values are available from the literature?" >

or can be calculated experimentally by
equation 4-04. We would expect the slope of the plots in Figure 4.10A to be
directly proportional to the extinction cross section and indeed Figure 4.10B

shows a linear relationship. The effect of NP size on extinction is not surprising

based on Mie theory and this has also been demonstrated computationally by El-
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Figure 4.10. Plots of LSPR band extinction magnitudes versus particle
density of adsorbed nanoparticles on a transparent substrate for a variety
of AuNPs sizes are shown in (A). The slope for each line fit in (A) is
graphed as a function of the corresponding extinction cross section for that
AuNP size (B). The linear least square fit for (B) yielded y = 1.04x10"x -

6.86x10° and a R? value of 0.9993.
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Figure 4.11. Plots of LSPR band extinction magnitudes versus particle
density of adsorbed nanoparticles on a transparent substrate for silver (20
and 40 nm) and gold (40 nm) nanoparticles. The x- and y-error bars for 40

nm Au represent standard deviation for n=3 measurements.

Sayed and co-workers."” However, to the best of our knowledge this effect has not
been studied experimentally for adsorbed NPs on modified quartz and NP size-
selection will be an important criterion for future bioassay applications. The LOD
is affected by the choice of nanoparticle size, which is defined by the minimum
detectable signal that is 3x the noise. For 40 nm AuNPs the minimum particle
density that can be detected is about 10 particles / pm” whereas for 100 nm
AuNPs the detection limit is improved by an order of magnitude to 1 particle /

um®.
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Another feature that affects the response is the NP material and thus we
have investigated both gold and silver nanoparticles. A comparison between 40
nm AuNPs and two sizes of AgNPs is shown in Figure 4.11. Again, as the silver
particle diameter is increased the slope (extinction/particle density) increases as
well and is directly proportional to the extinction cross section. Comparing the
same size (40 nm) for both silver and gold, the resulting response differs greatly.
The calculated oy for 40 nm AgNPs is 1.44x10"° ¢m? and is an order of
magnitude greater than the cex of 40 nm AuNPs (2.01x10"" cm?®). The difference
between gold and silver is explained by differences in the real and imaginary
components of the dielectric function (¢; and ;) that affect the overall extinction
cross section as indicated by equation 4-03 in Section 4.1.

In the design of a multiplexed bioassay the extinction cross section values
will be important and choosing two different labels with near equivalent Gy will
be beneficial as extinction read-outs can then be directly compared as would be
the case for 20 nm AgNPs (Ge = 1.26x10"" cm?) and 40 nm AuNPs.
Furthermore, other factors which need to be considered for future bioassay
applications are discussed in Chapter 5 and 6, including NP surface modification
with biomolecules and NP stability. Larger nanoparticle suspensions typically
settle very quickly and this can lead to agglomeration and non-uniform adsorption
on planar surfaces. For much smaller particles the response is significantly
reduced due to the smaller extinction cross section. Lastly, the modification of

AuNPs in solution with biomolecules is well-s‘rudied,4 whereas the modification
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of AgNPs and the resulting stability has to be evaluated before attempting to

detect two labels in a bioassay simultaneously.

4.3.7 Transmission UV-vis of mixtures of Au and Ag NPs adsorbed to quartz
The final step in the work described in this Chapter was to demonstrate the
capability of detecting two different metallic nanoparticles (AuNPs and AgNPs)
adsorbed on the same quartz substrate. The advantages of multiplexing were
discussed in Chapter 1, but in short these NPs can serve as labels in bioassays and
it is desirable to detect more than one analyte simultaneously. A mixture of gold
and silver nanoparticles was examined to provide the best possible band
resolution. Two different NP combinations were studied by measuring the
extinction of various solution concentration mixtures adsorbed on AUTS modified
quartz. Figure 4.12A shows the results of the first mixture studied (20 nm AgNPs
and 40 nm AuNPs). In the UV-vis spectrum the LSPR bands are well resolved
with approximately 150 nm difference in Amax and the minimum between the two
bands is less than 80% of the two LSPR band maxima meeting the Rayleigh
criterion as discussed in Section 4.3.5. The four curves plotted in (A) follow the
expected trend in terms of extinction values as function of solution concentration
as observed in Section 4.3.6. As the silver nanoparticle concentration is increased
the extinction magnitude increases and vice versa. The same trend also holds true
for the gold nanoparticles in the mixture. There is, however, a noticeable
difference in the overall extinction magnitudes for adsorbed NPs in a mixture and

in the absence of the other NP, which is highlighted by Figure 4.12B for 40 nm
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Figure 4.12. UV-vis spectra for various solution mixtures of 20 nm AgNPs
and 40 nm AuNPs adsorbed on AUTS modified quartz (A). The 40 nm
AuNP extinction response from (A) is plotted in (B) along side the
response from Figure 4.08C. Part (C) shows a representative SEM image

for an incubation mixture of 0.67 nM Ag (20 nm) and 75 pM Au (40 nm)

nanoparticles.
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Figure 4.13. UV-vis spectra for various solution mixtures of 40 nm AgNPs
and 100 nm AuNPs adsorbed on AUTS modified quartz (A). The 100 nm
AuNP extinction response from (A) is plotted in (B) along side the
response without AgNPs present. Part (C) shows a representative SEM
image for an incubation mixture of 7.5 pM Ag (40nm) and 3.8 pM Au (100

nm) nanoparticles.
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AuNPs. The two responses are offset as indicated by the different y-intercept (-
2.50x107 vs. -7.32x10™), but the slopes remained fairly constant. This offset or
decrease in overall extinction is most likely due to a reduced particle density at
the quartz surface resulting from competitive adsorption, i.e. AgNPs occupying
adsorption sites. This result is not surprising and has been reproduced for another
mixture consisting of 100 nm AuNPs and 40 nm AgNPs shown in Figure 4.13A
and B. Also here the two LSPR bands are baseline resolved and the extinction
magnitude is proportional to the solution concentration. Figure 4.13B displays a
similar slope behavior and offset in extinction from 100 nm gold nanoparticles for
a mixture and for Au particles alone. The competition between two different
labels will potentially affect the detection limit in a multiplexed bioassay design
as the particle density of one label on the biochip is decreased resulting in a lower
absorption for a similar analyte concentration. For both mixtures a representative
SEM image is shown in Figure 4.12C and Figure 4.13C. The SEM images clearly
confirm the presence of the respective nanoparticle sizes on the substrate and

show a uniform distribution of the two sizes with minimal aggregation.
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44  CONCLUSION

In this chapter the adsorption of gold and silver nanoparticles on modified
quartz was investigated, monitored with UV-vis spectroscopy and verified with
scanning electron microscopy. This study has shown that a common benchtop
UV-vis spectrophotometer is capable of successfully quantitating the particle
density at the quartz surface by measuring the LSPR band intensity. The band
intensity is influenced by the extinction cross section, which increases with
nanoparticle diameter. Based on this characteristic a series of gold NP sizes was
studied and it was determined that the detection limit can be improved from 10
particles / um” for 40 nm nanoparticles to 1 particle / pm” for 100 nm NPs.
Another feature that can be exploited is NP material: silver nanoparticles exhibit a
LSPR band that is significantly blue-shifted and as a result allows for the
quantitation of both AuNPs and AgNPs adsorbed to a solid support
simultaneously. This lays the foundation for applications in biosensing where
nanoparticles serve as labels and provides the capability for multiplexing by

utilizing NPs composed of different materials.
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Chapter 5:

Nanoparticle Labels in Biosensing: UV-vis Detection Based on Localized

Surface Plasmon Resonance

5.1 INTRODUCTION

The work presented here is a combination of several studies and will tie
the previous projects together in one final chapter that is geared towards
biosensing. In Chapter 2 and 3 the modification of gold nanoparticles using
diazonium salt and thiol chemistry was discussed. Here, the use of this chemistry
to modify both nano and planar substrates is described. Further, in Chapter 4 it
was demonstrated that the nanoparticle density on a transparent substrate could be
successfully determined with a simple transmission measurement. Both aspects
combined will be utilized to introduce a sandwich immunoassay design that
detects and quantitates binding with the help of extrinsic nanoparticle (NP) labels.

