"l firmly believe that in any man's finest hour, the greatest fulfillment of all that
he holds dear, is the moment when he has worked his heart out in a good cause

and lies exhausted on the field of battle-victorious."

Vince Lombardi



University of Alberta

Development and Characterization of Interfacial Chemistry for
Biomolecule Immobilization in Surface Plasmon Resonance (SPR) Imaging
Studies

by

Christopher Francis Grant

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

© Christopher Francis Grant

Fall 2009
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.



Examining Committee

Dr. Mark T. McDermott, Chemistry

Dr. D. Jed Harrison, Chemistry

Dr. Dennis G. Hall, Chemistry

Dr. Robert E. Campbell, Chemistry

Dr. Warren J. Gallin, Biological Sciences

Dr. C. Roger MacKenzie, External Examiner, Department of Environmental Biology, University
of Guelph and Institute for Biological Sciences, National Research Council



Abstract

Surface immobilization of probe molecules in surface based assays is a
key area of research in the continued development of immunoassay microarrays.
Interest continues to grow in microarray based immunoassays given their
potential as a high throughput technique for immunodiagnostics. Therefore, it is
important to thoroughly study and understand the implications of interfacial
chemistry and immobilization conditions on the performance of the assay. This
thesis presents a body of work that examines the impact of probe density,
interfacial chemistry, and enhancement factors for arrays read with surface
plasmon resonance (SPR) imaging.

An array of structurally similar Salmonella disaccharides was immobilized
at varying densities and the interface formed was thoroughly investigated to
determine the properties of the interface. The arrays were then used with SPR
imaging to evaluate the binding of an antibody specific for one disaccharide of the
three stereoisomers on the array. A dilute disaccharide surface was found to
provide optimal antibody binding. Higher densities result in steric hindrance of
antibody binding by not allowing the disaccharide to insert into the antibody
binding pocket.

The role of interfacial chemistry in antibody attachment was studied to
determine optimum conditions. The study examined physical adsorption,
covalent attachment, and affinity capture. It was found that covalent attachment
provided the most stable attachment and resulted in the lowest levels of antigen

detection. Both the physical adsorption and affinity capture provided larger



antigen binding capacity and therefore more sensitive antigen detection. The
covalent attachment was chosen to evaluate an enhanced assay with the
incorporation of gold nanoparticles. These particles provided detection limits that
were an order of magnitude improved over those excluding the nanoparticles.

A novel surface chemistry for antibody immobilization in SPR imaging
studies was evaluated. This involved the electrochemical driven formation of
mono- to multilayers of diazonium benzoic acid films. The studies showed the
ability to control the thickness of the films formed and also the ability of the

antibody chips to capture antigen from solution.
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Chapter 1:

Introduction

11 SOLID-PHASE ASSAYS

Initially met with resistance from those involved in the more traditional
field of solution-based assays, the extension of immunoassays to a heterogeneous
format and the incorporation of a solid-phase has gained significant acceptance
over the last 40 years. The development of a solid phase assay was partially born
out of necessity when an immunosorbent surface was used in enzyme
immunoassays (EIA). The surface immobilization of an analyte allowed the
incorporation of wash steps required to separate bound from unbound enzyme
label, allowing for specific detection.’?

A common challenge when developing surface assays is not the mere
adsorption of an antibody or antigen to a surface, as proteins are intrinsically
surface-active molecules.*® The challenge is to control the adsorption such that
structural integrity and binding activity is retained. Surface adsorption can be
viewed as a collection of events, including diffusion to the interface followed by
adsorption and potentially structural rearrangement. The structural rearrangement
may range from partial to complete denaturing of the protein.*”® The process is
depicted in Figure 1.01. Immunoassays involve the use of an antibody as an
analytical reagent to quantitate the presence of antigen. The term antibody refers
to a family of blood plasma proteins called immunoglobulins (Ig) and consists of

IgG, IgM, IgA, IgE, and IgD. Of these proteins IgG, shown in Figure 1.02, is the



most abundant of circulating antibodies and is composed of two 50 kDa heavy
chains consisting of four homologous domains and two 25 kDa light chains
consisting of two homologous domains. The base of the antibody, known as the
fragment crystallizable (F.), is constant for all antibodies of a given class. The
antigen binding fragments (Fa,) are composed of a constant heavy and constant
light domain, as well as a variable heavy and variable light domain. The variable
fragments (F,) are located at the N-terminal domains of the heavy and light
chains, the domains at the outermost part of the arms of the antibody. These
variable domains provide antigenic specificity with antigen binding occurring in
the complementary determining regions (CDRs). The CDRs are formed from six
hypervariable loops that form a single surface at the terminus of each arm. The
regions are composed equally of 3 hypervariable loops from the variable heavy
and light chains present in both arms of the antibody.***!

The second most common protein used in this work is bovine serum
albumin (BSA). BSA is one of the most abundant blood plasma proteins. It is a
66 kDa protein composed of a single polypeptide chain, 583 amino acids in
length. BSA has been described as a heart shaped molecule, with an approximate
size of 8 x 8 x 3.8 nm.**** BSA is a commonly used protein with applications as a
nutrient in cell and microbial cultures, as a stabilizer for enzymes during DNA
digestion, and as a blocking agent.* The prominent use of this protein is related to
its stability, minimal interference in biochemical reactions, and low cost to

produce, as it may be extracted from bovine serum, a by product of the cattle



industry. In this work BSA will be used as a surface passivation or blocking

agent to minimize and monitor the non-specific adsorption of 1gG molecules.

It

2

Figure 1.01. Schematic of the proposed mechanism for the surface adsorption of
proteins including (a) reversible adsorption, (b) irreversible adsorption, (c)

structural rearrangement.
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Figure 1.02. Structure for an Immunoglobulin G molecule showing the twelve
domains of the structure. The constant domains are presented in green and the
variable domains are shown in yellow. The four chains of the IgG are attached

through the sulfide bonds (S-S).



1.2 INTERFACIAL CHEMISTRY

The modification of a gold surface with an alkanethiolate can be
summarized by reaction 1 below. The first published report for the self-assembly
of a monomolecular film on a metal surface dates back over 60 years.”> However,
the potential of this work was not realized until some 40 years later by Nuzzo and
Allara who published the first of many papers on the self-assembly of
alkanethiolates on gold.'® Since that time there have been great research efforts

examining this substrate-adsorbate system.'®%°

R-(CH2)s-SH + Au == R-(CHp)-SAU" +%H, (1)

The adsorption of alkanethiolates has been shown to proceed by two
distinct steps, as presented in Figure 1.03.1"*® The first is diffusion limited
Langmuir adsorption governed by the surface-head group interaction. This
produces a disorganized layer with a surface coverage near 80-90% of its final
value and is complete in about 1 minute for 10° M solutions. The second step,
known as surface crystallization, is a slower step taking several hours. In this
step, the alkanethiolate chains move from a disordered state into organized unit
cells forming two-dimensional crystals. For adsorbates with alkyl chains of n>9
the structure of the resulting monolayer has been shown to be crystalline, while
shorter chains tend to form a more liquid like layer, due to limited Van der Waals
interactions that drive the surface crystallization reaction.?* The spontaneous

nature of these two processes leads to the term self-assembled monolayer (SAM),



the commonly used abbreviation associated with this adsorbate-substrate

combination.
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Figure 1.03. Self-assembly of an alkanethiolate monolayer on a gold surface
showing initial adsorption followed by the reorganization and crystallization of

the SAM.

The self-assembly of alkanethiolates on gold has been widely used to
manipulate interfacial chemistry owing to the well studied and characterized
monolayer produced by this adsorbate-substrate combination.'®%?1%% The
availability of alkanethiolates with numerous terminal functional groups permits

the formation of well-ordered interfaces with a defined chemistry that has been

used to study the interfacial chemistry of protein adsorption.””?® In addition to



monomolecular SAMs, the composition and structure of two-component mixed
monolayers derived from thiols on gold have been explored in a number of
studies.?*#*** The systems studied have been primarily a mixture of two n-
alkanethiols of different length®?**? and an n-alkanethiol mixed with an alkyl
thiol terminated in a simple functional group (e.g., -CH,OH, COOH, -CH.Br, -
CH2CN).*** It has been shown that the mole fraction of one component on the
surface is related to its mole fraction in solution.****% The trends have followed
both linear and non-linear profiles and in general, the composition of the
monolayer is not equivalent to the composition in solution. The formation of
mixed SAMs provides greater flexibility in tuning interfacial chemistry, and they
have been used to control the density of surface attached molecules.*

While SAMs of alkanethiolates on gold have proven useful, they are
typically limited to a monolayer of coverage. Applications such as the fabrication
of sensor surfaces may benefit from a multilayered surface presenting a larger
number of functional groups to the interface. Provided these additional functional
groups are accessible to biomolecules in solution, these multilayered surfaces may
immobilize greater densities of target, increasing the binding capacity of the
surface. Other potential benefits of alternatives to SAMs, include the advantage of
possibly stronger adsorbate-substrate interactions, producing a more stable
surface modification.

The electrochemical reduction of diazonium salts has been shown to form
stronger adsorbate-substrate structures relative to SAMs of alkanethiolates.>”

The chemistry involves the reductive adsorption of diazonium salts in a one-



electron reduction of the diazonium, producing an aryl radical.***? This radical is
then chemically grafted to the electrode surface. Under appropriate conditions it
is believed that the radical may further attack the aromatic ring of other aryl

molecules, producing a multilayered structure. The process is represented in

Figure 1.04.
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Figure 1.04. Electrochemical reduction of an aryl diazonium salt (1) followed by
grafting to the electrode surface (2) and further reaction of the aryl radicals with

surface bound molecules to produce multilayered surfaces (3).



1.3 MICROARRAYS

A microarray describes an ordered array of spots on a micro scale, where
spots are typically several hundred microns in diameter or smaller.*® These arrays
may be composed of tens of thousands of spots where each spot contains a
specific molecule of interest. The first microarrays began to appear in the early to
mid-1990’s in conjunction with the push to reveal the human genome.” The
reasonable success of this tool to simultaneously analyze thousands of interactions
with minimal sample consumption led to researchers expanding this technique to
other applications, specifically proteomics.”**’ The extreme growth is witnessed
by a simple search of an electronic database, which provides 26,307 hits for
research articles involving microarray technology.®

The ability to create these arrays requires the ability to produce a pattern
of biomolecules on the surface. In the high-throughput arrays mentioned above
this would involve the robotic spotting of molecules on an activated surface. The
substrate contains an ‘activated’ chemistry to promote immobilization of the
spotted molecule. Common examples include amine or aldehyde ‘activated’
surfaces. While robotic spotters have proven useful for the production of high-
density arrays they are typically employed only for the immobilization of a probe
molecule to an unpatterned “activated’ surface. For the work presented herein, it
was necessary to pattern both surface chemistry and biomolecules.

The methods used to pattern thiols on gold include microcontact

51,52

printing,*® optical lithography,® microfluidics,”*** and more recently a pipet

method. The methods employed for this work involve the use of microfluidics and



the development of a pipet method. Microfluidic channels are fabricated by
casting polydimethylsiloxane against a negative relief master containing raised
rectangular features that define the dimensions of the fluidic channels. The
PDMS is removed and sealed by conformal contact to the array surface, creating
the fourth wall of the channel. As shown in Figure 1.05, the solutions may then
be drawn through under vacuum and allowed to incubate with the surface. A
distinct advantage of this technique, relative to the robotic spotters mentioned
above, is the ability to reduce the stress on the biomolecules by limiting the
drying of the proteins and exposure to the liquid-air interface. Of note, there has
also been considerable progress made with the development of PDMS
microfluidic spotters that are capable of producing higher density arrays than
those initially available.”

Another method used in my work employs a common laboratory handheld
micropipette to pattern the surface. To achieve patterning the surface must first
be modified such that there are both hydrophobic and hydrophilic regions. The
solutions are spotted in the hydrophilic regions and remain confined due to the
unwillingness of the droplet to expand into the hydrophobic region. Creation of
an array composed of hydrophobic and hydrophilic regions for this purpose has
been achieved through microcontact printing of methyl terminated alkanethiolates
on gold, leaving unpatterned patches of hydrophilic gold.***> Shown in Figure
1.06 is a second approach to surface patterning, that | was involved in developing
in our lab. This method involves the creation of an array of gold spots on a

modified glass surface. Thin film deposition of the metal layer is performed

10



through a shadow mask producing a pattern of gold spots. The glass is then
rendered hydrophobic with a fluorinated silane, which provides the ability to
confine solutions to the gold spots. Surfaces have been made consisting of nine,

nineteen, and forty-one spots with diameters as small as 500 um.

Vacuum

Surface

Figure 1.05. Surface patterning using PDMS microfluidic channels. The top

1 Patterned

image is a cut-away showing a vertical cross-section through a microfluidic
channel in the PDMS. The solutions are delivered via pipette to the inlet hole and
then drawn through the channel by applying a vacuum to the outlet port. Bottom
image represents a typical patterned surface, with colors representing different

surface chemistry or target molecules.
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Figure 1.06. An SPR chip with an array of gold spots separated by glass that has
been rendered hydrophobic by reaction with a fluorinated silane. Solutions are

delivered to the spots using a handheld micropipette.

14 SURFACE PLASMON RESONANCE (SPR) IMAGING

Detection in immunoassays has relied heavily on the incorporation of
labeled reagents. The first immunoassay, developed in 1959 by Berson and
Yalow, involved the use of radio-labeled insulin in a competitive immunoassay.>®
The hazardous nature of these labels resulted in a shift towards enzymes, and
more recently fluorescent tags.  Today fluorescence remains the dominant
method of detection for high-throughput arrays due to its ability to provide
sensitive detection. However, interest continues to grow as progress is made
developing technology capable of providing sensitive detection while alleviating
the requirement of labeled reagents.

The label-free format of SPR has resulted in its significant growth as a
tool for monitoring biomolecular interactions occurring at a metal-dielectric

interface.>>*"®® A surface plasmon is a quasi-free longitudinal electron density

12



that propagates along a metal-dielectric interface and decays exponentially into
the adjacent medium.”® The excitation of this surface wave requires the wave
vector of a photon of light to be lengthened to satisfy momentum-matching
conditions. This may be accomplished by using prism-coupling or a grating.
Today, the most common technique is the use of prism-coupling in what is
referred to as the Kretschmann configuration. In this set-up a thin metal film is
placed in contact with a prism and p-polarized light is directed through the prism
and attenuated total reflection occurs at the prism/metal interface. Equations 2-4
below represent the wave vectors of a photon of light (Kphoton), @ surface plasmon
wave (ksp), and a photon of light totally internally reflected at the prism/metal
interface (katr). Here w is the angular frequency, c is the speed of light in a
vacuum, 6 is the angle of incidence and e, €4, and ¢, are the dielectric constants

of the metal, dielectric, and prism respectively.®

w
kphoton = ? (2)
k, = O | Ewba (3)
C Em + 8d
kg = Zsino g, (4)
C

The wave vector equation of the totally internally reflected photon (katr)
may be tuned to match that of the surface plasmon by adjusting the wavelength or

angle of incident light. When conditions are such that katr = ksp they are in

13



resonance, which may be observed as a minimum in reflected intensity of the
incident photons. This is represented graphically in Figure 1.07 where the
reflected intensity is shown as a function of the angle of incident light. When
conditions are such that resonance occurs there is a minimum in reflected
intensity, known as the SPR angle.

SPR as a detection technology relies on the relation between the
propagation constant of the wave vector of the surface plasmon and the dielectric
constant of the adjacent medium (eq). As mentioned briefly above, the surface
plasmons are evanescent waves that decay exponentially into the dielectric
medium several hundred nanometers, with the absolute penetration depth
depending on the wavelength of light used.®®*® Therefore, changes in the
refractive index of the dielectric medium directly adjacent to the metal film alter
ksp and the conditions required to generate resonance. There have been several
approaches to monitor these changes and they include scanning angle, scanning
wavelength, and imaging (constant wavelength and angle) instruments. As the
name suggests, in the scanning systems the angle or wavelength of the incident
light is scanned to determine the conditions required to restore resonance and
determine the SPR angle. In an imaging system the incident wavelength and
angle are fixed and the change in reflected intensity is observed. Figure 1.07
demonstrates an initial SPR curve (blue) and that following surface adsorption
(green). As material adsorbs to the surface the SPR curve shifts to the right and
an increase in reflected intensity is observed as the resonance between the surface

plasmon and the incident light are reduced.
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Figure 1.07. A reflectivity plot showing the change in observed reflectivity from
a prism/metal interface for a p-polarized light source as a function of angle of
incidence. The blue trace represents an initial SPR curve, and the green trace

shows the shift following adsorption at the metal surface.

The experimental set-up for the SPR imaging system used in this work is
shown in Figure 1.08. Here collimated white light is passed through a polarizer
and then reflected from a prism/metal interface. The reflected light is passed
through a narrow band-pass filter and the change in intensity of light at 814 nm is

detected with a CCD detector.
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Figure 1.08. Instrumental layout for an SPR imaging system with the highlight to
the right showing the resonance between the incident light and the surface

plasmons.

15 RESEARCH OBJECTIVES

The main objective of this work was to improve performance of surface
based immunoassays, including SPR imaging studies. The overall objective may
subdivided into several related projects. The behavior of antibodies at the solid-
liquid interface is an important aspect that determines the performance of the
assay. The first half of the work, presented in Chapters 2 and 3, was designed to
examine the role of interfacial chemistry on antibody binding. The variables
studied included the role of target density on antibody binding, as well as the
impact of surface chemistry on antibody immobilization, and assay performance.
The objective of the second half of the work, Chapters 4 and 5, focused on

enhancing the detection limits of SPR immunoasssys. The enhancements

16



examined included, the use of a sandwich immunoassay, incorporation of dense
gold nanoparticles, and the evaluation of a new surface chemistry for SPR

imaging.
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Chapter 2:
Optimization of Immobilized Bacterial Disaccharides for Surface
Plasmon Resonance (SPR) Imaging Measurements of Antibody

Binding

2.1 INTRODUCTION

The technology to fabricate and read biological arrays has progressed
rapidly over the last decade. Improvements in the technology have resulted in
high-density chips comprised of DNA,' proteins,” and more recently
carbohydrates.® The development of arrays of immobilized carbohydrates presents
unique and complex problems not encountered with previously developed
biochips.* The source of this complexity rests in the multiple branching points,
stereoisomers, and linkage forms present in carbohydrates. Despite these
complexities researchers have begun to make great strides in the development of
carbohydrate microarrays.®*® Motivation for development in this area was a
consequence of the biologically significant role that carbohydrates play on the
cellular level.

Carbohydrates are present on a cell’s surface in varying densities.* These
surface molecules play a pivotal role in cell signaling and adhesion, pathogen

identification, and the immune response.”**’

In particular, the study of
carbohydrates in relation to bacterial interactions/infections is an area of growing
concern as the number of drug resistant bacteria increases. According to the world

A version of this chapter has been published. Grant 2008. Langmuir. 24:
14125-14131



health organization (WHO), since the 1990s strains of Salmonella which are
resistant to a range of microbials have emerged and are threatening to become a
serious public health problem.®

Salmonella is a gram-negative enterobacteria with strains responsible for
typhoid fever, paratyphoid fever, and food borne illness. The main division of
these Salmonella strains is based on variations in the somatic O-antigen. The O-
antigen is part of the lipopolysaccharide (LPS) present on the bacteria’s cell
surface. There are approximately 9x10° molecules of LPS on the bacteria surface,
each composed of a lipid core, and O-antigen. Located at the terminus of the
LPS, the O-antigen is a long carbohydrate chain, up to 40 sugars in length,
composed of tri-, tetra-, or pentasaccharide subunits.*® For example, the O-antigen
of Salmonella serotypes A, B, and D; are each composed of a 4 unit repeating
tetrasaccharide. The subunit is composed of a three-sugar backbone with a
branched dideoxyhexose. The stereochemistry of the branched dideoxyhexose
provides the variation between the three serogroups and is significant enough to
provide antigenic specificity. Substitution studies have confirmed the importance
of stereochemistry in antibody binding. When the abequose dideoxyhexose
(serotype B) was substituted with tyvelose (serotype D;) or paratose (serotype A)
inactive compounds resulted.”

Chips containing arrays of relevant carbohydrates can potentially be used
as diagnostic tools to detect antibodies specific for the infecting species of
bacteria present in a patient. In this work, surface plasmon resonance (SPR)
21,22

imaging is used as the detection platform to optimize the fabrication of array
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chips for the study of antibody binding to a family of structurally related
Salmonella disaccharide epitopes. Previous work examining antibody binding to
similar epitopes used a solid phase enzyme immunoassay or microcalorimetry.?*?
These studies, while effective, required numerous steps and significant quantities
of samples. SPR has been used in numerous carbohydrate binding studies,? 2
and there have been several reports on the use of SPR imaging as a label-free
detection platform for carbohydrate arrays.®**** Relevant to the present work,
SPR imaging was used to screen serum antibody binding to an array of natural
glycans. The glycans were covalently immobilized to an epoxide modified chip.®
Here, an array of the disaccharide epitopes is used to probe the effect of
stereochemistry and surface density on antibody binding. The disaccharide
probes were synthetically modified to contain an alky thiol linker that allows the
self-assembly of monolayers terminating in the disaccharide. The density of
disaccharide in each array spot was varied in an effort to optimize the array
surface chemistry. We find that both the amount of antibody bound and the
binding constant depends greatly on probe density. The composition of the
microarray surface was thoroughly characterized with infrared reflection

absorption spectroscopy (IRRAS), x-ray photoelectron spectroscopy (XPS), and

scanning force microscopy (SFM).

2.2 EXPERIMENTAL
Materials and Methods. Chemicals were obtained from the following

sources: 11-mercaptoundecanol (MUO) was obtained from Sigma and used as
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received. The Tris buffer used (pH 8.0) was composed of 50 mM Tris-HCI
(Sigma), and 150 mM NaCl (EMD Chemicals, Inc.) and 0.02% NaNj; (EMD
Chemicals, Inc.). All components of the buffer were used as received. The alkyl-
thiol modified disaccharides, abequose (3,6-dideoxy-p-xylo-hexose) SMA 17,
paratose (3,6-dideoxy-p-ribo-hexose) SMA 27, and tyvelose (3,6-dideoxy-p-
arabino-hexose) SMA 9 were synthesized as described previously.*” The antibody
Sel55-4 used belongs to the IgG1l(A) subclass® and precipitated the
polysaccharide antigen from serogroup B Salmonella. Stock solutions of the
antibody (41 uM) were dissolved in 50 mM Tris buffer (pH 8.0). All water used
was demineralized (18 MQ) in a Nanopure water purification system (Barnstead).
All ethanol used was anhydrous ethanol from Commercial Alcohols Inc., Ontario.

Immobilization of Disaccharide Probes on SPR Chips. Equal molar
stock solutions of disaccharide and 11-mercaptoundecanol (MUQO) were prepared
in ethanol. Aliguot volumes were manipulated to create different solution mole
fractions of disaccharide and MUO with a total thiol concentration of 0.1 mM.
500 uL of the ethanolic thiol mixture was diluted with 500 uL of demineralized
water, resulting in a solution of 0.05 mM total thiol concentration in 50/50
ethanol/water. The water was necessary to allow for spot confinement on the
Spotready™ chips. Solutions were incubated overnight at 4°C to allow for
adsorption to an ozone cleaned gold surface. Samples were rinsed with ethanol
and water and used immediately.

Surface Plasmon Resonance (SPR) Imaging Assays. Commercial SPR

chips, Spotready™, were used for all experiments. The chips consist of 17 gold
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spots, 1 mm in diameter on a 1.8 cm x 1.8 cm glass (SF-10) substrate. The SPR
images were collected with a GWC Technologies (Madison, WI) SPR Imager 1I.
The instrument set-up has been described elsewhere.*® All images were collected
in Tris buffer. Images were collected and analyzed using V** software. Raw
values were converted to A%R values using an equation set out by the
manufacturer. Replicate data was averaged and corrected for bulk changes in
refractive index and non-specific adsorption using the MUO spot from the same
column.

Infrared Reflection Absorption Spectroscopy (IRRAS). Substrates for
IRRAS analysis were Bev-l-edge micro slides (Proper Manufacturing Co., Inc.,
Germany) and were cleaned in piranha solution (75% H,SO4: 25% H,0,) prior to
metal deposition. Thin films of chromium (10 nm) and gold (300 nm) were
deposited using a thermal evaporation system (Torr International, Inc.).
Monolayers and mixed monolayers were prepared by immersing the entire gold-
coated substrate in 50/50 ethanol/water solutions of various compositions of
disaccharide and MUO overnight at 4°C. Spectra were collected using a Matson
Infinity FT-IR equipped with a low-noise mercury-cadmium-tellurium detector
cooled with liquid N, to 77K. Spectra were collected from 1000 scans at a
resolution of 2 cm™. The incoming IR light was p-polarized and incident on the
sample at a glancing angle of approximately 80°. A self-assembled deuterated
octadecanethiol monolayer or an ozone cleaned Cr/Au coated slide were used as

the background.
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AFM Measurements. Substrates used consisted of a 300 nm gold film
thermally evaporated onto 3 cm diameter circular piece of Tempax glass (Berliner
Glass). These substrates were annealed in an Hy-flame in order to provide large
Au(111) crystallites.®*® Monolayers and mixed monolayers were prepared by
immersing the entire gold-coated substrate in 50/50 ethanol/water solutions of
various compositions of disaccharide and MUO overnight at 4°C. Images were
collected with a Digital Instruments Nanoscope Illa (Veeco, Santa Barbara) using
triangular SisN4 cantilevers (Nanoprobes, Digital Instruments) with a spring
constant of 0.12 N/m. Height and lateral force (friction) images were collected
simultaneously. Friction loops were collected over a 50 nm line scan at varying
set-point voltages on atomically flat Au(111) terraces.*® For friction analysis all
samples were probed with the same cantilever/tip.

X-ray Photoelectron Spectroscopy (XPS). The XPS measurements were
performed on AXIS Ultra spectrometer (Kratos Analytical) at the Alberta Centre
for Surface Engineering and Science (ACSES). The base pressure in the analytical
chamber was lower than 4 x 10® Pa. The resolution function of the instrument for
Al-mono source, hybrid lens mode has been determined to be 0.55 eV for Ag 3d
and 0.70 eV for Au 4f peaks. Monochromated Al Ka source (hv = 1486.6 eV)
was used at power of 210 W. Fixed analyser transmission (FAT) mode was
applied with analysis spot set at 700 x 400 um. Charge neutralization during the
measurements was not required. All survey scans spanned from 1100 to 0 eV

binding energy and were collected with analyzer pass energy (PE) of 160 eV at a
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step of 0.3 eV. For the high-resolution spectra the pass-energy was 20 eV with a

step of 0.1 eV. The number of scans varied from 2 for Au 4f to 40 for N1s.

2.3 RESULTS AND DISCUSSION

SPR Imaging of Disaccharide Arrays. SPR imaging has been used in a
number of studies for the parallel, label-free detection of multiple biological
interactions in an array format. It is well recognized that assays featuring arrays
of immobilized probes enable the simultaneous detection of numerous targets. In
addition to this high throughput advantage, arrays can also be used to optimize the
design of an assay by exploring various probe immobilization schemes on a single
chip.  Previous SPR imaging studies of protein binding to immobilized
carbohydrates have shown that the amount of lectin and toxin protein binding
depend on the surface density of immobilized carbohydrates. We thus employed
a 17-spot array to detect antibody interactions with the three disaccharides shown
in Figure 2.01, as well as probe the effect of the surface density of each
carbohydrate.  The three disaccharide probes studied here represent the
immunodominant sugars from serogroups A, B, and D; of Salmonella.** The
disaccharides have been modified with an alkane-thiol tail as shown in Figure
2.01 to enable self-assembly on a gold surface.**> Forming mixed monolayers,
containing the probe and a diluent species, controlled the surface density of each
disaccharide probe. Mercaptoundecanol (MUOQO, Figure 2.01) was chosen as a
diluent as —OH terminated monolayers have been shown to resist non-specific

protein adsorption.*®*’
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We and others have previously utilized polydimethylsiloxane (PDMS)
microfluidic networks to pattern gold surfaces for SPR imaging experiments.
Here the substrate for the array is a glass chip patterned with 17 gold spots
designed for spotting with a hand held micropipet. The glass background is
modified, rendering it hydrophobic, to ensure the droplets are contained on the 1
mm diameter gold spot. A micropipet was used to deliver 600 nL ethanol/water
solutions of disaccharide/MUO mixtures. The mole fraction of the disaccharide
vs. MUO in the solution was varied as a means of generating mixed monolayers
of varying disaccharide density (vide infra). A spot of only MUO was also
prepared as a control. Following droplet delivery, storing the chip in a humid
environment enables the assembly of the probe molecules on the gold surface
overnight.

The results of an experiment probing the antibody binding to a chip
containing the three functionalized immunodominant Salmonella disaccharides
spotted from various solution mixtures is shown in Figure 2.02. Each row of the
chip contained a different disaccharide, except the last two rows, where SMA 27
was spotted twice. Each column represents a different solution mole fraction of
SMA mixed with MUO used to adsorb the monolayer on each spot. The lower
right spot contains only a monolayer of MUO. Figure 2.02(A) is an SPR
difference image following incubation of the chip in a 600 nM solution of Se155-
4 monoclonal antibody. An increase in signal is only observed at the spots
containing SMA 17. The ability of the antibody to differentiate between the three

stereoisomers and selectively bind to the immunodominant sugar from serogroup
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B, SMA 17, is shown more quantitatively in Figure 2.02(B). The bar graph of
Figure 2.02(B) presents the responses for the right-most column of spots (denoted
“B”) as well as the response at the MUO control spot. Significant antibody
binding is observed on the SMA 17 spot, with undetectable binding observed at

the other disaccharides or the MUO control.
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Figure 2.01. Structures of alkyl thiol disaccharide probes used to form
monolayers in this work. The stereochemistry of the —OH groups indicated by the

arrows defines the structural differences in the probes.

The binding of the monoclonal antibody Sel55-4 to the abequose
trisaccharide has been characterized both structurally®* and

thermodynamically.*®*® The results in Figure 2.02 show that the Se155-4 antibody
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can also selectively recognize the modified disaccharide epitope immobilized on a
surface. This opens pathways for the sensitive and rapid measurement of binding
data for these types of systems.