Many advances in the detection of biomolecules involve the use of
nanotechnology. At the forefront of such advances are gold nanoparticles
(AuNPs) and many reviews are dedicated to applications of these nanospheres
ranging from signal enhancements in established procedures to new forms of
labeling in vitro and in vivo. 7 These AuNPs have unique properties that can be
harnessed in the design of a biosensor such as a phenomenon called localized
surface plasmon resonance (LSPR). As described in the previous chapters this
phenomenon refers to a strong absorption band in the visible spectrum due to the

collective excitation of conduction electrons in the metal nanospheres. Chapter 1
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describes several research areas that utilize the sensitivity of the LSPR band
towards changes in the refractive index of the nanoparticle surface and the
surrounding medium. A monolayer of immobilized gold nanoparticles can serve
as a sensing platform to detect biomolecule binding by monitoring the extent of
the Amax shift.*'" However, this type of assay does not allow for the detection of
multiple analytes simultaneously and the instrumentation has to be more
sophisticated when detecting small shifts. Chapter 1 describes a different
approach that uses a sandwich immunoassay with gold nanoparticles as extrinsic
labels, employing the capability of AuNPs to enhance Raman signals.'” These
labels can be modified with various biomolecules and carry unique Raman
reporter molecules that can be detected in a SERS based assay providing the

capability for multiplexing.'

0.05 Nanoparticle
0.04 LSPR band
0.03
0.02
0.01
0.00

450 500 550 600

Wavelength (nm)

Extinction

Figure 5.01. Schematic overview of sandwich immunoassay described in
this chapter. An UV-vis detection method is employed that measures the
intensity of the NP LSPR band and relates this to the nanoparticle density

on the biochip, which in turn can be related to the analyte concentration.
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A combination of those two concepts (LSPR sensing and SERS sandwich
immunoassay) led to the proposed bioassay design presented in Figure 5.01. The
sandwich immunoassay detection strategy relies on the detection of the LSPR
band by extinction spectroscopy with a UV-vis spectrophotometer. The
magnitude of the LSPR extinction band can be used quantitatively to assess the
number of NPs present at the biochip surface, which in turn indicates information
about the number of analytes captured. The advantages of such a design are two-
fold: A simple, readily available detection using a benchtop UV-vis
spectrophotometer and the capability of multiplexing by employing different
nanoparticle labels (i.e. gold and silver NPs). In addition, a peak height
measurement in UV-vis spectroscopy is more intuitive than a peak shift
measurement. The latter requires knowledge of the LSPR band before exposure to
analyte and small variations in buffer composition can influence the results. The
peak height on the other hand is a straightforward measurement that is less prone
to interferences and it intuitively scales with the number of labels bound.

In order to utilize a standard benchtop spectrophotometer the biochip
design requires a transparent surface such as glass or quartz. As discussed in the
previous chapter, silane chemistry is usually preferred when modifying these
surfaces.'” > Nevertheless, silane films that are typically used to bind
biomolecules can be prone to instability when exposed to aqueous conditions for
extended periods resulting in hydrolysis of the siloxane bond. This hydrolysis is
catalyzed by the amine functionality.'® This potentially presents a problem when

attaching/capturing proteins at the surface, as all steps typically require immersion
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in aqueous buffer solutions. The possibility to employ other surface modification
chemistries is limited by the requirement for transparent substrates. One option is
the use of transparent ultrathin metal films. A significant amount of research has
focused on the manufacturing of optically transparent conductive films for various

applications ranging from photodetectors'” '*

to studying adsorbing electroactive
molecules.'” ** Whitesides and co-workers have used thin silver and gold films
for mircocontact printing of cells on glass.”' Other researchers have utilized these
transparent gold films to study thiol SAMs,? and as an anodes in organic light-
emitting diodes.” Another method involves a transparent carbon film created by
spin-coating a thin layer of photo resist and pyrolyzing it at high temperatures
resulting in a robust and conductive film.>” **** Carbon surfaces can be modified
by the electrochemical grafting of aryl diazonium salts producing covalently
linked multilayers.*** Chapters 2 and 3 are dedicated to diazonium salt
chemistry, and further, these layers have shown excellent stability on planar

29-31
substrates.”’

The ultrathin carbon films provided a possible solution, but in the
manufacturing of these substrates it is difficult to reproducibly produce films of
the exact same thickness. This can lead to variations in the optical transparency of
these substrates, which potentially could affect the bioassay readouts. Mahmoud
et al. have presented an alternative approach utilizing an e-beam evaporated 5 nm
thin titanium film, which rapidly oxidizes and becomes increasingly transparent.’!
The films exhibited a low optical absorption background. Titanium provides the

necessary reducing potentials to drive the spontaneous reduction of aryl

diazonium salts to completion, typically within minutes forming a multilayered
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film. Stability studies conducted by Mahmoud et al. have shown remarkable
robustness with only a 12% film-reduction during adverse conditions including
heating to 200°C.”' Combined, the reproducible film formation through e-beam
evaporation, ease of modification, adlayer stability, and low optical background
made Ti coated quartz ideal for use as a substrate in our biosensing platform.

This Chapter describes the design and evaluation of the performance of a
sandwich immunoassay, which relies on modified gold nanoparticle (AuNP)
labels for detection. This chapter is divided into two main parts: surface
modification and biosensing. First, the surface chemistry of the planar substrate
and the nanoparticles will be described and evaluated with UV-vis spectroscopy,
atomic force microscopy (AFM) and infrared reflection absorption spectroscopy
(IRRAS). Second, the sandwich immunoassay performance was assessed by UV-
vis spectroscopy and scanning electron microscopy (SEM). This will show the
effectiveness of using diazonium-derived layers in biosensing, and furthermore,
show the successful implementation of gold nanoparticles as functionalized labels
in the detection of biomolecules with a simple and readily available UV-vis
detection. Lastly, detection limits and dynamic range will be compared to other
established techniques such as surface plasmon resonance (SPR) to evaluate the

competitiveness of this assay.
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5.2 EXPERIMENTAL

Reagents and Materials. Sulphuric acid, 96%, and hydrogen peroxide,
30%, were purchased from Caledon Laboratories. All substrates are made out of
GE-124 fused quartz with a dimension of 1x1 cm supplied by Technical Glass.
Citrate-capped 40 nm gold nanoparticles (AuNPs) were purchased from
BBInternational. Phosphate buffered saline, pH 7.4; N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
sodium chloride, dithiobis(succinimidyl propionate) (DSP), bovine serum albumin
(BSA), 4-aminophenylacetic acid, tetrafluoroboric acid (48% wt in H,O), sodium
nitrite, and 4-nitrobenzenethiol (tNB) were purchased from Sigma-Aldrich.
BupH™ Borate buffer packs, pH 8.5, and SuperBlock PBS Blocking Buffer, pH
7.4, were obtained from Thermo Scientific. All buffer solutions were prepared in
deionized water. Immunogold conjugates, goat anti rabbit IgG coated 40 + 3 nm
AuNPs, acquired from BBInternational with an optical density of 10.2
corresponding to approximately 8x10'" particles/mL suspended in 2 mM sodium
tetraborate (pH 7.2). Purified goat IgG (g-IgG), purified rabbit IgG (r-IgG), and
goat affinity purified antibody to rabbit IgG (r-AB), were obtained from MP
Biomedicals. Deionized water with a resistivity of 18 MQ-cm or better was
obtained with a Millipore Milli-Q Plus purification system.