The effect of the density of probes on the array surface is also revealed in
Figure 2.02. Figure 2.02(C) is a bar graph of the SPR signals along the row of
SMA 17 spots. There have been a number of reports that show that the surface
density of a specific adsorbed thiolate can be controlled in a mixed monolayer by
varying its solution mole fraction with respect to a diluent thiol.***%** In this case,
surface density of probe disaccharide in each spot scales with its mole fraction in
the solution used to prepare the spot (vide infra). At high surface densities
antibody binding is minimal. However, as the density of disaccharide was
reduced by dilution with MUO, a significant increase in antibody binding was
observed.

Antibody binding curves were obtained for several surface densities of
SMA 17 disaccharide to further quantify the effect of disaccharide surface
density. The data for the binding curves was obtained from a chip that exploited
the ability of array assays to generate replicate measurements. Each solution
mole fraction of SMA 17 was spotted at three different array addresses. The array
also contained five MUO control spots. The chip was exposed and analyzed
following introduction of increasing antibody concentrations, from 2 nM to 600
nM. An SPR image of the chip following binding from a 600 nM solution of
Sel55-4 monoclonal antibody is shown in Figure 2.03(A). The average A%R

values (3 spots) for the two surface densities that provided measurable binding are
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plotted vs. antibody concentration in Figure 2.03(B). The signals observed at the

MUO control spots are also plotted in Figure 2.03(B).
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Figure 2.02. A. SPR difference image of an SMA array following incubation in
600 nM Sel55-4 monoclonal antibody (10 min). Image collected in antibody free
Tris buffer (pH 8.0). B. Bar graph of the signals along the rightmost column
(denoted with the arrow B). C. Bar graph of the signals for the SMA 17 row
(denoted with the arrow C). Error bars represent the standard deviation of the

mean for replicate spots on a single chip.
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The data in Figure 2.03(B) was fit with a four-parameter logistical

equation of the following form:

A%R = A%R, .+ 7R ~A%R,,

1+([A])
Kd

1)

The least squares solution of this equation has been widely used to analyze
binding curves and is one of the most reliable and flexible curve fitting techniques
for immunoassays.”>>* The A%Rmax and A%Rni, are asymptotic values obtained
from the regression analysis, [A] is the concentration of antibody in solution, and
Kgy is the dissociation constant. As K, and Kq values are typically ascribed to
solution based measurements will we refer to these values as Kaps and Kaps™, &
more physically correct nomenclature for surface based bioassays.* In this study,
the reciprocal of the Kgy value obtained from the regression analysis will be
reported as Kaps (Where Kaps = 1/Kg). The value b in equation (1) is the Hill
coefficient and represents the slope of the curve at the inflection point. Note that
when b is equal to unity, equation (1) reduces to the Langmuir isotherm.
Proposed interpretations for deviations from b = -1 include inhomogeneity in
binding affinities or negative cooperativity for b > -1 and positive cooperativity
for b < -1.°® Although inferences based on deviations of b from unity remain
somewhat speculative, a Hill coefficient of -2 would be expected for binding of a

2-site antibody.>
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Figure 2.03. A. SPR difference image of an SMA 17 array following antibody
binding. Binding curves collected at different spots on the array in A. The points
represent the average signal from three similar spots and the error bars are the
standard deviation. The line through the points is the least squares fit of the four

parameter logistical equation (see text).

Table 2.1 presents the fitting parameters obtained from the least squares
analysis for antibody binding at the spots prepared from solutions containing mole
fractions of 0.1 and 0.4 SMA 17. These values quantify the impact of

disaccharide surface density on the amount of antibody bound (A%Rmax) and the
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strength of the disaccharide-antibody interaction (Kaps). It is apparent from both
the plot in Figure 2.03(B) and from Table 2.1, that the saturation amount of
antibody bound to the array (A%Rmax) greatly depends on the surface density of
immobilized SMA 17, with the lowest surface density, from a x = 0.1 solution of
SMA 17, yielding the highest amount of bound antibody. Surprisingly, a non-
diluted monolayer of SMA 17 binds very little antibody. Also, negligible
adsorption of the antibody is observed on the MUO control spots, indicating that
all observed signals are due to the specific interaction of the Se155-4 monoclonal
antibody with the immobilized SMA 17. The four-parameter fits of the binding
data also show a dependence of surface density on the strength of the interaction.
Comparison of the Kaps values in Table 2.1 reveals that the antibody binds
slightly more than 20x tighter to the x = 0.1 surface than to the x = 0.4 surface.
The values for the Hill coefficients in Table 2.1 are both < -1, which is expected

for a multi-site antibody bound to surface immobilized antigens.

Table 2.1. Curve fitting parameters for antibody binding curves for two of the

mixed monolayers. Error values are the uncertainties derived from the fit.

Mole
fraction of R’ Kaps (M™) Min. Max. b
SMA 17

0.1 0.9932 2.92 +0.94 x 10’ 0+1 166+ 0.6 -3.8+0.9
0.4 0.9996 6.25+0.04x10° 0.00+004 45+01 -1.9=0.1
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Calorimetry experiments have reported an association constant (K;) of 2.4
+ 0.2 x 10* M for the binding of abequose-mannose, the disaccharide at the
terminus of SMA 17, with the Se155-4 antibody.?* This value is three orders of
magnitude lower than the one observed on a dilute surface of SMA 17
(x,,,, =0.1). Previous studies examining the effect of lectin binding to a
carbohydrate surface compared binding constant values from a surface based
assay using SPR imaging with solution based values. The study found that the
surface based analysis consistently provided values three orders of magnitude
larger than the solution measurement.*® The difference between Kaps values
measured here and K, values from microcalorimetry are consistent with the
previous report.

There have been several published reports on the effect of probe density
on target binding.33230°0%% Mixed alkanethiolate monolayers have been used to
control carbohydrate surface density and these studies have shown lower lectin
binding at high carbohydrate surface density.***? This has been attributed to tight
tailgroup packing in this monolayer system, resulting in limited access of the
ligands to the protein binding pockets or lateral interactions between the ligands.
Another study examined the incorporation of an enzyme into varying densities of
surface immobilized carbohydrate and reported reduced binding under high and
low carbohydrate surface density, with maximal enzyme binding on a ~ 70%
carbohydrate surface. The observation was attributed to steric crowding of
carbohydrate ligands at the interface, thus inhibiting protein binding.>® While this
is a plausible explanation for the trend we observe here, knowledge of the density
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and arrangement of carbohydrate groups in the mixed monolayers of SMA 17 and
MUO is required to fully explain our trends. Furthermore, the large difference in
antibody binding we observe, from complete inhibition at an undiluted
disaccharide surface to significant binding at a very dilute surface, has not been
observed previously. Therefore, a thorough analysis of the structure of the mixed
monolayers formed under the different dilutions was undertaken to provide
information on the interface formed by the self-assembly of these mixed
monolayer systems.

Chain Structure of Mixed SMA 17/MUO Monolayers. The two-
dimensional packing of the alkane chains in the mixed monolayers will impact the
presentation of the disaccharide to the interface. Infrared reflection absorption
spectroscopy (IRRAS) has been used extensively to probe the chain structure of
monolayers formed by alkanethiols on gold.***® This usage stems from the
work of Snyder and co-workers, who have shown that the infrared signature of
methylene C-H stretches are diagnostic of chain packing in condensed phase n-
alkane systems.>’*® The position and width of the asymmetric methylene stretch
(vacrHz) 1S sensitive to the chain environment in monolayer systems. A position
for vachz Of 2918 = 1cm™ is characteristic of a monolayer consisting of alkyl
groups that “on average” experience a crystalline-like environment, with the
methylene groups in an all-trans conformation.*? Partial disruption or alterations
of these lateral interactions leads to minor gauche defects, which are observed as a

blue shift of the band and peak broadening.
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IRRAS spectra were collected on monolayer samples prepared from SMA
17/MUO solution compositions similar to those used for spotting SPR chips to
evaluate antibody binding. Table 2.2 presents the results of the spectral analysis
and lists peak position, intensity, and peak width for the asymmetric methylene
vibration. The position of the band ranges from 2917 cm™ to 2920 cm™, and
considering the spectral resolution of 2 cm™, there are no significant deviations in
peak position. However, the peak width at half maximum (PWHM) and intensity
do show a dependence on the solution composition used for adsorption. As the
mole fraction of the disaccharide is decreased the intensity and width of the
vibration is reduced. The variation in intensity observed is due to the greater
number of CH, groups in the disaccharide probe molecules relative to the MUO
diluent (Figure 2.01). The trend is evidence that the solution composition is
influencing surface composition. This will be reinforced in studies described
below. We attribute the increase in peak width and the band asymmetry for
monolayers prepared from solutions with high SMA 17 content to more
disordered packing in the top-most portion of the layer. This disorder is likely
due to the bulky disaccharide terminal group as well as the amide and sulfide
functionalities in the tether (Figure 2.01). Based on these findings we conclude
that the mixed monolayers formed from solutions of SMA 17 and MUO exhibit
reasonably well ordered chain structure at the innermost portion of the monolayer
(the first 10 to 11 CH; units) and are presenting the carbohydrate moiety at the

solid-solution interface.
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Table 2.2. IRRAS data for the asymmetric methylene CH stretch for the various
monolayers and mixed monolayers. Error values are standard deviations from at

least three measurements. Spectral resolution was 2 cm™.

Ysoin SMA 17 Vace (cm™)  Absorbance (x10°)  PWHM (cm™?)
1.0 2919 1.38 + 0.04 27505
0.7 2920 1.37 + 0.04 24 +2
0.4 2918 1.28 + 0.06 23+ 3
0.1 2917 0.64 = 0.09 19.6 + 0.4
0.0 2918 0.69 = 0.01 19:1

Composition of Mixed SMA 17/MUO Monolayers. The composition
and structure of two-component mixed monolayers derived from thiols on gold
have been explored in a number of studies.******® The systems studied have
been primarily a mixture of two n-alkanethiols of different length®®?% and an n-
alkanethiol mixed with an alkyl thiol terminated in a simple functional group
(e.g., -CH,OH, COOH, -CH,Br, -CH,CN).**° It has been shown that the mole
fraction of one component on the surface is related to its mole fraction in
solution.**®®! The trends have followed both linear and non-linear profiles and in
general, the composition of the monolayer is not equivalent to the composition in
solution. Mixed monolayers consisting of an alkyl thiol with a relatively small
terminal group (-CH,OH) and an alkyl thiol with a bulky sugar group are not as
well characterized. We thus employed a variety of techniques to characterize the
relationship between surface composition and solution composition for the SMA

17/MUO mixed monolayer studied here.
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Characterization comes in part from the SPR signals observed for the
initial chip containing spots produced from the different solution mixtures of
SMA 17 and MUO. For a chip similar to that used in Figure 2.03, the initial
percent reflectivity (%R) values of this array collected in Tris buffer were
analyzed and the results are listed in Table 2.3. The initial %R measured at each
spot on the chip is a measure of the refractive index of the different monolayers
on the spots. Thus, %R-values should track the molecular weight of the
components in the monolayer. As shown in Table 2.3, %R-values track the mole
fraction of SMA 17 in the solution used for spotting. The molecular weight of the
SMA 17 is over three times larger than the MUO diluent. Therefore, as the
amount of immobilized disaccharide decreases and is replaced with MUO, the
total mass of material on the spots decreases resulting in a decrease in the index of
refraction and a decrease in %R. Similar trends have previously been reported
with SPR imaging when examining initial reflectivity values for probe molecules
of different sizes.*®

IRRAS provides another means to probe the surface composition of mixed
monolayers.”® Figure 2.04 presents IRRAS spectra in the region between 1450
and 1650 cm™ obtained for the SMA 17/MUO mixed monolayers. The spectra
contain a peak centered at 1555 cm™ resulting from the NH bending vibration of
the secondary amine group present in the disaccharide backbone (Figure 2.01).
The amide bond is not present in the diluent MUO and therefore, the intensity of
this band may be used to directly track the surface concentration of SMA 17. The

peak intensities measured are listed in Table 2.3, which shows a decrease in
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intensity of the amide Il band as the solution percentage of disaccharide is
decreased. We note that the amide band for monolayers formed from a solution
containing a disaccharide mole fraction of 0.1 are below the detection limit of the
IRRAS measurement. The results from the IRRAS analysis agree with the SPR
data presented above, and reinforce that changing the mole fraction of
disaccharide in solution is an effective way to control the composition of the
monolayer formed.

XPS has been a common surface characterization technique used in

d.>®%%  The atomic

studies examining mixed monolayers of thiols on gol
composition data provides relative surface coverage values for the components in
a mixed monolayer. Here the nitrogen 1s peak from the amide bond in the
backbone of the disaccharide was used to quantify the relative amounts of
disaccharide on the surface. Figure 2.05 contains the high-resolution XPS spectra
of the various film compositions with the peak at 400.5 eV corresponding to the
N1s photoelectrons. The intensity of N1s peak collected for the mixed
monolayers are also listed in Table 2.3. The N1s intensities were corrected for the
inelastic scattering of photoelectrons caused by variations in film thickness
through referencing to the Au 4f peak area.®® As the mole fraction of disaccharide
in solution decreases the N1s peak area also decreases, confirming the surface
dilution of disaccharide molecules with MUO diluent.

The three characterizations presented above provide evidence that the amount of

SMA 17 on the surface tracks its percentage in solution. Based on previous

reports on the spontaneous adsorption of thiol derived mixed monolayers, this is

42



not an unexpected result.****®2 However, it is important to establish a complete
picture of the structure of the SMA 17/MUO system to understand the observed
antibody binding behavior. A more direct relationship between the surface
density of SMA 17 and solution mole fraction is established by normalizing the
signals from each characterization technique by the signal for the pure SMA 17
monolayer. The normalized values for each analysis are shown in Table 2.4. The
average fractional values from the three analyses can be considered a semi-
quantitative measurement of the mole fraction of SMA 17 on the surface. Figure
2.06 is a plot of the mole fraction on the surface vs. the solution mole fraction. A
linear least squares analysis provides a reasonably good fit to the data, indicating
a linear relationship between solution composition and surface composition for
SMA 17/MUO monolayers. However, the non-unity slope of 0.82 shows that the
surface composition is not equivalent to the solution composition. Specifically,
lower solution mole fractions of SMA 17 (e.g., 0.1) result in a monolayer with a
higher surface mole fraction (e.g., 0.25). This agrees with earlier studies that
show longer alkyl chain thiols preferentially adsorb over shorter chains, consistent
with thermodynamic control over the adsorption process.’®®? Considering the
antibody binding data in Figure 2.03(B), it appears that a surface consisting of
~25% of a monolayer of SMA 17 diluted with MUO provides an optimal
substrate for antibody screening. Although not shown here, work by a previous
student has demonstrated reduced antibody binding when y soin Of SMA 17 is

reduced below 0.1.%
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Table 2.3. Results from the three characterizations of mixed SMA 17/MUO
monolayers.  Error values are either the standard deviation from multiple

measurements or the experimental uncertainty.

. . IRRAS
Yeon SMA L7 SPR ITe0ING Amidell SO
Absorbance (x10°)
1.0 46.0+x04 1.09 = 0.04 1.78 = 0.09
0.7 42.6 £ 0.5 0.70 £ 0.04 1.21 +0.06
0.4 40+1 0.57 £ 0.04 0.65 + 0.03
0.1 37.3+04 - 0.47 £ 0.02
0.0 34.6 £ 0.3 - -
0.5x 103 A.U.

Mole Fraction
SMA 17

1.0

0.7

0.4

0.1

1650 1625 1600 1575 1550 1525 1500 1475 1450
Wavenumber (cm™)

Figure 2.04. IRRAS spectra for single component and mixed monolayers of

SMA 17 and MUO. Band at 1555 cm™ is assigned as the amide 11 band.
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Figure 2.05.

SMA 17
1.0

Mole Fraction ]:200

Binding Energy (eV)

High resolution XPS spectra in He N1s region for single component

and mixed monolayers of SMA 17 and MUO.

Table 2.4.

Normalized values from the various characterizations of the SMA

17/MUO mixed monolayers from Table 2.3. Error values are propagated

uncertainties.

Wsoin SMA 17 SPR? IRRAS XPS Average
1.0 1.00 = 0.01 1.00 = 0.05 1.00 = 0.07 1.0+0.1
0.7 0.70 £ 0.01 0.64 + 0.04 0.68 + 0.05 0.67 +0.09
0.4 0.47 +0.01 0.52 + 0.04 0.36 + 0.02 0.45 +0.09
0.1 0.237 = 0.003 - 0.26 = 0.02 0.25+0.03

a. SPR data was normalized by first subtracting the signal for the pure MUO

monolayer th

en dividing all values by the signal for the pure SMA 17 monolayer.
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Figure 2.06. Plot of the surface mole fraction of SMA 17 in mixed monolayers
vs the mole fraction in solution. The surface mole fractions values are the
average values from the three characterizations in Table 2.4. Error bars represent

the propagated uncertainties listed in Table 2.4.

Spatial arrangement of mixed SMA 17/MUO monolayers. The
majority of published reports suggest that the components of mixed thiol derived
monolayers on gold are homogeneously mixed.****%®? A scanning tunneling
microscopy (STM) investigation provided some evidence for phase segregation in
a mixed monolayer system consisting of an n-alkanethiol and an ester-terminated
alkyl thiol. The observed nanometer scale domains were found to vary in shape

with time.?® The spatial arrangement of the SMA 17 molecules in the mixed
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monolayers investigated here is expected to have a large impact on antibody
binding. The dependence of the amount of antibody bound and the binding
constant on surface composition implies that the SMA 17 molecules are
homogeneously distributed in the MUO layer. To confirm this hypothesis, we
employed scanning force microscopy (SFM) to map the 2-dimensional
arrangement of surface chemistry in these mixed monolayers.

It is well established that nanoscale friction measured by SFM is sensitive
to the interfacial surface chemistry of thiol derived monolayers on gold.**"*° To
exploit this utility of SFM here we initially characterized the frictional response of
the monolayer compositions of interest here in a semi-quantitative fashion.
Figure 2.07 contains plots of the friction signal as a function of the normal force
between the tip and each monolayer. Each point was collected by monitoring the
lateral deflection of the cantilever during a back and forth scan along a single, 50
nm line (i.e., a friction loop*?). Figure 2.07 shows that the SFM measured friction
tracks the normal force between the tip and sample for all monolayers examined,
consistent with observations at other terminally functionalized thiol derived
monolayers on gold.* It is also apparent from Figure 2.07 that each surface
composition yields a different frictional response. The highest tip-sample friction
for all normal forces is measured at the monolayer prepared from pure SMA 17

(Xsurf = 1.0). This is likely due to a large adhesive force between the disaccharide

terminal groups and the SisN4 tip. The lowest friction is measured at the pure
MUO monolayer with intermediate values that scale with the mole fraction of
SMA for the mixed monolayers. The intermediate friction observed is consistent
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with homogeneously mixed layers. The frictional signal was uniform across the

50 nm line scan during the course of the measurement for these samples.

Lateral Force Signal (V)
= = g N
o ()] o ($)]

o
w
A

©
o
=
-
-

0 20 40 60 80 100
Tip-Sample Force (nN)

Figure 2.07. Plots of the SFM measured lateral (friction) force signal (in V) vs
the tip-sample normal force for pure SMA 17/MUO monolayers and mixed
monolayers. All plots were collected with the same tip/cantilever. The points are

the raw data while the line connecting the points is simply a guide to the eye.

It is clear from Figure 2.07 that the frictional signature of the pure SMA
layers is easily distinguished from the MUO. Thus, phase segregated domains of
each of these components will be easily discernable in a friction force image.

Both the pure component and mixed monolayers were imaged in friction force
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mode on a variety of length scales. Figure 2.08 contains representative images of
several of the samples examined. Each image in Figure 2.08 is 400 x 400 nm
collected on a Au(111) terrace. The contrast in all images is uniform with little
variation in the friction. In all images collected we did not observed any evidence
of localized variations in friction at any length scale that would indicate phase
segregated domain formation. This provides compelling evidence that the SMA
17 is uniformly mixed within the MUO.

We can now conclude that the monolayer that provided the highest level
of antibody binding (Figure 2.04) consists of ~25% SMA 17 and 75% MUO and
that these components are homogeneously mixed. The greater chain length of the
modified disaccharide relative to the MUO diluent permits the epitope to extend
into the solution. This sensing surface has the optimal structure and distribution
of disaccharides to allow for complete access to the antibody for bivalent binding.
This situation is depicted in Figure 2.09. A layer consisting of closely packed
disaccharides can lead to enthalpically diminished binding.”® Under moderate

surface densities ( x,,, =0.45) the initial binding of one antibody-binding site

causes shifting/aggregation of the disaccharides at the interface close to where the
primary binding occurred thus, interfering with the next binding event. The
second binding event can only occur following further rearrangement of the
disaccharide surface. The energy barrier for reorganization would be reflected in a
lower binding constant as is observed here (x,,,, =0.4). Under extreme cases of
high surface density of disaccharide (x,,, =0.7 and 1.0) the binding is so

enthalpically and sterically hindered that minimal binding occurs.
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Figure 2.08. 400 x 400 nm friction force images of SMA 17/MUO monolayers
and mixed monolayers. Z-scale for all images is 1.5 V. All images were

collected with the same tip/cantilever at a normal force of ~50 nN.

Crystallographic findings for the Sel55-4/abequose trisaccharide binding
show that carbohydrate binding occurs near the twofold axis of the V-V
interface of the antibody, in a pocket approximately 8 A deep and 7 A wide.
Complete binding of the carbohydrate requires the abequose sugar be totally
buried in the antibody binding pocket while the other saccharide units lie on the
protein surface.” Due to its smaller size, the complete insertion and orientation of
disaccharide is critical to ensure binding of significant strength. The dilution of
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the SMA 17 in a mixed monolayer with MUO allows for this complete insertion.
This finding is consistent with others that demonstrated a dilute carbohydrate

layer yields optimal interactions with enzymes, lectins,*® and protein toxins.*

Figure 2.09. [Illustration of the optimized disaccharide surface for antibody

binding.

2.4 CONCLUSIONS

The current study represents the characterization and optimization of a
label-free carbohydrate immunoassay. Characterization of the microarray surface
confirmed the ability to control the surface density of disaccharide by altering the
solution composition used for self-assembly. The variations in surface chemistry
affected the amount of antibody bound as well as the strength of the interaction.

Both the binding affinity and capacity is maximized on a surface consisting of
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~25% carbohydrates in a micro- and macroscopically homogenous mixed
monolayer. The lower surface density of carbohydrates in the mixed monolayer
permits complete insertion of the epitope into the antibody binding pocket. The
benefits of the SPR imaging platform for carbohydrate microarrays have been

previously noted*34%

and include label-free, sensitive detection in a parallel
format. Here, SPR imaging is used for the sensitive and rapid parallel
determination of binding constants for the three Salmonella serotypes.
Applications for these arrays may include antibiotic screening to treat ever-
growing number of antibiotic resistant salmonella. Patients who have contracted
salmonellosis would present antibodies specific for the infecting species of
bacteria present. The type of array presented here could yield information on the
status of the infection including the strain and serogroup of the bacteria. This

information would provide rapid and specific information to the health care

professional and permit specific prescription of antibiotics if required.
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Chapter 3:
Tailoring Interfacial Chemistry for Antibody Immobilization in

Surface Plasmon Resonance (SPR) Immunoassays

3.1 INTRODUCTION

The high specificity and improved ability to generate antibodies against a
vast number of antigens has resulted in a continuous growth in their conjugation
to surfaces and use as an interfacial recognition layer. Applications for these

% and national

devices include environmental testing," medical diagnostics,”
defense.* A literature survey of the first eight months of 2008 revealed studies
employing surface plasmon resonance (SPR) for development of immunoassay
based arrays against narcotics,” small molecules,®’ protein-DNA interactions in
nuclear extracts,® protein kinase activity in cell lysates,® and human IgE and
aptamers.’® A vital aspect in the development of these solid-phase assays is the
linkage of an antibody to a solid support. This linkage should provide a stable
attachment while retaining the biological activity of the antibody. Generally
speaking the surface attachment of an antibody may be divided into three groups
consisting of physical adsorption, covalent attachment, and affinity capture.

The physical adsorption of an antibody provides a straightforward and
facile means to modify a solid support for bio-sensing applications. In this method
a solution containing antibody is placed in contact with a surface to promote

surface adsorption. The adsorption is the result of various interactions between

the surface, protein, and solvent.***? The process is believed to involve both



protein binding and unfolding with the extent of each dictated by the interfacial
properties of the adsorbing layer.*?

Concerns over the stability of a physically adsorbed antibody layer have
resulted in the investigation of covalent attachment schemes.***’ These
potentially provide a more stable surface attachment by increasing the strength of
the interaction between the surface and the antibody. Methods exist to facilitate
either random or orientated antibody layers. Orientation of the antibody typically
requires additional steps to modify the antibody. Modifications include the
oxidation of carbohydrate groups for binding to a hydrazine surface, or enzymatic
cleavage to expose thiol groups in the hinge region for binding to a maleimide
surface.’® A simplified alternative, which produces a random orientation,
alleviates any modification steps by directly bonding the antibody to an activated
surface.  This method was used in this work and involves the formation of an
amide bond between free amines in the antibody and an activated succinimyadl
ester functionality on the surface. In this reaction the primary amine in the
antibody reacts via nucleophilic displacement of the N-hydroxysuccinimide
(NHS) ester, forming a covalent amide bond.*®

Affinity capture of an antibody results in the specific orientation of the
molecule through selective binding. The specificity is based on a high affinity or
selective interaction between a surface bound species and an antibody. The
attachments involve both modified and unmodified antibodies with examples such
as the attachment of biotinylated modified antibody to a streptavidin surface and

binding of unmodified antibody to a layer of protein G. Protein G is a 65 kDa
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bacterial cell wall protein from group G streptococci that preferentially binds the
constant portion (F;) of the antibody, directing the paratopes away from the
surface.'¥

Given the vital nature of the surface attachment processes mentioned
above, it is not surprising that there are a great number of papers in this area."”
1417.2549 SpR in  particular has been used to examine the implications of
interfacial chemistry on antibody immobilization and assay performance.'*2831:%
While these studies provided valuable insight into aspects of the implications of
the antibody immobilization chemistry on assay performance, they did not
incorporate examples from all three antibody attachment groups and little was
done to optimize the conditions prior to comparison.

In this chapter, self-assembled monolayers (SAMs) of alkanethiolates on
gold will be used to tailor interfacial chemistry and examine the impact of surface
chemistry on antibody immobilization. The self-assembly of alkanethiolates on
gold has been widely used to manipulate interfacial chemistry owing to the well
studied and characterized monolayer produced by this adsorbate-substrate
combination.’®®® The availability of alkanethiolates with numerous terminal
functional groups permits the formation of well-ordered interfaces with a defined
chemistry that has been used to study the interfacial chemistry of protein
adsorption.>”°®
Physical adsorption will be examined on carboxylic acid, methyl, and

amine terminated surfaces. Covalent attachment will be evaluated on surfaces

formed by the self-assembly of an NHS terminated thiol and also by activating an
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11-mercapto-undecanoic acid (MUA) surface using N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC) and NHS. Affinity capture will be
investigated by covalently immobilizing protein G at different pH values and
examining the impact of antigen binding following antibody-protein G complex
formation. The optimum conditions within each type of attachment chemistry
will be selected for further comparisons on retained binding activity and stability

of the antibody following surface adsorption.

3.2 EXPERIMENTAL

Material and Methods. Chemicals were obtained from the following
sources: N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), 11-mercapto-undecanoic acid, 1-undecanethiol,
ethanolamine, bovine serum albumin (BSA), and protein G were purchased from
Aldrich (St. Louis, MO). Hydrogen peroxide and sodium phosphate monobasic
monohydrate were purchased from Fisher (Fair Lawn, NJ). Sodium phosphate
dibasic heptahydrate, and sodium chloride were purchased from EMD Chemicals
Inc. (Darmstadt, Germany). All IgG molecules used in this work were polyclonal.
The anti-rabbit 1gG (a-rlgG) and rabbit 1gG (rlgG) were raised in goat, and anti-
goat 1gG (a-glgG) and goat 1gG (glgG) was raised in rabbit. These 1gGs were
purchased from MP Biomedicals (Solon, OH). Hexanes and sulfuric acid were
purchased from Caledon Laboratories Ltd. (Georgetown, Ont.). 11-Amino-1-
undecanethiol (AUT), hydrochloride was purchased from Dojindo Laboratories

(Japan). N-hydroxysuccinimidyl 12-mercaptododecanoate was purchased from
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ProChimia Surfaces (Poland).  1-(mercaptoundec-11-yDtri(ethylene glycol)
methyl ether was synthesized by a previous group member®® using a published
method.®° Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (United
Chemical Technologies, Inc.). Anhydrous ethyl alcohol was purchased from
Commercial Alcohols (Brampton, Ont.). Water used was 18 MQ deionized water
using a Nanopure filtration system. Polydimethylsiloxane (PDMS) was made
using a Sylgard 184 Silicone Elastomer Kit from Dow Corning (Midland, Ml).

Surface Modification. Prior to use SPR chips were rinsed with 18 MQ
water and anhydrous ethanol and dried under argon gas, placed in a UVO-cleaner
(Jelight Company, California) for five minutes, followed by another water and
ethanol rinse and drying under argon gas. The surfaces were then immersed in 1
mM alkanethiolate solutions from overnight to several days to allow the
formation of well ordered SAMs. Proteins were then patterned using
poly(dimethylsiloxane) (PDMS) microfluidic devices or with a hand-held
micropipet.

PDMS microfluidic channels were fabricated using previously established
methods.®* The procedure involved the photolithographic creation of a relief
pattern in photoresist on a silicon wafer. The prepolymer and cross-linker (10:1
by weight) were cured against the relief structure producing a negative of the
relief within the PDMS. Solution inlet and outlet holes were punctured through
the PDMS and the solutions were drawn through by application of a vacuum line

to the solution outlet port (Figure 3.01). Following incubation with protein
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solution the channels were rinsed with buffer, the PDMS device removed, and the
surface of the array was rinsed with 18 M MQ deionized water.

A hand-held micropipet was used to deliver 600 nL of protein solution to
an array of gold spots (d = 1mm). The glass between the spots has been rendered
hydrophobic by reaction with a fluorinated trichlorosilane (Tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane) under vacuum overnight. This permits the
localization of the aqueous based solutions on the gold spots.