Titanium deposition. All quartz substrates were cleaned with a hot
piranha solution consisting of 4:1 (98% sulfuric acid: 30% hydrogen peroxide) for

30 minutes followed by thorough rinsing in deionized water and dried under a
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stream of argon gas. Warning: Piranha solution should be handled with extreme
care; it reacts violently with organic materials, presenting an explosion danger.
The cleaned substrates are placed either inside a Kurt J. Lesker PVD 75 or a
Johnsen Ultravac Model 6100 e-beam evaporation system in Dr. Richard
McCreery’s research facilities at NINT, and with the help of Amr Mahmoud a 5
nm titanium film was coated on the quartz substrate with a deposition rate of 0.3
A/s and at a base pressure of 2 x 107 Torr.

Titanium surface modification. Phenylacetic acid diazonium salt
(dPAA) was used to modify the titanium film and it was synthesized in our group
according to a previously published procedure by Starkey.*” Briefly, the starting
material, 0.1 M of 4-aminophenylacetic acid dissolved in 60 mL fluoroboric acid
was cooled to 0°C. Next, 0.12 M sodium nitride dissolved in deionized water was
added dropwise to the starting material with continuous stirring. The temperature
of the reaction mixture was kept near 0°C. After 30 min the product was filtered
and washed with cold ether repeatedly. The product was purified during
recrystallization by dissolving it in a minimal amount of acetonitrile and
precipitating it by adding cold ether. Phenylacetic acid diazonium salt was dried
in a rotovap and stored at -18°C until use. The synthesized diazonium salt was
characterized with IR and NMR to verify that the desired product was formed.

In order to prevent oxidation of the Ti film, the freshly prepared Ti coated
quartz substrates were immediately placed in an acetonitrile solution containing 5
mM dPAA for 1 h. Subsequently, the substrates were rinsed with acetonitrile and

blown dry under a stream of nitrogen.
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Atomic force microscopy (AFM). In order to determine the phenylacetic
acid (dPAA) layer thickness, a 5x5 pum area on the silane modified quartz surface
was first imaged in tapping mode and then a 2x2 um region was “scratched” by
10 cycles at 5 Hz in contact mode. Afterwards the “scratched” area was re-
imaged in tapping mode and a height profile showed the difference between the
undisturbed and disturbed area corresponding to the dPAA film thickness on the
surface. The same procedure was repeated for an unmodified Ti film on quartz
substrate in order to determine if the applied force during contact mode caused
damage to the titanium film.

The above-mentioned work was carried out on a Digital Instruments
Nanoscope III Multimode microscope using an Olympus Si cantilever with a
spring constant of 2 N/m. The oscillation frequency used for tapping mode was
72 £ 4 kHz and a contact force of 0.09 uN was used for all contact mode
experiments corresponded to a setpoint of 0.500 V. The applied force, Fapplicd, Was

determined using the relationship:

Vs—V
Fapplied = % kspring (5-01)

where Vs is the setpoint voltage used in contact-mode, Vp is the voltage required
to break the tip away from the surface (-0.1198 V), and S is the cantilever
sensitivity to bending (0.01387 V/nm), and k is the spring constant for the
cantilever (2 N/m).

Nanoparticle label preparation. A 1 mL solution of 40 nm gold
nanoparticles (9x10' particle/mL) was adjusted to pH 8.5 by adding 40 uL of 50

mM borate buffer. Then, 8 pL of 1 mM tNB and 2 pL of 1 mM DSP in
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acetonitrile were added to the AuNPs and allowed to react for 6-8 h. Afterwards
20 pL of 1 mg/mL rabbit IgG antibody (r-AB) solution was added to the
nanoparticle suspension and incubated for 18 h. In order to block any non-reacted
succinimidyl ester sites, 100 pL. of a 10% BSA solution was mixed with the
modified nanoparticles and left to react for 1 h. Finally, the r-AB coated
nanoparticles were separated from left-over reactants by centrifuging the solution
at 6000 rpm for 10 min and re-suspending the modified AuNPs in 2 mM borate
buffer. The centrifugation step was repeated once more at 4000 rpm for 10 min to
clean the NP solution further and the final solution volume was reduced to 450 uL
to concentrate the nanoparticles. Moments before the analyte is exposed to the NP
labels, 50 puL of 1.5 M NaCl is added to the nanoparticle solution to aid in
antibody-antigen interactions. The final label concentration is approximately
2x10" particles/mL. This procedure is a modified version of previously published
work.”

Sandwich immunoassay steps. The first step was to covalently link the
capture agent (r-AB) to the transparent substrate. This was accomplished by
exposing the dPAA film to an aqueous solution of 0.4 M EDC and 0.1 M NHS for
30 min to activate the carboxylic acid groups. Afterwards the surface was briefly
rinsed with deionized water and immediately exposed to 600 mM r-AB in 0.1 M
PBS buffer for 18 h followed by rinsing with PBS buffer. In order to block any
unreacted succinimidyl ester sites the surface was exposed to SuperBlock

blocking buffer for 1 h and rinsed with PBS buffer. At this stage the biochip was
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ready to be exposed to varying concentrations of analyte (r-IgG) in 0.1 M PBS
buffer for 2 h followed by rinsing with 2 mM borate buffer.

The analyte was labeled on the biochip surface by incubating the substrate
with 0.5 mL of r-AB modified 40 nm gold nanoparticles for 18 h followed by
rinsing with 2 mM borate buffer or deionized water and drying under a stream of
nitrogen. Both the commercially available and in-lab r-AB modified 40 nm gold
nanoparticles were used.

Infrared reflection absorption spectroscopy (IRRAS) measurements.
The dPAA film formation, succinimidyl ester conversion and the nanoparticle
binding in the assembly of the sandwich immunoassay were monitored with
IRRAS. In order to obtain a reflective substrate while maintaining the titanium
film, a gold-coated microscope slide (fabricated by the procedure outlined in
Chapter 3) was coated with the same 5 nm Ti film used for the quartz substrates
above. This substrate then underwent the same surface modifications as outlined
above for the sandwich immunoassay. IRRAS spectra were collected on a
Mattson Infinity Series Fourier transform infrared spectrometer equipped with a
mercury-cadmium-telluride (MCT) detector cooled with liquid nitrogen. The
sample was probed with a p-polarized IR beam incident at an angle of 80° with
respect to the surface normal. All spectra were collected by averaging 1000 scans
at a resolution of 2 cm™”. An unmodified Ti film on a gold-coated microscope
slide was used as a reference.