Surface Plasmon Resonance (SPR) Imaging. Experiments were carried
out using a SPR Imager IlI, a commercially available system from GWC
technologies (Madison, WI). The instrumentation was interfaced and controlled
with V++ software. The substrates used used were 1.8 cm x 1.8 cm squares of SF-
10 glass (Schott, Ont. Canada) modified with a 1nm chromium adhesion layer and
45 nm of gold. Data analysis involved the averaging of 100 images and correction
for non-specific adsorption. Images shown were difference images, which were
obtained by subtraction of the initial image in buffer from the image taken

following incubation with a protein solution and rinsing with buffer.

3.3 RESULTS AND DISCUSSION

Physical Adsorption. A goal of this portion of the work was to examine
the impact of interfacial surface chemistry on the orientation and activity of a
physically adsorbed antibody layer. These factors were probed indirectly by
monitoring antigen binding to antibodies adsorbed on surfaces functionalized with

SAMs of alkanethiolates presenting amine (HS-(CH2)10-NH,), carboxylic acid
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(HS-(CH3)10-COOH), and methyl (HS-(CH)10-CH3) terminal groups. These
surface chemistries were chosen as they represent a range of common interfacial
chemistries used in surface assays, from hydrophilic to hydrophobic surfaces with
varying degrees of charge.

The gold surfaces were first modified with the alkanethiolates followed by
adsorption and patterning of two antibodies, anti-rabbit 1gG (a-rlgG) along with
anti-goat 1gG (a-glgG), which served as a negative control. The antibodies were
patterned for one hour within a PDMS microfluidic network, which was then
removed. The remaining surface was then blocked with BSA. This procedure is
represented in Figure 3.01. At this point the chip was placed into the SPR
imaging instrument and the binding from solutions containing 1300 to 1600 nM
rabbit 1gG (rlgG) was measured. These solution concentrations were chosen as
they have been shown to result in saturation coverage.® Figure 3.02 presents the
SPR difference images (A) and quantitative binding data (B) for the three
surfaces.

Antigen (rlgG) binding to the control line (a-glgG) was used to provide a
measure of the non-specific binding occurring on the antibody modified surfaces.
These values are presented in Figure 3.02(B) and show that negligible non-
specific adsorption occurred to the surface pre-functionalized with an amine
terminal group with increased non-specific binding occurring on the carboxylic
acid and methyl surfaces. The varying degrees of non-specific binding observed
here may be related to surface chemistry dependant conformational changes that

occurred to the antibodies upon adsorption.
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SAM of Alkanethiol
-NH,, -CH,, or -COOH
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within PDMS channels
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O\ Y

Figure 3.01. Representation of the steps involved with preparation of the surface

and antibody adsorption. The process begins with modification of the gold
surface using 1 mM alkanthiolate solutions followed by surface patterning of a
3.3 uM specific and control antibody and lastly the blocking of the remaining

surface with a 0.1% BSA solution in PBS.

Previous work has shown that interfacial chemistry impacts the degree of
protein unfolding, with proteins retaining more structure on neutral hydrophilic

surfaces than hydrophobic or charged surfaces.”® In this study, hydrophilic
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surfaces were produced upon surface modification with the amine and carboxylic
acid terminated SAMs and a neutral hydrophobic surface from the methyl SAM.
The extent of ionization on the hydrophilic SAMs can be determined by
reviewing the surface pKa values for the ionizable groups present. The pKa for
carboxylic acid SAMs has been consistently reported between a pH value of 7-
8062 and the pKa for amine SAMs has been reported between 4-6.5.52067
Therefore, under the conditions used in these experiments (PBS pH 7.4) the
carboxylic acid surface would exhibit a greater degree of ionization and a net
negative surface charge. In relation to the non-specific adsorption data, the least
charged hydrophilic surface (-NH,) provided the smallest amount of non-specific
adsorption. This surface likely produced the least unfolding and was able to
reduce the non-specific interactions. The carboxyl and methyl terminated
surfaces resulted in greater degrees of antibody unfolding/denaturation causing
increases in the measured non-specific binding.

The extent of specific antigen binding was determined by subtracting the
antigen binding occurring on the control line (a-glgG) from that occurring on the
a-rlgG lines. These values are presented in Figure 3.02(B) and show the amine
surface exhibits the greatest amount of specific binding followed closely by the
methyl surface and lastly the carboxylic acid surface. These trends are consistent
with a previous study examining similar antibody immobilization schemes.* In
that work, the authors attributed the differences in antigen binding to variations in
the orientation of the antibody on the different surfaces. The range of orientations

may be represented as in Figure 3.03 where the amine surface preferentially
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adsorbs the constant portion of the antibody (a), the methyl surface results in a
mixture of the antibody lying down and adsorbed through the F. region (b), and
the carboxyl surface favors adsorption of the F,, fragments resulting in a

significant reduction in the ability to capture antigen.

A. B.

a-rlgG a-glgG a-rigG

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

-NH,

A%R

-COOH

-CH,

a-rlgG* a-glgG a-rlgG* a-glgG a-rlgG* a-glgG

Figure 3.02. (A). The SPR difference images obtained upon incubation with a
1350 nM rlgG solution (-NH; and -COOH terminated SAMs) or 1650 nM rlgG
solution (-CHs; terminated SAM). (B) The A%R values obtained from the SPR
difference images in (A) from the a-glgG lines and the a-rlgG. The a-rlgG lines
were corrected for non-specific adsorption by subtracting the values from the a-

glgG control line. Error bars represent the standard deviation of the average.
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Figure 3.03. Representation of the possible orientations of antibody immobilized

on a surface. They represent active (a), partially active (b), and inactive (c)

antibodies

In summary, consistent with previous work, our experiments indicate the
optimal surface chemistry for physical adsorption of an antibody is an amine-
terminated surface. This surface was optimal likely because it results in favorable
antibody orientation and presents the least non-specific adsorption.  This
attachment chemistry was selected for further comparison.

Covalent Attachment. The stability of an adsorbed antibody layer plays
a vital role in its performance as a bio-sensing element. While the non-covalent,
physical adsorption of an antibody provides a feasible means of surface
immobilization, the potential for solvent-mediated desorption exists. Studies have
shown that covalently immobilized immunoglobulin demonstrates an increased
operational stability.'>*"®

A common method employed for the covalent linkage of an antibody to a
surface involves the formation of an amide bond between primary amines
naturally present in the antibody and a surface bound active ester (e.g., N-

hydroxysuccinimide). The methods to create an NHS terminated surface on gold

have been well documented and involve two approaches, which are depicted in
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Figure 3.04. Perhaps the most common and economical method involves the
initial formation of a carboxylic acid terminated SAM, followed by a surface
activation reaction using EDC and NHS.}"*®%° The second approach eliminates
the surface activation step by directly assembling an NHS terminated
alkanethiolate on the gold surface.***® While these methods have been in practice
since the early 1990’s there has been no work directly comparing the two
methods. Motivated by observations showing that surface reactions result in less
than 100% vyields, ">** we have decided to evaluate the possible implications for

incomplete conversion of the carboxylic acid terminal groups.

Activated -COOH

Surface with EDC/NHS

P
e P e g N

S “OH

EDC/NHS

s TSNS TS S NN )

B. Directly Assembled

NHS Layer o

0 __.S:-},—
0

Figure 3.04. Representation for (A) the activation of a carboxylic acid surface

using EDC/NHS and (B) direct assembly of an NHS surface.
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The protein capacity of both surfaces was determined by monitoring the
binding of a 3.3 uM solution of rigG to the NHS surfaces. The substrates used in
this work consisted of a fluorinated SF-10 glass surface with 19 gold spots
(diameter = 1 mm). Monolayers were formed by immersion in 1 mM solutions of
either MUA or N-hydroxysuccinimidyl 12-mercaptododecanoate. Prior to protein
immobilization the MUA surface was activated for 30 minutes by immersion in
an aqueous solution of EDC/NHS. A control protein (BSA) was spotted to block
8 spots of the array. Shown in Figure 3.05 is a representative SPR difference
image following protein binding and a bar graph presenting the quantitative
results from the two surfaces. The activated MUA surface produced a signal over
2.5x smaller than the directly assembled NHS layer. The reduced signal indicates
a lower protein capacity possibly due to incomplete conversion of the carboxylic
acid groups to NHS. This observation is consistent with results by Frey et al.,
who examined binding of poly(L-lysine) to an EDC/NHS activated MUA
monolayer.*" The findings indicated that 20% of the initial MUA layer remained
unreactive to EDC/NHS conversion.

To further probe possible implications of an inefficient surface reaction,
the stability and antigen detection limits for both surfaces were evaluated.
Monolayers were prepared as mentioned above, with BSA and a-rlgG solutions
spotted on the NHS surfaces. Prior to introduction of antigen, the surfaces were
deactivated with 100 mM Tris buffer followed by equilibration for 30 minutes
with PBS buffer. The detection limits of the surfaces were then probed by

monitoring the binding of pM levels of rigG.
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A%R

Directly Assembled Activated -COOH
NHS Monolayer layer using EDC/NHS

Figure 3.05. A) Representative SPR difference image following adsorption of 6.7
uM rlgG to a directly assembled NHS surface. BSA was used as a control to
block 8 spots. B) The A%R values from the SPR difference images where the

error bars represent the standard deviation for the average values.

The values obtained for antigen binding to the antibody spots were
corrected for changes in bulk refractive index and non-specific binding using the
BSA control spots. These corrected values are plotted in Figure 3.06 for the
activated MUA layer (A) and the directly assembled NHS layer (B). The error
bars represent the standard deviation of the mean signal values. The mean values
were determined by reproducing the experiment on separate SPR chips on
different days. The data was then fit using a linear least squares analysis. The

lowest antigen concentration tested (2 or 20 pM) was treated as a blank. The
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A%R values for the lowest three concentrations tested on an activated -COOH
layer are shown in Table 3.1. These values show that increasing the concentration
from 20 pM to 50 pM did not statistically increase the observed signal.
Therefore, it was assumed that the solution containing the lowest antigen
concentration was suitable to be treated as blank. The A%R values obtained
following incubation with the lowest antigen concentration were used in equation
1 to determine the limit of detection (LOD) for both surfaces tested. The value
obtained from equation 1 was converted to a concentration using the linear fit

obtained from least squares analysis, shown in Figure 3.06.

LOD =30,,,, + blank 1)

Table 3.1. The A%R values obtained following incubation with pM levels of

antigen with a covalently immobilized antibody layer.

[rlgG] in pM A%R
20 0.09 +0.02
50 0.10 £ 0.01
100 0.14 £ 0.01

The LOD for the activated surface was found to be 135 + 38 pM and the
directly assembled NHS surface was a factor of two lower and found to be 77 +
22 pM. The error was determined by propagating the error associated with the
blank measurement through the calculations. Again the requirement of a surface

activation step has reduced the performance of the surface assay, with comparable
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reductions to both the protein capacity and the detection limit. Previous work has
shown a relation between the amount of surface bound antibody and/or 1gG and
the observed signal upon binding of a complementary antigen and/or protein,”
with larger amounts of surface bound probe capturing more target from solution.
In this case the directly assembled surface is able to immobilize more antibody
and therefore is able to capture more antigen, providing more sensitive detection.
Of note, both detection limits obtained in this work are an order of magnitude
lower than any previously reported value of 1-2 nM using SPR detection to
directly monitor the label-free binding of an anti-1gG — 1gG system.”?

Further evidence of the differences in the two NHS layers is witnessed
when examining the slope of the linear fits in Figure 3.09. The slope of the
directly assembled layer is 2x larger than the activated MUA layer. The increased
slope results in more sensitive antigen detection. The cause of the increased
sensitivity is again likely the increased amount of antibody immobilized to the

NHS surface.
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Figure 3.06. Plots of SPR response following incubation with pM levels of rigG

for antibody bound to (A) an activated -COOH surface using EDC/NHS or (B) a

directly assembled NHS layer. The error bars represent the standard deviation of

the average.
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Affinity Capture with Protein G. A critical aspect of immunoassay
performance is the orientation and retained biological activity of the antibody
sensing layer. Protein G is a bacterial cell wall protein isolated from group G
streptococci that has been found to preferentially bind the F. portion of many
IgG’s.”%% This feature has been used by researchers to obtain an active and
orientated antibody layer, with the antigen binding sites directed away from the
surface.?®**"37® In my work, Protein G was covalently bound to a directly
assembled NHS surface. The pH of the Protein G immobilization buffer was
varied to optimize attachment of Protein G and the subsequent performance of the
antibody-Protein G surface assay.

The surfaces were modified and patterned as in the previous section and
involved modification with a 1 mM solution of NHS terminated thiol. The
surface was rinsed and a BSA control and protein G solutions with pH values
from 4 to 6.5 were spotted on the SPR chip and left for 1 hour. The saturation
of the protein G layer with a-rlgG was determined by incubating the protein G
surface with increasing amounts of antibody. It was important to ensure the
protein G layer was saturated with antibody because the antigen used in this work
is also an I1gG, and therefore may bind to protein G. Figure 3.07 plots the
fractional coverage (0) versus the concentration of the antibody. The values for 6
were determined from A%R values using least squares analysis and a Langmuir
model (equation 2). The values were then normalized using the 6ax value from

the solution to the least squares analysis. Figure 3.07 shows that antibody
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concentrations above 600 nM saturate the Protein G layer. An antibody

concentration of 1300 nM was used for further optimization experiments.

O [A]
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Figure 3.07. Binding curve showing the saturation of a protein G layer with a-
rigG. The solid line represents the line of best fit from the linear regression using
equation 2. Error bars represent the standard deviation of the average value

reported for each spot of the array surface.
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The effect of pH on the conjugation of Protein G to the surface was
examined to optimize this immobilization scheme. Performance was monitored
by measuring antigen (rlgG) binding to an antibody layer immobilized to Protein
G. The Protein G was immobilized at various pH. Figure 3.08 contains SPR
signals for antigen binding from a 1650 nM solution. Immobilization of Protein
G at pH 4.0 showed the greatest response for antigen binding with a reduced
response observed for all other pH values tested. Similar trends have been
reported when examining the impact of pH on the amount of protein A bound to
an activated carboxymethyldextran surface.”® This was attributed to more
favorable electrostatic attraction between the carboxymethyldextran surface and
the Protein A when the pH was reduced. In my work lowering the pH of the

1977 reduced the

Protein G solution to at or below its iso-electric point (4-4.5),
potential for unfavorable electrostatic repulsive interactions between Protein G
and the surface. The increased amount of Protein G bound to the surface

increased the density of antibody immobilized and therefore the amount antigen

captured.
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pH of Protein G Solution

Figure 3.08. Impact of immobilization pH used to link Protein G to NHS surface
on the ability of an antibody-protein G complex’s ability to capture antigen from
solution. Error bars represent the standard deviation of the average value reported

for each spot of the array surface.

Comparison of Attachment Chemistries. The three optimized antibody
immobilization methods were further evaluated and compared in relation to
biological activity and stability of the adsorbed antibody layer. The activity of the
immobilized antibody was determined by monitoring the signal change for
antibody adsorption followed by antigen capture with SPR imaging. The ratio of
these values has commonly been reported as the binding ratio and is a measure of
the activity of the antibody layer.**"* The stability of the surface adsorbed
antibody layer was also probed by incubating the antibody modified surfaces with

pM levels of antigen and monitoring any signal changes.
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The SPR chips were modified using the same protocols mentioned in the
above sections. A BSA control was patterned on the functionalized SPR chips
blocking half of the spots while leaving 8 spots containing amine, NHS, or NHS-
protein G functionalities exposed for antibody immobilization. A 1300 nM
antibody (a-rlgG) solution was then introduced to the surface, adsorbed for 30
minutes, and then rinsed with buffer. Figure 3.09 presents the SPR imaging
values for antibody immobilization followed by capture of a 1650 nM rlgG
antigen on the three surfaces tested. The amine and NHS surfaces captured
similarly large amounts of antibody relative to the protein G surface. However,
both the amine and NHS pre-functionalized antibody surfaces were significantly
less efficient at capturing antigen from solution. The binding ratios are presented
in Table 3.2 and are in agreement with those previously reported.* 3342

The immunoassay immobilization platforms were further evaluated by
collecting antigen binding curves. The antibody modified surfaces were prepared
as described above and incubated with increasing amounts of rigG, from 2 to
1650 nM. The binding curves are presented in Figure 3.10 where the antigen
response has been corrected for non-specific binding and bulk refractive index
using the BSA control spots. The solid lines in the plot indicate the fit obtained
following least squares analysis with a four parameter logistical model (3) with
the fitting parameters presented in Table 3.3. As mentioned in Chapter 2, this
equation is commonly used in the analysis and fitting of antigen binding curves

and simplifies to the Langmuir when the hill coefficient (b) is one.
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A%R = A%R, . + 27 R ~A%R,,,

1+ ([A])
Kd

The differences in antigen capture, A%R intensity, for the three antibody

3)

immobilization chemistries were consistent with the trends observed above.
Briefly, the protein G and physically adsorbed antibody layers capture similar
amounts of antigen, although the protein G layer did so in a significantly more
efficient manner (larger binding ratio). The reduced performance of the
covalently attached layer has been attributed to the poor orientation of the
antibody layer, resulting in a reduced ability to bind antigen.

The strength of antigen binding (Kaps) to the antibody surfaces ranges
from approximately 8.4 to 25 x 10’ M. The small differences in measured
binding affinity suggest similar binding is occurring on all surfaces. The Kaps
values reported here are in good agreement with those previously determined for
surface based measurements of binding affinity.”>’® The low b values for the
physically adsorbed layer and the covalently linked layer relative to the protein G
layer have previously been observed and attributed to an increased heterogeneity
of the antibody layers, a consequence of their random orientation.*®* However, it
should be noted that extracting physical significance from these values remains

speculative.”
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Figure 3.09. SPR Imaging values for the adsorption of the primary antibody
layer followed by the signals obtained for capture of antigen by these antibody
modified surfaces. The antibody was physical adsorbed to an —NH, surface,
affinity captured by protein G immobilized at pH 4.0, and covalently attached to a

directly assembled —NHS surface.

Table 3.2. Binding ratios for antibody bound via different surface chemistries.
The binding ratio represents the ratio of the amount of antibody bound relative to

the amount of antigen captured.

. Antibody Antigen Binding _— )
Initial Surface Binding (A%R) (A%R) Binding Ratio
-NH; 311 11.8+04 0.38 +0.02
-NHS + Protein G 5£3 11+0.6 2=+1
-NHS 271 3.1+06 0.1+10

a. Protein G immobilized at pH 4.0

82



The stability of these three surfaces was also tested in an attempt to
evaluate the detection limit of the antibody modified surfaces. The immobilized
antigen layers were incubated for five minutes in pM levels of rlgG followed by a
buffer rinse. The values obtained on the antibody spots were again corrected
using the BSA control spots and are presented in the Figure 3.11. The amine and
protein G antibody modified surfaces showed negative values upon incubation
with pM levels of rlgG while the covalently attached antibody showed a small
positive value. The negative A%R values indicate a loss of material from the

surface, likely a result of solvent mediated desorption of the antibody. Research

80
.46 l.

by Ball et al.™ and Lutanie et al.™ in the early 1990’s has described the surface
desorption of a physically adsorbed protein. Even though the equilibrium for the
surface adsorption of the antibody to the amine and protein G surfaces most likely
significantly favors adsorption, the reverse reaction is also possible. Therefore,
the instability of these layers relative to the covalently attached antibody will not
permit the probing of pM levels of antigen.

Under the conditions tested there appears to be a trade-off between
sensitivity and detection limits. The physically adsorbed and protein G layers
provide greater signals upon antigen binding, resulting in more sensitive
measurements of antigen. However, the covalently attached layer provides a

stable sensing layer that is not susceptible to solvent mediated desorption,

allowing the probing of pM levels of antigen not possible with the other surfaces.
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Figure 3.10. Rabbit 1gG (rlgG) binding curves obtained under varying antibody
immobilization chemistries. The primary antibody layer (a-rlgG) was formed by
physical adsorption to an amine thiol monolayer, direct covalent attachment to an
NHS monolayer, or affinity capture through a covalently bound protein G layer.
Error bars represent the standard deviation of the measurement (n=8). Solid lines

are the curve fits obtained using a four-parameter logistical model.
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Table 3.3. Curve fitting parameters for antigen binding curves obtained on

antibody modified surfaces. Errors represent the uncertainties of the derived fit.

Antibody 2 1 ]
Attachment " Kaps (M™) Min. Max. b
affinity 995 4.8+07x10" -18+02 120+05 -0.80 0.9
capture

physical . T e, ) o
adsorption 0.980 8x12x10 6.7+03 166=x42 -0.26+0.08

covalent

+ 7 - + + _ .
attachment 0994 25+9x10 26+01 39+03 0.31 + 0.04

A%R

4 - [l Physical Adsorption (-NH,)
[ Affinity Capture (Protein G)
[[JCovalent Attachment (-NHS)

Figure 3.11. SPR imaging values following incubation of the antibody modified
surfaces in 200 - 400 pM rigG solutions.  Affinity capture and covalent
attachment were incubated in 200 pM and physically adsorbed layer was in 400
pM rigG. Values were obtained following a 5 minute incubation in rigG followed

by a buffer rinse.
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3.4  CONCLUSIONS

A detailed investigation on the impact of antibody immobilization
chemistry on assay performance was presented. Initial screening involved the
preliminary optimization of surface chemistries for physical adsorption, covalent
attachment, and affinity capture of an antibody. The optimum conditions from
each category of these surface chemistries was then selected for further
comparisons including the activity and stability of the antibody layer. Affinity
capture with protein G and physical adsorption of the antibody provided the
greatest signals upon antigen capture. However, the instability of these layers, a
consequence of solvent mediated desorption of the primary antibody, resulted in
an inability to probe pM levels of antigen. In contrast to those layers, the
covalently attached antibody layer produced a stable antibody attachment with a
detection limit of 77 £ 22 pM, an order of magnitude lower than previously

reported values of 1-2 nM."?
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Chapter 4:
Enhanced Surface Plasmon Resonance (SPR) Imaging using

Modified Gold Nanoparticles and a Sandwich Immunoassay

4.1 INTRODUCTION

Enhanced or amplified SPR assays were terms appearing in the early to
late 1990’s, not long after the first commercial SPR instrument was brought to
market. As SPR assays rely on the ability to detect refractive index changes at a
surface, these methods focused on increasing the refractive index shift
accompanying surface adsorption. The approaches taken may be divided into two
basic categories, those modifying the sensing surface (i.e. the glass underlayer or
gold layer) and those modifying the molecule being detected (i.e. with
conjugation to particles). Examples of modification to the sensing layer include
the addition of a fluoropolymer between the glass and gold layer.! The presence
of the polymer generates long-range surface plasmons, producing a sharper SPR
curve and more sensitive A%R measurements. This technique provided an
enhancement of only 0.2 over traditional SPR imaging signals. Others have
modified the gold film with gold nanoparticles by adsorbing them at varying
distances using alkanethiol spacers and SiO; layers.” The enhancement provided
using an SiO; layer was found to increase the angle shift by 3.3x that of the
control experiment. While these approaches retain the label free nature of an SPR
measurement, the enhancement factors observed were significantly less than those

achieved from incorporating modified nanoparticles (NPs) as reagents in the assay



(e.g., antibody:nanoparticle conjugates), where enhancement factors as high as
1000-fold have been reported.*®

The concept of incorporating modified particles in biological assays was
an idea from the 1950’s where specific antibodies were conjugated to the surface
of latex micro- or nanospheres for use in latex agglutination tests (LAT).
Initially, SPR particle enhanced assays incorporated similar latex particles and
later expanded to liposomes and certain proteins as mass tags.>® In SPR-based
assay, antibody:particle conjugates produce larger refractive index shifts because
of the higher mass bound to the surface. Researchers have since moved away
from latex and liposome particles and towards metallic nanoparticles. The shift
was due to inherent problems of non-specific binding with hydrophobic particles
as well as the discovery of unique amplification assays employing more bio-
compatible materials such as metallic nanoparticles.

Bio-applications of gold nanoparticles date back to the medieval period
where they were used as a medicine for the diagnosis of syphilis.” Over the last
ten years the development and subsequent applications of these metallic
nanoparticles has seen phenomenal growth in chemical catalysis, non-linear
optics, and biosciences.” The rejuvenated interest dates back to the 1970’s where
colloidal gold was used as electron dense immunocytochemical probes for
electron microscopy.’® Since then nanoparticles have been incorporated with
immunoassay studies using inductively coupled plasma — mass spectrometry

(ICP-MS),* Raman spectroscopy'**® and SPR.3#19-%4
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A significant increase in nanoparticle applications has occurred over the
last few years and is related to several factors including the improvement of
methods to produce and modify these particles.”> Not surprisingly, this has also
resulted in increased availability of pre-functionalized commercially available
particles. The gold nanoparticles are also biocompatible, very dense, available in
various sizes, and provide the potential for electronic coupling with the planar
gold film used in SPR studies.>?*?® Another potential advantage of incorporation
of modified nanoparticles that has not been widely studied is their impact on the
measured affinity constants. As the nanoparticles contain greater numbers of
potential binding partners the strength of the interaction, or avidity, of an antibody
modified nanoparticle would potentially be significantly greater then an antibody
alone. The increased avidity may permit the study of very weakly interacting
systems that could not previously be probed with SPR.

This chapter will explore and quantify several aspects of nanoparticle
enhanced SPR assays and further extend the detection limits achieved in the
previous chapter with the incorporation of a sandwich assay and antibody
modified nanoparticles. While nanoparticle enhanced immunoassays have been
reported using SPR,'%202224293L thase studies have not examined the impact of
modified nanoparticles on the measured binding affinity in detail. Furthermore,
the studies mentioned above incorporated scanning angle SPR measurements.
SPR imaging has not been wused to report on nanoparticle enhanced
immunoassays. The focus for SPR imaging appears to have been in DNA-

nanoparticle assays.*?*® This work will incorporate both a scanning angle Biacore
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SPR system and a SPR imaging system. The data presented here will evaluate the
binding of an unmodified antibody, a 5 nm:antibody conjugate, and a
30nm:antibody conjugate in relation to amplification of the SPR response and the
strength of the interaction of these particles with an antigen surface. The
detection limits of a 30 nm antibody:nanoparticle conjugate amplified assay will
be determined for comparison with the direct assay from the previous chapter.
Finally the possibility for electronic coupling will be explored using UV-VIS

reflection spectroscopy with values for surface coverage provided using SEM.

4.2 EXPERIMENTAL

Materials and Methods. Chemicals were obtained from the following
sources: N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), 11-mercapto-undecanoic acid, sodium acetate,
boric acid, ethanolamine, and bovine serum albumin (BSA), were purchased from
Aldrich (St. Louis, MO). Sodium phosphate monobasic monohydrate and
certified A.C.S. methanol were purchased from Fisher (Fair Lawn, NJ). Sodium
phosphate dibasic heptahydrate, and sodium chloride were purchased from EMD
Chemicals Inc. (Darmstadt, Germany). The antibodies used in this work were
polyclonal. The anti-rabbit IgG (a-rlgG), rabbit 19G (rlgG), and anti-bovine 1gG
(a-blgG) were raised in goat. The bovine 1gG (blgG) was affinity purified from
bovine serum. These antibodies were purchased from MP Biomedicals (Solon,
OH). 11-Amino-1-undecanethiol, hydrochloride was purchased from Dojindo

Laboratories (Japan).  N-hydroxysuccinimidyl 12-mercaptododecanoate was
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purchased from ProChimia Surfaces (Poland). 1-(mercaptoundec-11-
yDtri(ethylene glycol) methyl ether was synthesized by a previous group
member®’ using a published method.*® Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
trichlorosilane (United Chemical Technologies, Inc.). Anhydrous ethyl alcohol
was purchased from Commercial Alcohols (Brampton, Ont.). Water used was 18
MQ deionized water wusing a Nanopure filtration system. The
antibody:nanoparticle conjugates were purchased from Ted Pella, Inc. (Redding,
CA). The 5,5’-Dithiobis(succinimidyl-2-nitrobenzoate) (DSNB) was synthesized
by a previous group member using a previously published method.!” Acetonitrile
was purchased from Caledon Laboratories Ltd. (Georgetown, Ont.).

SPR Imaging Assays. SF-10 glass substrates (Schott) were diced using a
diamond touch dicing saw to 1.8 cm x 1.8 cm. A 1 nm chromium adhesion layer
followed by a 45 nm gold layer were thermally evaporated through a shadow
mask producing 19 gold spots 1 mm in diameter using a thermal evaporation
system (Torr International, inc.). The chips were then immediately placed in a
dessicator with a solution of Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
trichlorosilane (United Chemical Technologies, Inc.) and allowed to assemble
overnight. The chips were then removed and stored in a dessicator until use.

All imaging assays were performed on a GWC technologies SPR Imager
Il (Madison, WI). The instrumentation was interfaced and controlled with V++
software. Data analysis involved the averaging of 100 images and correction for

non-specific adsorption. Images shown were difference images, which were
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obtained by subtraction of the initial image in buffer from the image taken
following incubation with a protein solution and rinsing with buffer.

Surface Modification. The alkanethiolate surfaces used in the evaluation
of nanoparticle modification were prepared by spotting AUT and PEG in 50%
EtOH:H20 for 60 minutes. The protein solutions were then patterned by spotting
600 nL of 1.3 uM solutions of rlgG and blgG that sat for 60 minutes. The
binding of a 1.3 nM solution of the commercially available 30 nm
antibody:nanoparticle conjugate in 1 mM PBS for 15 minutes was recorded
followed by introduction of the lab modified particles. The nanoparticle
modification procedure involved taking 1 mL of 30 nm gold nanoparticles (2x10™
particles/mL) in water and adding 40 uL each of 50 mM borate buffer (pH 8.5)
and 2.5 mM DSNB in acetonitrile. The solution was then mixed and stored for 5
hours at 4°C. Following that incubation 100 pL of 1.3 uM blgG in 10 mM PBS
was added and left for 8 hours. The remaining surface was then blocked for 6
hours with the addition of 10% BSA in 2 mM borate (pH 8.5). The final solution
was then centrifuged at 10,000 rpm for 7 minutes at 12°C followed by re-
suspension in 500 puL of 1 mM PBS. This method was slightly modified from a
previously published report.*

The normalized SPR binding curve comparing 5 nm and 30 nm antibody
modified particles with unmodified antibody and was collected on a surface
modified overnight in a 1 mM 11-Amino-1-undecanethiol, hydrochloride (AUT)
in ethanol. The proteins were patterned by spotting 600 nL of solution containing

1.3 uM rlgG, 1.1 uM blgG, or a 1.5 uM BSA solution in 10 mM PBS (pH 7.4)
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and incubating for 60 minutes. The binding curves were created by introducing
increasing concentration of antibody, 5 nm antibody:nanoparticle conjugate, and
30 nm antibody:nanoparticle conjugate and determining the binding following a
60 minute incubation and buffer wash.