Extinction Spectroscopy. All biochips were analyzed with UV-vis

spectroscopy to measure the LSPR band intensity from the nanoparticles
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immobilized on the transparent quartz surface. The extinction spectra for adsorbed
nanoparticles were obtained in transmission mode on a double-beam Perkin Elmer
Lambda 35 spectrophotometer with a photodiode detector. The UV-vis spectrum
was scanned from 200 to 1100 nm with a scan rate of 960 nm/min. Ti coated /
dPAA modified quartz slides were used as the blank.

Scanning Electron Microscopy (SEM). The Ti film was sufficiently
conducting to prevent charging during SEM analysis. SEM images were collected
by Jane Cao or Ryan Lister on a Hitachi S4800 Field Emission SEM in the
Hitachi Electron Microscopy Products Centre (NINT). Image acquisition on the
Hitachi SEM was carried out with a 10.0 kV accelerating voltage, a 15 pA

emission current and working distance of approximately 20-24 mm.
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5.3  RESULTS AND DISCUSSION

The two main requirements for the proposed sandwich immunoassay are
the modification of gold nanoparticles with rabbit IgG antibodies (r-AB) and the
immobilization of capture antibodies (r-AB) on a transparent substrate. The
analyte, rabbit IgG (r-1gG), was sandwiched between the transparent substrate and
the NP label. Consequently, the nanoparticle modification will be discussed
followed by fabrication and characterization of the transparent substrate. The
combined bioassay design was tested and compared to other comparable

techniques presently at use.

5.3.1. Nanoparticle surface modification and monitoring.

The modification scheme for the gold nanoparticles is shown in Figure
5.02A. A mixed monolayer of 4-nitrobenzene thiol (tNB) and
dithiobis(succinimidyl propionate) (DSP) is used to maintain colloidal stability.
We find that the NPs tend to aggregate when modified solely with DSP. Our
group’s experience in modifying NPs for SERS labels led me to used tNB as a
diluent molecule to maintain stability, while r-AB was covalently linked to the
nanoparticle surface through DSP. The sensitivity of the LSPR band towards
changes in the refractive index of the NP surface and the surrounding medium
was discussed in Chapter 1 and 3. The refractive index of an organic monolayer is
typically higher than the refractive index of a solvent.”* Therefore we expect a
red-shift in Anax as the nanoparticle surface is modified. This effect is monitored

by UV-vis spectroscopy as shown in Figure 5.02B. Upon adsorption of DSP and
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Figure 5.02. Schematic overview of the process involved to immobilize
IgG antibodies to NPs: (A) Stepwise modification of gold nanoparticles
(AuNPs) and (B) Extinction spectra tracking the modification of AuNPs. All

spectra were collected in water.
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tNB to the NP surface the LSPR band maximum shifts from 527 nm to 531 nm
indicating a change in the refractive index of the AuNP surface. The shift is even
more pronounced upon r-AB immobilization, with a red shift to 535 nm. This can
be explained by the layer thickness term, d, expressed in the equation for Almax
presented in Chapter 1 and 3. The magnitude of the red-shift increases as the
organic film becomes thicker. We would expect a layer of r-AB to increase the
film thickness substantially and the UV-vis spectrum confirms this. Lastly, no
broadening in the LSPR band is observed upon modification, and the absence of a
second band at higher wavelengths rules out any aggregation in the nanoparticle

suspension.

5.3.2 UV-vis spectroscopy of Ti film and dPAA layer.

COOH COOH

Deposit 5mM dPAN (é O
5 nm Tifilm For 1h
_ Quartz =——>  Quartz/Ti Quartz/Ti/dPAA

Figure 5.03. A schematic representation of the surface preparation
involved in immobilizing biomolecules to optically transparent quartz.
Phenylacetic acid diazonium salt (dPAA) is spontaneously adsorbed to a

freshly deposited titanium film (5 nm).
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The modification of quartz surfaces with silane chemistry to form an
amine-terminated monolayer to adsorb nanoparticles was described in the
previous chapter. In the current chapter we needed to covalently link
biomolecules to the quartz surface, a process that typically requires buffers and
extended incubation periods. It was mentioned in the Section 5.1 that amine-
terminated silanes are prone to hydrolysis and therefore we have chosen to utilize
a different substrate and surface chemistry. Quartz substrates were coated with a
thin film of titanium to spontaneously adsorb dPAA as shown in Figure 5.03. The
rabbit antibody immobilization was then carried out by activating the carboxylic
acid group on the surface with EDC / NHS chemistry. This chemistry converts the
carboxylic acid group to a succinimidyl ester, which couples to an IgG through an
amide linkage.”” The resulting dPAA film will be characterized with UV-vis
spectroscopy, IRRAS and AFM.

One of the main requirements for the substrate and its associated surface
chemistry is transparency. This is especially important in the wavelength region
that is occupied by the LSPR band for gold and silver nanoparticles. In Chapter 4
this region was determined to be between 300-700 nm. The optical properties
were investigated by collecting a UV-vis spectrum of both the freshly prepared Ti
film and the dPAA modified Ti film (Figure 5.04A). The absorbance is
reasonably uniform between 400-1100 nm allowing about 60 % of the light to
pass through. The substrate becomes more transparent near 300 nm and then
rapidly absorbs more light towards shorter wavelengths and becoming less

transparent. Both the Ti film by itself and the dPAA modified Ti film exhibit
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similar absorption behavior, which shows low absorbance in the spectral region

occupied by the gold NP LSPR band.
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Fig. 5.04. UV-vis spectra referenced to quartz for a 5 nm titanium film on
quartz and for a subsequent adsorption of dPAA to the titanium film (A).
The difference spectrum for the curves is plotted in (B) highlighting the

absorption band for dPAA at 313 nm.
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One method to confirm the presence of dPAA on the surface is to
determine the difference spectrum between the two curves in Figure 5.04A. This
difference spectrum is shown in Figure 5.04B and exhibits an absorption band at
313 nm, which is red-shifted from phenylacetic acid in methanol solution (250-
270 nm).”® We note that the red-shift is on the order of 50 nm, but due to
crosslinking of phenylacetic acid molecules during multilayer formation this
absorbance band can be shifted to higher wavelengths. Also, the dPAA molecules
can interact with the substrate causing a shift in the absorption band. However, the
presence of such a band near 300 nm is evidence that a dPAA film has formed on

the surface.