The sandwich assays and limit of detection work involved the surface
modification with 1 mM N-hydroxysuccinimidyl 12-mercaptododecanoate in
methanol for 60 minutes. The protein solutions were then patterned as above
using 6.7 uM a-rlgG and 1.5 uM BSA and let sit for 60 minutes. They were then
introduced to the SPR instrument and equilibrated with 10 mM PBS for 30
minutes. The rlgG solutions containing between 200 fM to 200 pM rlgG were
prepared from serial dilution of a 6.7 uM rlgG stock solution. These solutions
were introduced for 5 minutes to the antibody modified surface followed by a
buffer rinse and imaging analysis. For the sandwich assays a solution of either
1333 nM a-rlgG or 1.3 nM 30 nm antibody:nanoparticle conjugate (7.8 x10™
particles/mL) was then incubated with the surface 5 minutes and again followed
with a buffer rinse prior to imaging. The concentration of NPs was calculated
using Avogadro’s number.

Biacore Binding Assays. A Biacore 3000 system was used with Biacore
C1 SPR chips, containing a carboxylic acid terminated monolayer (Biacore Inc.,
Piscataway, NJ). Each chip is composed on 4 channels. All the channels were
activated with 0.4 M EDC and 0.1 M NHS followed by immobilization of either a
10 nM or 100 nM rlgG solution in acetate buffer (pH 4.0) in channels one through

three and a 100 nM glgG solution in the fourth channel. The surfaces were then
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deactivated with a 1 M ethanolamine solution (pH 8.5) followed by re-
equilibration with 10 mM PBS for one hour. Solutions of a-rlgG, 5 nm
antibody:nanoparticle conjugate, and 30 nm antibody:nanoparticle were then run
sequentially through channels one to three respectively. During each analysis the
solutions were also run through channel four as a control. Binding values were
corrected for non-specific adsorption using the control channel and plotted as a
function of particle concentration, where particle refers to antibody or
antibody:nanoparticle conjugate.

Surface Characterization. For UV-VIS reflection and scanning electron
microscopy (SEM) analysis thin films of Chromium (10nm) and gold (200nm)
were thermally evaporated using a thermal evaporation system (Torr
International, inc.) onto Bevel-edge microscope slides measuring 1 x 1.5”. Slides
were covered and stored in a dessicator then prior to use they were rinsed with 18
MQ water and anhydrous ethanol and dried under argon gas, placed in a UVO-
cleaner (Jelight Company, California) for five minutes, followed by another water
and ethanol rinse and drying under argon gas. The surfaces were then immersed
in 1 mM MUA for several hours followed by a 30 minute activation with an
aqueous solution containing 0.4 M EDC and 0.1 M NHS. The activated surface
was then incubated for 60 minutes with a 7.4 uM rlgG solution. The surface was
rinsed with buffer and 18 MQ water prior to being immersed for 30 minutes each
with increasing concentrations of 30 nm a-rlgG:nanoparticle conjugates, from

0.013 nM to 1.3 nM (7.8x10° to 7.8x10™* particles/mL).
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The UV-Vis reflection spectra were collected following incubation with
each solution with a Perkin EImer Lambda 35 system with a reflection accessory
kit set at an angle of 60°. A clean gold slide was used as the background. For
comparison a UV-VIS absorption solution spectra was taken of the 1.3 nM 30 nm
antibody:nanoparticle conjugate using a Hellma (Canada) Limited quartz glass
cell with a light path of 10 mm (Concord, Ont.). A solution containing only Tris
buffer was used as the blank.

The SEM images were collected on the surface following incubation with
the 1.3 nM 30 nm antibody:nanoparticle conjugate following the UV-Vis analysis.
The SEM images were collected on a Hitachi S4800 FE-SEM system (Hitachi
Scientific Equipment, Japan) equipped with an ultrahigh resolution, low voltage

10 kV SEM inspection with advanced sample navigation package.

4.3 RESULTS AND DISCUSSION

The successful incorporation of nanoparticles (NPs) as reagents in a bio-
assay relies heavily on the ability to produce a stable and specific recognition
layer around the NPs. The most common modifications are the addition of an

antibody recognition layer for use in immunoassays,****

and the conjugation of
DNA.Z4% However, the addition of other proteins like streptavidin has been
reported.? Ineffective modification of the NPs will likely provide sources of non-
specific adsorption, resulting in reduced assay performance.

Two approaches were taken in the selection of suitable NPs for our SPR

studies. The performance of commercially available, antibody modified, 30 nm
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gold NPs was compared with NPs modified in our labs, using previously
published methods. Briefly, these NPs were modified with a DSNB monolayer
followed by antibody conjugation. Little information is available on the procedure
involved with the modification of the commercial NPs.

To evaluate the different NPs, an SPR chip was patterned with amine and
PEG terminated alkanethiolates, followed by spotting of blgG and rlgG. The
array layout is depicted in Figure 4.01(A). The SPR difference images for the
binding of the commercially available NPs (a-rlgG recognition layer) and the lab
modified NPs (a-blgG recognition layer) are presented in Figure 4.01(B) and (C)
respectively. The A%R values from the SPR images are presented in Figure
4.01(D) and show the commercial NPs (a-rlgG recognition layer) exhibit
considerable specific binding to the rlgG spots with minimal cross-reactivity to
the blgG or adsorption to the PEG control spots. The lab modified NPs (a-blgG
recognition layer) produced a significantly reduced SPR response for the specific
binding of it’s antigen (blgG spots), and produced a greater amount of cross-
reactivity with the rabbit antigen. The reduced response for the lab modified NPs
is most likely related to a reduced concentration of the modified NPs relative to
the commercial NPs used. Although attempts were made to maintain similar
particle concentrations, loses of the NPs during the modification process reduced
the concentration of these NPs to a point where differences in the color of the
commercial and lab modified NP solutions was noted. While steps could be taken
to concentrate the lab modified NPs, other drawbacks, including instability in

buffers containing standard salt concentrations of 150 mM and increased non-
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specific binding resulted in their discontinued use. Thus, the commercial
antibody  coated gold NPs were used for the remaining

experiments.

" @AuT+rige @PEG @AUT + bigG

35 1

30
M Commercial 30nm:a-rlgG
& Lab 30nm:DSNB:a-blgG
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54 rigGspots  blgG spots  PEG spots
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Figure 4.01. The array layout used for the SPR experiments are shown in (A)
where the gold spots were modified with either AUT or PEG followed by protein
immobilization. The array was then incubated with the commercially modified 30
nm a-rlgG:nanoparticle conjugates (B) and the lab modified 30 nm a-
blgG:DSNB:nanparticle conjugates (C) with the SPR difference images shown.

The A%R for these difference images is shown in (D).
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The next step following selection of the antibody:nanoparticle conjugate
was an initial evaluation of the enhancement provided by incorporating these NPs
into an immunoassay. The binding of unmodified antibody (a-rlgG) to surface
bound antigen (rlgG) was compared to that of a 30 nm antibody:nanoparticle
conjugate coated with approximately 86 a-rlgG molecules (determined by
vendor). Gold arrays were modified with an amine terminated thiol layer (AUT)
and rlgG was spotted on the surface along with BSA and blgG as negative
controls. Figure 4.02 presents the SPR difference images for binding of a 1300
nM a-rlgG solution (A) and a 1.3 nM 30nm:a-rigG solution (B) with the
accompanying A%R values (C). The concentration of NPs was calculated by
converting the particles/mL value using Avogadro’s number. The similar SPR
responses reported in Figure 4.02 were obtained with a 1000 fold lower
concentration of antibody modified NPs compared with antibody alone.
Therefore, as an approximation a 1000x enhancement was ascribed to the
incorporation of NPs. Further discussions on the enhancement factors achieved in
this work along with literature comparisons are presented later in the chapter

following more experimental investigation.
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Figure 4.02. The SPR arrays were modified with AUT followed by
immobilization of rlgG, BSA, and blgG. Shown in (A) and (B) are the SPR
difference images for the adsorption of a 1300 nM a-rlgG and a 1.3 nM 30 nm a-
rigG:nanoparticle conjugate to the array, respectively. The A%R values are also

presented in the bar graph (C).
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A possible source of enhancement involved in the NP SPR assay shown, is
an increase in observed binding affinity for antibody:nanoparticle conjugates
relative to unmodified antibody. The increased avidity of the modified NPs
would increase the strength of binding between itself and the surface, leading to
larger signals at lower concentrations. As each antibody contains two paratopes,
the binding of an antibody to an immobilized array of antigen has a maximum
valence of two. When examining the binding of a modified nanoparticle to an
antigen surface, the nanoparticle has numerous antibodies per particle and
therefore the potential for a greater number of interactions with an immobilized
antigen layer exists. The impact of binding valence on measured binding

affinities is an accepted concept reviewed by Whitesides et al.*?

The exploitation
of multivalent interactions for enhanced NP sensing has not been examined.

To evaluate the binding affinities of the nanoparticle:antibody conjugates,
antibody layers were prepared as above and incubated with increasing amounts of
5 nm and 30 nm modified nanoparticles as well as unmodified antibody. The
SPR curves were normalized and are presented in Figure 4.03, where the solid
line represents the line of best fit from the least squares analysis using a four

parameter logistical equation (1). The fitting parameters are presented in Table

4.1.

A%R = A%R, . + 7R ~A%R,,

1+ ([A])
Kd

1)
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The parameters in equation 1 are defined in Chapter 2. The measured
Kaps (Where Kaps = 1/Kg) values, a measure of the binding strength between the
surface bound antigen and the antibody or antibody:nanoparticle conjugate,
increased upon incorporation of the nanoparticles. The binding of a 5 nm
antibody:nanoparticle conjugate showed a marginal increase in binding affinity
while the 30 nm conjugate increased the measured affinity constant 280x that of
the antibody alone. The 5 nm antibody:nanoparticle conjugate contains
approximately 3 antibody molecules per NP and therefore it is unlikely that these
NPs would allow for more than a single interaction with an antigen surface. This
is consistent with the negligible differences observed in binding constants
between the 5 nm NP and the antibody. The 30 nm NPs have 86 antibody
molecules per NP, and the larger diameter that leads to greater numbers of
antibody’s also permits greater numbers of interactions between the antigen
surface and the antibody’s on the NP surface. It is this increase in the number of
interactions that results in the increase in the measured affinity constant.

The large A%R values for the binding of antibody and 30 nm antibody
modified NPs shown in Figure 4.02, are well out of the linear range of our SPR
imaging instrument. It has been shown previously that the SPR response deviates
from linearity when A%R values become larger than 10 to 15 %.** Therefore, to
ensure the plateaus observed in the binding curves of Figure 4.03 are the result of
surface saturation and not a deviation from linearity, similar experiments were
done on an instrument with an expanded linear range. A Biacore 3000 system

was used to confirm these results. The Biacore system is a scanning angle
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instrument that provides a larger linear range, covering a change in refractive
index of 0.07 units,** compared with 0.04 units® for the imaging system. The
expanded linear range of the Biacore system will ensure that the saturation values
we obtain from NP binding are in fact the result of surface saturation and not an
artificial response due to saturation of our instrument. As the value reported for
Kaps Is essentially the concentration value that produces a detector response
midway between the minimum and maximum values (assuming the surface is
saturated), it is vital to confirm the upper end of these values to accurately
determine the binding constants.

A four channel Biacore C1 chip, modified with a monolayer containing
COOH terminal groups, was used for the covalent immobilization of rlgG. The
four channels were activated with EDC/NHS followed by the immobilization of a
10 nM rIgG solution in three channels and a 100 nM blgG solution in the fourth
as a control. A solution of ethanolamine was then introduced to all 4 channels,
deactivating the unreacted NHS groups. Increasing concentrations of antibody, 5
nm antibody:nanoparticle conjugate, and 30 nm antibody:nanoparticle conjugate
were sequentially introduced into channels one through three, respectively. The
results were corrected for non-specific adsorption and plotted against particle
concentration in Figure 4.04, where particle refers to antibody, 5 nm
antibody:nanoparticle conjugate, or 30 nm antibody:nanoparticle conjugate. The
solid lines represent the lines of best fit determined by least squares regression
analysis using a four-parameter logistical equation. The fitting parameters are

presented in Table 4.2.

110



1.2 5

&

£ 1.0

(o}

>

® 0.8

14

x 0.6

7

o 04‘

)

N

= 0.2 -

g ® 30nm:a-rigG

o 0.0 - O  5nm:a-rigG

Z v a-rigG
'0.2 | T T T T T 1

1e-12 1e-11 1e-10 1e-9 1e-8 1e-7 1e-6 1e-5
Log [Particles]

Figure 4.03. Normalized binding curves from SPR imaging experiments for the
binding of a-rlgG, 5 nm a-rlgG:nanoparticle conjugate, and 30 nm a-
rigG:nanoparticle conjugate to a rlgG surface. Solid lines represent the lines of
best fit from the least squares analysis using a four parameter logistical model.

Error bars represent the standard deviation of spots on the SPR array.

Table 4.1. Fitting parameters from the least squares analysis using a four-

parameter logistical model. Error values represent uncertainties of the derived fit.

Particle R? Kaps (M™) Min. Max. b

0.014 = 0.987 = -1.97 =
0.008 0.008 0.09
0.00 = 1.00 = -1.4 +

Antibody 0.9989 2.4 +0.1x10°

Snm:antibody  0.9971 9.4 = 0.6 x 10°

0.01 0.02 0.1
. N 10 0.02 = 1.01 = -6.2 +
30nm:antibody 09991 6.7+0.1x10 0.01 0.02 0.5
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The binding curves show that the maximum SPR response increases (RU)
as the NP size increases. Also, as the NP size increased the binding curves shift
to the left owing to the stronger interaction of the antibody:nanoparticle
conjugates. The 30 nm antibody:nanoparticle conjugate increased the observed
binding affinity by 600x, compared with 280x increase found using the imaging
system. The maximum value was increased 1.8x for the 5 nm conjugate and over
7x for the 30 nm conjugate.

As a final confirmation that the interactions observed in the Biacore
experiments were specific and the trends in binding reproducible, the same
experiment was performed on chips where the layer of antigen (rlgG) was
immobilized at a 10 fold higher concentration (100 nM). The increased antigen
concentration  should result in larger signals for antibody and
antibody:nanoparticle conjugate binding and provide further confirmation that the
binding is mediated by the specific antibody-antigen interaction. The binding
curves are presented in Figure 4.05 with fitting parameters from the four-
parameter logistical model in Table 4.3.