5.3.3 Atomic force microscopy (AFM) characterization of dPAA film.

The extent of multilayer formation and the topography of the dPAA layer
were probed with AFM. Both the height images of the unmodified titanium film
(RMS roughness of 0.4 + 0.1 nm) and the dPAA film (RMS roughness of 0.6 +
0.1 nm) are shown in Figure 5.05A and B respectively. Both surfaces exhibit low
RMS roughness and have a uniform topography throughout the 5x5 um area. A
few tall features, which could indicate localized aggregation, are present on the
dPAA image (figure 5.05B). However, these features are also present to a lesser
extent on the unmodified Ti surface indicating that they could have resulted from
air contaminants during sample handling. Solely based on the height images in
Figure 5.05A and B the surface modification cannot be proven. A “scratch” test as

used in Chapter 4 was undertaken to probe the dPAA film further. A 2x2 pum area
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Figure 5.05. Tapping-mode AFM height images with a 10 nm z-scale
before scratching (A: unmodified titanium film), (B: dPAA modified Ti film)
and after scratching a 2x2 pym area (C: unmodified titanium film), (D: dPAA
modified Ti film). Section analysis of scratched area for dPAA modified Ti

surface (E).
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was scratched in contact-mode and re-imaged in tapping-mode. The height image
of the unmodified Ti film after scratching (Figure 5.05C) looks similar, but the
dPAA height image (Figure 5.05D) changed significantly after the scratching
step. The removal of a layer on quartz from “scratching” indicates that the dPAA
surface has been modified and from the cross-sectional profile in Figure 5.05E the
film thickness was determined to be 1.0 = 0.1 nm. The molecular length derived
from a phenylacetic acid crystal structure is approximately 0.7 nm.** Comparing
the calculated length to the film thickness determined by AFM, we propose a
multilayer formation consisting of 1-2 layers of dPAA as shown in Figure 5.03. In
conclusion, the surface topography of the modified Ti substrate indicates a very
uniform layer and the “scratch” test confirms the presence of a film derived from

the spontaneous adsorption of dPAA on titanium.

5.3.4 Carboxylic acid activation and biomolecule immobilization.

Hitherto, the biochip substrate and the required surface chemistry for the
immobilization of biomolecules has been introduced and characterized. All
subsequent steps are outlined in Figure 5.06. The next step in the sandwich
immunoassay was to covalently link the capture agent (r-AB) to the phenylacetic
acid layer by activating the carboxylic acid groups with EDC/NHS. The resulting
succinimidyl ester functionality reacts with a primary amine group on the rabbit
IgG antibodies to form an amide linkage with the dPAA film on the transparent
substrate as shown by the first 3 steps in Figure 5.06. The remaining two steps in

Figure 5.06 show the capturing of the analyte (r-IgG) followed by “sandwiching”
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Figure 5.06. Schematic representation of the steps involved in the

proposed sandwich immunoassay from protein immobilization to
nanoparticle labeling. The carboxylic acid groups are converted into a
succinimidyl ester with EDC/NHS and rabbit antibody (r-AB) is linked to
the surface. Then the surface is exposed to the analyte, rabbit antigen (r-
IgG), followed by the label exposure for detection, r-AB modified gold

nanoparticles (AuNPs).
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the analyte between the capture agent and an extrinsic label, r-AB modified
AuNP.

The dPAA film formation, EDC/NHS activation and the analyte labeling
with AuNPs have been monitored by IRRAS (Figure 5.07). The major bands and
their assignments are listed in Table 5.1. We note that IRRAS can also be used
quantitatively to monitor the amount of analyte captured, but it was not the goal of
this work to verify the antigen-antibody binding as such interactions are well
studied.** The IR spectrum of the dPAA layer in Figure 5.07 is as expected,
showing the C=0 stretch (1712 cm™), ring stretching (1597 and 1507 cm™) and a
symmetric carboxylate stretch (1423 cm™). Upon exposure to EDC/NHS several
new bands appear that correspond to the conversion of the carboxylic acid group
to a succinimidyl ester moiety. The bands at 1813 and 1781 cm™ result from the
succinimide group and correspond to an asymmetric and symmetric C=0 stretch
respectively. Another C=0O stretch stemming from the ester carbonyl is observed
at 1741 cm™ and, lastly, the ring stretching doesn’t change significantly from the
dPAA IR spectrum (1599 and 1508 cm™). These band positions and assignments
are in agreement with previously published reports. % 4**

The IRRAS spectrum of the complete sandwich immunoassay
(IgG/AuNPs) in Figure 5.07 is more complex due to the variety of molecules
adsorbed to the surface of the substrate. We would expect the IR spectrum to be
dominated by protein-derived bands as both rabbit antigens and antibodies are
present in significant amounts. Typically the presence of protein results in two

strong bands in IR spectra (amide I and amide IT).* These bands stem from the
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Figure 5.07. Infrared reflection absorption spectroscopy (IRRAS) spectra
for phenylacetic acid (dPAA) adsorbed to titanium, EDC/NHS activation of
dPAA layer and a completed sandwich immunoassay with rabbit 1gG
antibody modified AuNPs at the surface. The Ti film has been deposited

on a 300 nm gold film to provide a reflective surface for IRRAS.
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Table 5.1. Band position and assignments for IRRAS spectra of
phenylacetic acid (dPAA) adsorbed to titanium, EDC/NHS activation of
dPAA layer and a completed sandwich immunoassay with rabbit 1gG
antibody modified AuNPs at the surface. (References 40, 43, and 44 were

used for some assignments)

Band position (cm™)

Assignment dPAA EDC/NHS | IgG/AuNPs
Asymmetrl.c C=0 stretch _ 1813 _
(succinimide)
Symmetrl_c C=0 stretch _ 1781 _
(succinimide)
C=0 stretch (ester) - 1741 1737
C=0 stretch (carboxylic acid) 1712 - -
Amide I band = = 1660
Amide II band = = 1534
Aromatic Ring stretch 1597, 1507 | 1599, 1508 158175;112563
Symmetric COO’ stretch 1423 - -
Symmetric NO; stretch - - 1344

amide linkage between the numerous peptides in a protein. The amide I band
(1600-1700 cm™) is the most prominent vibrational mode with a C=0O stretch as
its major component and the amide IT band (1500-1600 cm™) is less intense
containing C-N stretching and N-H in-plane bending.*> *® Both of these modes are
observed in the IgG/AuNPs IR spectrum in Figure 5.07 along with ring stretching
modes from the initial dPAA layer and from nitrobenzene thiol (tNB) present on

the gold nanoparticle surface. The ring stretches listed in Table 5.1 for
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IgG/AuNPs at 1587 and 1512 cm™ are due to the dPAA film, while the remaining
ring stretch at 1563 cm™ is attributed to the tNB layer on the AuNP. Also, the
asymmetric NO, stretch at 1344 cm™ results from the presence of tNB. The amide
I and II band location at 1660 cm™ and 1534 cm™, respectively, are in agreement
with the above-mentioned ranges for those vibrational modes.

There also appears to be residual activated succinimidyl ester groups
present (C=0 stretching at 1737 cm™) either on the NP or on the titanium surface.
The presence of such groups is indicative of an incompletely blocked surface.
These unreacted ester groups can be a result of size constraints as not all groups
will be accessible by larger biomolecules such as antigens or antibodies used in
the assay. Further, the blocking steps outlined in Section 5.2 that typically include
small proteins such as BSA to prevent non-specific binding from occurring also
seem unable to cover all unreacted succinimidyl ester groups. The presence of this
incomplete blocking can lead to an increase in non-specific binding. In order to
improve upon detection limits in the future other blocking steps need to be
considered.

The IRRAS results confirm the activation of the carboxylic acid layer on
the substrate, the covalent attachment of the capture agent (rabbit IgG antibodies)
and the completion of the bioassay that includes the capturing of the analyte and
the subsequent labeling via AuNPs. In the following sections the bioassay design
will be tested quantitatively with the desired UV-vis detection method, which is
based on the magnitude of the LSPR band from the AuNP-labels, and these

results will be compared to SEM derived NP surface densities for validation.
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5.3.5 Transmission UV-vis spectroscopy of AuNP labels in bioassay.

The utilization of gold nanoparticles in sandwich immunoassays was
evaluated based on two types of AuNP-labels: in-lab modified labels coated with
rabbit IgG antibodies (r-AB) and commercially available r-AB coated AuNPs.
The typical responses from UV-vis spectroscopy for a complete assay with in-lab
modified AuNP-labels are shown in Figure 5.08. The extinction curves from the
various concentrations of analyte (r-IgG) ranging from 100 pM to 100 nM are
displayed in Figure 5.08A. The magnitude of the LSPR band clearly scales with
the r-IgG concentration. Figure 5.08B highlights the lower end of the
concentration range (100 pM) and compares this response to a control sample
containing 20 nM goat IgG, which should not bind to the modified surface.
Although non-specific binding did occur it was well below the 100 pM analyte
response. Another important aspect that can be obtained from the various
extinction curves is information about NP aggregation. As mentioned earlier, a
second band at higher wavelength would appear if NP aggregation has taken
place. The absence of such a band is proof that the AuNPs did not aggregate at the
biochip surface. We do, however, observe a slight shift in Ay at a r-IgG
concentration of 100 nM. This is most likely due to the close proximity of the NPs
at the surface at these high concentrations allowing for LSPR coupling or possibly
the beginning of NP aggregation. SEM imaging will be described in Section 5.3.6

to investigate this further.
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Figure 5.08. Extinction curves for one complete sandwich immunoassay
utilizing in-lab modified AuNP-labels. (A) displays the resulting LSPR
bands for various concentrations of rabbit IgG and (B) shows a magnified

region of the lower concentration range versus a goat IgG control run.
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The results for in-lab modified and commercially coated AuNP-labels at
the various analyte concentrations are summarized in Figure 5.09A and B,
respectively. In each plot the extinction-response increases as the analyte (r-IgG)
concentration increases until the surface has been saturated with analyte resulting
in the response to level-off. The maximum concentration analyzed was 1000 nM
and produced a similar response to that for 100 nM, indicating that saturation
coverage has already been reached at 100 nM (not shown in Figure 5.09). The
magnified areas in Figure 5.09 highlight the lower end of the concentration range.
The lowest [r-IgG] analyzed was 100 pM and was chosen as the lowest detectable
analyte concentration. The response for 100 pM lies above the generally-defined
limit of detection (blank signal + 30piank), Which can be approximated by three
times the peak-to-peak noise shown in the magnified regions in Figure 5.09. Also
non-specific binding was taken into consideration when determining the lowest
detectable concentration, as this is a common concern in surface-based bioassays.
Non-specific binding was evaluated by exposing the capture layer to a high
concentration of goat IgG (20 nM) instead of r-IgG (analyte). This “control” test
exhibited minimal non-specific binding as shown in Figures 5.08 and 5.09. The
“control” response is above the LOD (~3xpeak-to-peak noise), but below the
response for the lowest concentration of r-IgG thereby supporting the claim of a
detection limit of 100 pM for the IgG analyte. This establishes the range of our
sandwich immunoassay from 100 pM to approximately 100-1000 nM yielding a
dynamic range of 3-4 orders of magnitude, which is common for surface based

bioassays.
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Figure 5.09. Response (Extinction) versus analyte (Rabbit I1gG)
concentration plots for a sandwich immunoassay on quartz that utilizes an
UV-vis detection relying on the magnitude of the LSPR band from r-AB
coated 40 nm gold nanoparticles either modified in-lab (A) or commercially
acquired (B). The error bars represent the standard deviation of the mean

for a minimum of 2 separate bioassays.
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One marked difference between the two types of AuNP-labels used in the
assay is the magnitude of the response. The in-lab modified labels produce 2-4
times the response for an identical concentration of analyte compared to the
commercially available labels (Figure 5.09). The amplification in signal appears
to be consistent throughout the dynamic range of the assay. We note that such a
difference seems unusual when considering the typically strong antibody-antigen
interaction. One possible explanation can be a change in the AuNP-label
concentration, but in fact the commercially available AuNPs were used at a
slightly higher concentration than the in-lab modified labels. The most likely
explanation includes factors such as antibody activity, antibody orientation, and
adsorption equilibrium time. It is conceivable that the in-lab modified AuNPs
result in a more active antibody surface that offsets the concentration difference
and speeds up surface labeling resulting in a higher density during the same
incubation period. However, this would assume that a 24 h period is not enough to
reach equilibrium coverage under the conditions used and such an effect would
have to be investigated in future studies. More importantly, the assay behaves as a
typical surface-based immunoassay, where errors on the order of 10 % RSD for
the in-lab modified AuNP-labels and even ~10-30 % RSD for the commercially
available AuNP-labels are common in these kind of bioassays.*” **
5.3.6 Scanning electron microscopy (SEM) imaging of immunoassay.

The individual biochips were imaged with SEM at the various rabbit 1gG
concentration to verify that the response (extinction) correlates with nanoparticle

density on the biochip. Figure 5.10 and 5.11 show the SEM images of the in-lab
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and commercially available labels, respectively. For each set of labels the same 6
different analyte concentrations used for transmission UV-vis spectroscopy were
investigated with SEM and a nanoparticle surface density was determined for
each case. The SEM-determined particle density is plotted versus analyte
concentration (Figure 5.12) in an analogous fashion as the extinction vs. analyte
concentration plots shown in Figure 5.09.

The SEM images for the in-lab modified labels in the sandwich
immunoassay for the following analyte concentrations (100 nM, 20 nM, 10 nM, 1
nM, 0.5 nM and 0.1 nM) are shown in Figure 5.10A-F. All images were collected
at the same magnification and a visual inspection reveals the expected trend:
nanoparticle density decreases as the analyte concentration is decreased. In all six
images the nanoparticles are generally well dispersed with a few clusters present
throughout. This aggregation into clusters is more prevalent at higher analyte
concentration. A possible explanation for the clusters is an incomplete
modification of the NP surface that results in aggregation at higher NP densities.
The appearance of aggregates at higher concentrations explains the shift in Amax
observed in Figure 5.08. Furthermore, there appear to be salt crystals present in
the SEM images apparent as square or irregular shaped structures, larger in size
than 40 nm AuNPs. These salt crystals stem from the last washing step in the
sandwich immunoassay with 2 mM borate buffer and can be prevented by rinsing
with deionized water instead. Overall the salt crystals do not interfere with the
assay reproducibility, as the nanoparticle density for several runs for in-lab

modified labels has been consistent.
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Figure 5.10. SEM imaging of the sandwich immunoassay biochip showing
the in-lab modified 40 nm gold nanoparticles with rabbit IgG antibodies
bound to various analyte (rabbit IgG) concentrations on the biochip: (A)
100 nM, (B) 20 nM, (C) 10 nM, (D) 1 nM, (E) 500 pM, and (F) 100 pM. All

images are magnified by a factor of 80k.
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Figure 5.11. SEM imaging of the sandwich immunoassay biochip showing
the commercially available 40 nm gold nanoparticles coated with rabbit
IgG antibodies bound to various analyte (rabbit IgG) concentrations on the
biochip: (A) 100 nM, (B) 20 nM, (C) 10 nM, (D) 1 nM, (E) 500 pM, and (F)
100 pM. The images are magnified by either a factor of 50k or 25k as

indicated on the bottom of each image.
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The other set of images shown in Figure 5.11A-F correspond to the
sandwich immunoassay with commercially coated AuNPs and [analyte] ranging
from 100 nM to 100 pM. These images also demonstrate the decrease in
nanoparticle density as the analyte concentration is decreased. There is, however,
a difference between the two labels: the commercially coated labels in Figure 5.11
seem to exhibit less aggregation and generally a lower density on the biochip is
observed. It is possible that the coating surrounding the nanoparticle is more
uniform preventing aggregation or that the aggregation is minimal at the lower
particle densities observed for commercially coated AuNPs. In terms of viewing
similar NP densities between the two labels, images from Figure 5.10 C can be
compared to Figure 5.11A. Although the magnification is different, both images
display a similar degree of aggregation. Therefore it is plausible to assume that
both AuNP labels aggregate to the same extent, which is governed by the NP
density. Also, in Figure 5.11 the biochip surface was rinsed with deionized water
during the final washing step in the bioassay procedure, thus freeing the surface
from salt crystals.

The images shown in Figure 5.10 and 5.11 have been analyzed and a
corresponding particle density expressed in particles/um® was determined. This
analysis was carried out for several different runs and the results are shown in
Figure 5.12. Here the particle density is plotted versus the analyte concentration
for both types of AuNP-labels. The trend clearly shows that a higher analyte (r-
IgG) concentration results in a higher particle density and eventually this particle

density saturates at higher [analyte]. This behavior is identical to the UV-vis
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results shown in Section 5.3.5. Furthermore, there appears to be a consistent
difference in response between the two types of labels. The average particle
densities differ by a factor of 2-3. A similar trend was observed for the extinction
response discussed earlier. This supports our findings that extinction scales with
nanoparticle density and that there is a difference in label adsorption between the
two types of labels. In the next section the bioassay response will be fitted to a

model to investigate the biomolecule binding in more detail.
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Figure 5.12. A plot of NP density at the biochip surface versus analyte
(rabbit 1gG) concentration for both in-lab modified and commercially
coated 40 nm gold nanoparticle labels in a sandwich immunoassay. The
error bars represent the standard deviation of the mean for a minimum of

2 separate bioassays with 3 different spots analyzed on each biochip.
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5.3.7 Langmuir adsorption isotherm fits for immunoassay responses.

In order to compare the results between the two gold nanoparticle labels
and to compare the results to previous immunoassays, we fitted both plots from
Figure 5.09 to a Langmuir isotherm (Figure 5.13). This model assumes that all
adsorption sites are equivalent, monolayer coverage results, and adsorbing
molecules do not interact with each other. The parameters obtained from this fit
can be compared to literature values. The Langmuir isotherm fit is based on

equation 5-02:

Ext = Extmax[an'tigen] (5_02)
K4+ [antigen]

In this equation the variables have been adapted to properly reflect the analyte
species under investigation and the resulting response. Here, Ext refers to the
extinction resulting from the gold nanoparticle labels; Ext,, is the maximum
response at saturation coverage; [antigen] refers to the concentration of the
analyte (rabbit I1gG); and K; (M) is the dissociation constant for the antibody-
antigen binding. In the literature a more common constant assessing binding

strength is K,q (M) that is easily obtained from equation 5-03:

Kaas = 1/Kd (5-03)

The K,4 values calculated from the derived K; values in Figure 5.13 were similar

(1 £ 3 x 10* M) for both in-lab and commercially coated AuNP-labels. This

value compares well with reported values in the literature.*™!
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Figure 5.13. Langmuir adsorption isotherm fits for sandwich
immunoassay results based on in-lab modified labels and commercially
available AuNP labels. The fit yields Kq = 8 + 2 x 10° M, Extmax = 0.066 *
0.004, and R? = 0.99 for in-lab modified AuNP labels; Kg =13 + 3 x 10°M,
Extnax = 0.026 + 0.002, and R? = 0.99 for commercially coated AuNP

labels.
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Overall, the binding curves for the two different labels are similar, as
expected, but deviations are observed when considering the Ext,,, values and the
linear region of the Langmuir isotherm fit. The top curve in Figure 5.13 (in-lab
modified labels) has a much steeper linear region that spans a greater
concentration range as opposed to the lower curve (commercially coated labels)
resulting in a superior sensitivity for in-lab modified labels. Similarly the Ext,qx
value for the upper curve is approximately 3x greater, which is also true for every
response at the same concentration. Hence, employing in-lab modified labels as
illustrated in this sandwich immunoassay provides a better response and thereby
puts less stringent requirements on instrumentation, as the signal is overall
greater. Lastly, the detection limit at 100 pM for rabbit IgG is competitive with a
SERS based sandwich immunoassay of approximately 10 pM> and a SPR based

immunoassay of 77 pM.*’
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54  CONCLUSION

The implementation of an ultrathin film of titanium coated on quartz as the
foundation for a sandwich immunoassay has proven to be successful. A robust
diazonium salt derived phenyl acetic acid layer was spontaneously adsorbed to the
titanium film. This adlayer provided the capability to covalently link the capture-
agent used in this immunoassay, a rabbit IgG antibody, to the surface. IRRAS and
AFM characterization support the successful surface modification and
biomolecule attachment. This is the first report of diazonium-derived chemistry
on titanium to immobilize biomolecules.

Further, this Chapter has effectively demonstrated the use of extrinsic
AuNP-labels in the UV-vis detection of rabbit IgG in a sandwich immunoassay.
Rabbit IgG was “sandwiched” between a capture layer and a rabbit antibody
coated AuNP. In this fashion, the number of nanoparticles present on the biochip
is directly related to the number of analytes captured. Therefore, monitoring the
magnitude of the AuNP LSPR band provides an effective strategy to quantitate
analyte binding in the assay. This method was able to detect 100 pM of analyte,
which is competitive with other commonly used immunoassay detection methods
such as surface plasmon resonance (SPR) and surface-enhanced Raman
scattering. Additionally, UV-vis detection provides the benefit of being readily
available in most analytical laboratories and requires minimal technical
knowledge for operation. Lastly, with the development of other plasmonic labels
such as silver nanoparticles and gold nanorods, the assay will provide the

capability to detect multiple analytes simultaneously.
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Chapter 6:

Conclusions and Future Work

6.1 CHAPTER CONCLUSIONS

The drive towards nanotechnology and its applications was the primary
motivation for focusing the work conducted in this thesis on gold nanoparticles
(AuNPs). The thesis was divided into two distinct parts; Chapter 2 and 3 revolved
around the modification of gold nanoparticles using aryl diazonium cations;
Chapter 4 and 5 demonstrated the use of gold nanoparticles as extrinsic labels in
an UV-vis detection based bioassay. Both studies have provided new avenues and
insights for the utilization of gold nanoparticles.

Chapter 2 introduced the usage of diazonium-derived films on AuNPs and
focused on the interaction between the gold surface and the molecular layer. 4-
nitrobenzene diazonium ion spontaneously adsorbed to the gold nanoparticle
surface, and both UV-vis spectroscopy and surface enhanced Raman scattering
(SERS) provided evidence for the presence of nitrobenzene at the surface. In the
SERS spectrum, a band at 412 cm™ was assigned to a gold-carbon stretch based
on DFT calculations of a covalently linked nitrobenzene molecule to gold. This is
the first direct evidence of a Au-C bond and explains the increased stability of
diazonium-derived films on gold.

Chapter 3 further investigated the films formed by the spontaneous
reduction of diazonium salts at the gold nanoparticle surface. Large shifts in the

gold LSPR band due to modification and several bands between 1200 and 1300
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cm” in the SERS spectra indicated multilayer formation. This was confirmed by
comparing diazonium-derived layers to thiol monolayers with transmission
electron microscopy (TEM). High-resolution images of modified gold
nanoparticles clearly showed multilayers for nitrobenzene and nitroazobenzene
diazonium salt derived films, whereas nitrobenzene thiols formed monolayers.
The thickness of these multilayers can be controlled. Lastly, molecular layers on
AuNPs formed from the spontaneous reduction of diazonium salts exhibited
intense SERS spectra, which can find applications in SERS based assays that
require a Raman active molecule to label the gold nanoparticle surface. The
outcome of Chapters 2 and 3 have finally provided the long sought for evidence
of a Au-C covalent bond in diazonium derived adlayers on gold. This should
convince even the skeptics to give diazonium salts a try, as stable and versatile
gold nanoparticles are high in demand.

Chapter 4 focused on the quantitation of AuNPs on quartz by UV-vis
spectroscopy. Various sizes and concentrations of both silver and gold
nanoparticles were adsorbed to modified quartz. Transmission UV-vis
spectroscopy was used to measure the LSPR band magnitude, and scanning
electron microscopy (SEM) provided a nanoparticle surface density measurement.
It was demonstrated that the LSPR band intensity scaled with the number of
nanoparticles adsorbed to quartz. Detection limits on the order of 10 particles /
um? for 40 nm AuNPs were achieved. This detection limit can be improved by

employing larger nanoparticles as they have a greater extinction cross section.
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Lastly, Chapter 5 brought the various research areas together in a
biosensing application. A sandwich immunoassay was constructed by covalently
linking a capture-molecule (rabbit IgG antibody) to quartz with the help of a thin
film of titanium containing a spontaneously adsorbed phenylacetic acid diazonium
salts adlayer. Various concentrations of analyte (rabbit IgG) were captured and
labeled by rabbit IgG antibody coated gold nanoparticles, which were detected
and quantitated by a standard benchtop UV-vis spectrometer. In this fashion
analyte concentrations as low as 100 pM were detected, which is similar to
detection limits observed for other techniques such as surface plasmon resonance
(SPR). Chapters 4 and 5 described a new approach for using the gold nanoparticle
LSPR band in biosensing. Quantitating the LSPR band magnitude provides a
straightforward and robust measurement. Similar approaches utilizing
fluorophores or dyes have been adopted for years in detection strategies such as
fluorescence or chemiluminescence. Gold nanoparticles exhibit extremely high
molar extinction coefficients that typically outperform organic dyes, therefore it

makes sense to employ these nanospheres in applications such as these.

6.2 FUTURE WORK AND OUTLOOK

The work conducted in this thesis on the modification of gold
nanoparticles by the spontaneous reduction of diazonium salts shows a new and
simple method to covalently attach molecular layers to AuNPs. The majority of
work on diazonium salt grafting has been carried out on planar substrates, and

only recently have nanostructures shifted to the focus of attention of such
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research. A comprehensive review on diazonium salt chemistry with up to date
applications has recently been published by Dr. Chehimi entitled “Aryl
Diazonium Salts”. The book emphasizes the need for stable reproducible
adlayers on commonly used surfaces in biosensing such as gold. To date the
majority of bioassays still rely on alkanethiols to attach capture-molecules onto a
planar support, which then selectively binds the analyte of interest. However
extended sensing times necessary for a number of analytes degrades the
alkanethiol layer that holds the capture molecule in place and thus compromises
the integrity of the bioassay.' This is where diazonium salt derived adlayers
should enjoy increased attention in the near future.

Moreover, this thesis introduced the spontaneous adsorption of
phenylacetic acid diazonium salt on titanium to immobilize biomolecules. This
titanium substrate as a foundation provides ease of modification, stability and
reproducibility. The phenylacetic acid layer was exposed to various buffers for up
to 48 h without any apparent loss in functionality. Furthermore, the extent of
multilayer formation can generally be controlled by changes in incubation time or
concentration, thereby allowing for more flexibility. My colleague has shown that
multilayers can double the binding capacity in bioassays and thereby facilitate a
greater response.” However, one drawback of the capability to change film
thickness is reproducibility, and extra care must be taken to employ the exact
incubation conditions to minimize chip-to-chip variability. Future work will have

to evaluate if this limitation has a significant impact.
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Another area of interest for diazonium salts will be in the modification of
silver nanoparticles (AgNPs). There is a strong drive for the integration of silver
nanoparticles in medical sciences ranging from implant research to sensing.’
These nanoparticles exhibit greater extinction cross sections than gold
nanoparticles and additionally have useful antimicrobial properties.” The ongoing
issue with the usage of silver nanoparticles in a variety of sensing applications is
the chemical degradation and oxidation of these nanoparticles.* Several reports
have commented on the difficulty of forming AgNPs that remain stable over
extended periods.” ® Initial experiments to modify silver nanoparticles with
diazonium salts have shown promising SERS spectra, and it is my belief that
diazonium salt chemistry will be beneficial in this area of research.

The second part of this thesis introduced a new detection method for
immunoassays, as was demonstrated using gold nanoparticles. The detection
relies on the magnitude of the nanoparticle LSPR band, and has the capability for
multiplexing by employing a variety of different labels. The main requirement for
multiplexing is that the LSPR bands are sufficiently separated, and Chapter 4
showed baseline resolution between silver and gold LSPR bands. However, the
silver nanoparticle surface chemistry remains an issue and several attempts to
achieve reproducible results have failed. As mentioned previously I would like to
see the diazonium salt chemistry be extended to silver nanoparticles in hopes of
successfully incorporating AgNPs in this type of immunoassay.

Another potential label that has gained significant attention in recent years

is gold nanorods. They can be synthesized in a variety of different aspect ratios,
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producing tunable LSPR bands in the near infrared region. These nanorods exhibit
excellent optical properties superior to gold nanoparticles in terms of extinction
cross section. The extinction efficiency is approximately 20 times greater for
nanorods compared to nanospheres.” Further, their absorbance at higher
wavelengths enables in vivo applications, as tissue only weakly absorbs photons at
those wavelengths.® Due to their superior properties they have been employed in
biosensing applications resulting in highly sensitive biosensors,” and more
recently allowing for single molecule detection."

The introduction of new labels with higher extinction cross sections such
as gold nanorods in the UV-vis detection of biomolecules is promising.
Multiplexing will unquestionably make this method more competitive, and the
optimization and utilization of new labels will also contribute to improve the
detection limits of this technique. Furthermore, the instrumentation side can likely
be improved upon to detect weaker signals. With the implementation of these
changes | foresee an improvement by 1-2 orders of magnitude of the current 100

pM detection limit.
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