The larger responses show that the interactions were specific with the
same trends in binding strength and raw signal observed. The 30 nm
antibody:nanoparticle conjugate increased the observed binding affinity by 260x,
agreeing very well with a 280x increase found using the SPR imaging system and
a high surface density of antigen (as in this case). The maximum SPR response

increased 1.2x for the 5 nm conjugate and over 6x for the 30 nm conjugate.
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Figure 4.04. Binding curves from Biacore SPR experiments for the binding of a-
rlgG, 5 nm a-rlgG:nanoparticle conjugate, and 30 nm a-rlgG:nanoparticle
conjugate to a low density rlgG surface. Solid lines represent the lines of best fit

from the least squares analysis using a four parameter logistical model.

Table 4.2. Fitting parameters from the least squares analysis using a four-

parameter logistical model. Error values represent uncertainties of the derived fit.

Particle R? Kaps (M™) Min. Max. b
: 6 . 1587 =  -0.56 =
Antibody 0.9955 8+2x10 11+20 g2 0.06
canti . 7 0% 4 2938+ -0.70 =
5nm:antibody ~ 0.9957 3+1x10 93 +43 977 0.09
_ . 9 . 11393+ -14=+
30nm:antibody 0.9984 4.8+0.5x10 157 £ 74 206 01
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Figure 4.05. Binding curves from Biacore SPR experiments for the binding of a-
rigG, 5 nm a-rlgG:nanoparticle conjugate, and 30 nm a-rlgG:nanoparticle
conjugate to a high density rlgG surface. Solid lines represent the lines of best fit

from the least squares analysis using a four parameter logistical model.

Table 4.3. Fitting parameters from the least squares analysis using a four-

parameter logistical model. Error values represent uncertainties of the derived fit.

Particle R® Kaps (M) Min. Max. b

Antibody 09955  7x1x10°  -59x85 6%%‘21 007087:
Snmantibody  0.9985 4.2x04x107  -102x71 8522521 00807;
s0nmeantibody  0.9992 1.8=02x10°  -100 = 162 422125%* 10%2;
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The enhancement values reported above fall within the range of those
reported in the literature. However, there are several difficulties that should be
noted in a direct comparison of enhancement values. There appears to be no
universal definition of what the ‘enhancement factor’ describes. As an example,
researchers have used it to describe an enhancement in angle shift where a 28x
enhancement was observed for the binding of hlgG:nanoparticle conjugate to an
a-hlgG surface.” The term has also been related to the increase in raw signal
(typically RU in Biacore systems) where 100x increases were reported for the
binding of anti-lgG:nanoparticle conjugate binding to an anti-glutamic acid
decarboxylase antibody surface.® A third use for the term has been describing the
enhancements in sensitivity or slopes of concentration plots where values from
100x to over 1000x have been reported.®*?

In addition to these values reporting on different forms of enhancement,
experimental variables such as NP size and wavelength used in the SPR
experiments have been shown to impact the enhancement observed.? It is clear
that care must be taken when describing and comparing the aforementioned
enhancement factor of nanoparticle enhanced SPR assays.

Another concern of NP enhanced assays that has not been mentioned
previously, but discovered from this work, is the potential inability to achieve
saturation coverage for the binding of the antibody modified NPs. Examination
of the upper portion of the binding curves presented in Figure 4.04 and 4.05,
particularly with the 30 nm antibody:nanoparticle conjugate, do not appear to

reach a saturation value. This was investigated using scanning electron
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microscopy (SEM). A gold surface was modified similar to those used in the
Biacore binding experiments. Figure 4.06 shows the SEM images taken from
different areas on the antigen coated surface following incubation with a 1.3 nM
solution of modified 30 nm NPs. The surface coverage was determined manually
using several images taken from different areas on the same surface. The manual
counting was performed three times on each sample to ensure accuracy of the
value reported. The surface coverage was found to be 48 + 7 particles/um?. The
SEM images support the binding curve data, as the surface does not appear to be
saturated. The four-parameter logistical fit obtained from the binding curves of
the modified 30 nm NPs binding to the low and high density antigen surface
indicates that a concentration of approximately 100 nM or 6x10™ particles/mL
would be required to saturate the both of these surfaces. The ability to saturate
the nanoparticle solution 100 fold was not attempted and deemed unlikely to be

possible without causing aggregation.
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Figure 4.06. Scanning electron microscopy (SEM) images for the adsorption of a
1.3 nM 30 nm a-rlgG:nanoparticle conjugate to a rlgG surface. Images (A) and
(B) were taken from random areas on the surface of the slide. Shown in (C) is a
high-resolution SEM image of an individual 30 nm nanoparticle with a layer of a-

rigG that was adsorbed to the rlgG surface.
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Perhaps a more practical application of the NP assays would be
incorporation with a secondary antibody in a sandwich immunoassay. This
concept is very similar to the extremely popular enzyme linked immunosorbent
assays (ELISA) where the secondary antibody contains an enzyme that is used to
detect and quantify specific antigen. The benefits of a sandwich assay include
signal enhancement, particularly for the detection of low molecular weight
analytes, and added specificity. To determine the enhancement and detection
limits possible, pM levels of antigen (rlgG) were incubated with a covalently
linked antibody surface and then detected using a normal and NP enhanced
sandwich assay.

Surfaces were modified using the optimized covalent attachment of an
antibody presented in Chapter 3. These surfaces were incubated with a 200 pM
solution of rlgG followed by introduction of a 1300 nM a-rlgG solution or a 1.3
nM 30 nm antibody:nanoparticle conjugate. The SPR difference images shown in
Figure 4.07 clearly show differences between binding of unmodified antibody (A)
and the 30 nm conjugate (B). The A%R values are shown in the bar graph in
Figure 4.07(C). The binding of 200 pM rlgG was reproducible on each chip,
giving similar SPR responses with values within 3% of each other. The normal
sandwich assay improved the detection by 7.5x. The NP conjugate assay
improved the detection 100x over the direct assay and 11x over the normal
sandwich assay. These values are slightly larger than those previously reported,
which determined an enhancement of 1.5x for the sandwich assay and over 28x

for the NP enhanced assay compared with the direct detection.® The differences in
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these values and ours may be partially due to the larger nanoparticles in our assay

(30 nm vs. 21 nm).
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Figure 4.07. The SPR difference images for a sandwich immunoassay containing
a 200 pM rlgG middle layer following incubation with 1300 nM a-rlgG (A) or 1.3
nM 30 nm a-rlgG:nanoparticle conjugate. The A%R values for the binding of the

200 pM rlgG and the a-rlgG and the a-rlgG conjugate are shown in (C).

The detection limits of this assay were probed with experiments similar to
those in Chapter 3. The antibody was covalently linked to the surface, then rigG
solutions from 2 fM to 200 pM were used to probe the detection limits. Separate
SPR chips were used for each experiment. The SPR difference images shown in
Figure 4.08(A) are those following introduction of a 200 fM rigG solution (left)
and subsequent incubation with a 1.3 nM solution of 30 nm antibody:nanoparticle

conjugate (right). The A%R values following binding of the 1.3 nM 30 nm
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modified NPs to the varying concentrations of rlgG (x-axis) are plotted in Figure
4.08(B). The error bars in Figure 4.08(B) represent the standard deviation of the
mean signal from the eight spots of the array. The lowest antigen concentration
tested (2 fM) was treated as a blank and the A%R values obtained were used in
equation 2 to determine the limit of detection (LOD). The value obtained from
equation 2 was converted to a concentration using the linear fit obtained from

least squares analysis, shown in Figure 4.08.

LOD =30,,,, + blank (2)

The LOD for rlgG using the 30 nm antibody:nanoparticle conjugate in a
sandwich assay was found to be 3.7 + 0.4 pM. This shows an approximate 20x
reduction in detection limit compared with the direct assay presented in the
previous chapter (LOD = 77 pM). More recently researchers have noted similar
detection limits of 15 pM for the nanoparticle enhanced sandwich assay of an
anti-glutamic acid decarboxylase antibody.® As in Chapter 3, the detection limits

achieved in our lab appear to currently be the lowest reported values.
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A. SPR Difference Images
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Figure 4.08. The SPR difference images following incubation of an antibody
modified surface with a 200 fM rlgG solution (A) and amplification using a 1.3
nM 30 nm a-rlgG:nanoparticle conjugate (B). The plot shown in (C) was
constructed by changing the rlgG concentration incubated with an antibody
surface and monitoring the A%R values following amplification with 1.3 nM 30
nm a-rlgG:nanoparticle conjugate. The error bars represent the standard deviation

of the values reported from each spot.
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Electronic Coupling. Metallic NPs have the intrinsic ability to generate
huge local electric field enhancements as well as strongly enhanced light
absorption and scattering upon interaction with light under certain conditions.*®*’
These phenomena are generated following coupling of the optical electric field
with the collective oscillation of metal-free electrons of the NP. The frequency at

48-50
P,

which this occurs depends on the metal, as well as size and shape of N and

inter-particle coupling.** This phenomenon has been exploited in surface

12,13,15

enhanced raman spectroscopy, metal plasmon enhanced fluorescence,> and

$519.20.22243031.34 gpR imaging has also been used to

in NP enhanced SPR assays.
confirm the electronic coupling between a gold nanoparticle and a gold
substrate.®® In some cases, nanoparticle enhancement of SPR assays has been
attributed to nanoparticle-substrate coupling. The coupling is sensitive to
variables such as NP spacing and surface and the frequency of light. We thus
performed experiments to test the extent of electronic coupling in our
experimental setup.

Surfaces were prepared similar to those used in the initial SPR imaging
studies above. A layer of antigen (rlgG) was covalently immobilized to an
activated —COOH surface using EDC/NHS chemistry. The surface was then
incubated for 30 minutes with increasing concentrations of 30 nm
antibody:nanoparticle conjugates, from 0.013 to 1.3 nM. The plasmon resonance
band for metal NPs is easily measured in a visible spectrum. Reflection visible

spectroscopy has been used to determine the extent of electronic coupling

between gold NPs and a gold substrate.>® Visible reflection spectra were taken
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following incubation of antigen coated chips with each solution. The solution
spectra of the 30 nm antibody:nanoparticle conjugate was also collected to
determine if any shift in the absorbance wavelength occurred following surface
adsorption.

The visible spectrum of the 30 nm NPs in solution, shown in Figure
4.09(A), exhibits a maximum absorbance at 532 nm. Figure 4.09(B) shows
reflection spectra for adsorption of 30 nm antibody modified NPs to an antigen
surface. Little absorbance was noted for the 0.013 nM solution, but the values
increased with concentration. Also, shown in Figure 4.09(B) is a red-shift of 9
nm, to 541 nm following binding of these NPs to the antigen surface. The red-
shift in absorbance of gold NPs has been reported following NP adsorption. When
adsorbed to a 2-aminoethanethiol (AET) layer a red-shift of 70 nm was observed.
The particles were then separated further from the surface using a 11-amino-1-
undecanthiol (AUT) layer and the magnitude of the red-shift decreased by 30 nm.
In those examples the surface separation was approximated at 1.2 and 2.3 nm for
an AET and AUT layer, respectively. In our example, the separation between the
surface and the NPs is occupied by two layers of 1gG molecules as well as a SAM
on the planar gold surface. Therefore, the distance may be between 10 to 20 nm
depending on the orientation of the antibody. The reason we likely see little red-
shift upon adsorption is because of the large separation between the surface and
particles.

While the small red-shift in absorbance serves as confirmation of the NP

surface adsorption, the wavelength at which this absorption or resonance occurs
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confirms that electronic coupling is not a source of enhancement in our assays.
The SPR imaging system used in our studies incorporates only light with a

wavelength of 814 nm.

A.

350 450 550 650 750 850
Wavelength (nm)

(a) 0.013 nM
(b) 0.13 nM
(c) 1.3nM

0.01 a.u.

Wavelength of SPRI
(814nm)

350 450 550 650 750 850
Wavelength (nm)

Figure 4.09. The UV-VIS absorption spectra for a 1.3 nM solution of 30 nm a-
rigGa:nanoparticle conjugate (A) and the reflection spectra following the

incubation of the antibody conjugates with a rlgG surface (B).
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44  CONCLUSIONS

This chapter presented a quantitative study on the enhancement provided
from the incorporation of gold NPs in SPR immunoassays. Evaluation of several
antibody modified NPs was performed to ensure acceptable performance of the
antibody modified NPs. The specificity of the antibody:nanoparticle conjugate
was confirmed and the binding was shown to be mediated by the antibody
coating. The reproducibility of the NP enhancement factors from the SPR results
were confirmed by performing several experiments on both an imaging and
scanning angle instrument, with the values reported in good agreement. It was
also shown that the enhancement observed is related to increased mass upon
binding of the NP and not from electronic coupling, as has previously been
reported. Finally, a nanoparticle sandwich immunoassay was used to improve
upon the detection limits reported in the previous chapter lowering the LOD to 3.7

+ 0.4 pM rigG.
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Chapter 5:
Mono- and Multilayered Aryl Films for

Surface Plasmon Resonance (SPR) Imaging Studies

51 INTRODUCTION

A critical step in bioassay development is the surface modification of a
solid support permitting the controlled immobilization of biomolecules. The self-
assembly of alkanethiolates on gold, first published by Nuzzo and Allara in 1983,
has been a prominent method for surface modification. The ease of the
experimental procedure, the range of surface functionalities available, and the
high level of understanding of the nature of the interface formed have resulted in
its widespread use of this monolayer-substrate combination.>** The ability of the
self-assembled monolayers (SAMs) to produce an ordered functionality at the
interface is due primarily to the ability of these SAMs to self-anneal. The weaker
nature of the gold-thiolate bond that permits self-annealing also results in making
the bond susceptible to oxidation,™® thermal instability,”* and presents a limited
electrochemical window in which the layer is stable.!***> Therefore, it may be
advantageous to pursue a more robust and covalent surface modification strategy.

Interest in the modification of surfaces by the electrochemical reduction of
diazonium salts has grown steadily since its first published report by Pinson in
1992.'° His discovery marked the first report on the ability to covalently modify
carbon surfaces through a reductive strategy, producing a solid and non-corrosive

surface with the covalent attachment of aryl groups. This surface modification



strategy has since been expanded to many other conductive and semi-conductive
surfaces, including gold.*”?° The stability of surfaces modified with these aryl

17,18

films has been shown to withstand ultrasonication, potential cycling in

aqueous sulfuric acid,

and storage for several months under ambient
laboratory conditions.’® Because of the similarities in aryl film structure and
stability on both carbon and gold surfaces it is believed that similar mechanisms
are involved in the electrochemical surface attachment of diazonium salts.

The proposed mechanism for the reductive adsorption of diazonium salts
is believed to proceed by a one-electron reduction of the diazonium cation,
producing an aryl radical that is then chemically grafted to the electrode
surface.’®* The mechanism is presented in Figure 5.01. These films have been
shown to exhibit improved stability over alkanethiolate SAMs.? In addition to the
increased stability of these layers, researchers have shown that under appropriate
conditions aryl film growth resulted in multilayered aryl films.??* Therefore,
another potential advantage to this surface modification strategy may be an
increased sensing surface area which may improve sensitivity over surfaces
modified with monolayers of alkanethiolates.

Applications for surfaces modified with aryl films range from molecular

227 to biosensors.”®*® The wide range of para-substituted diazonium

electronics
salts available has aided greatly in our ability to tailor interfacial surface
chemistry and its widespread use. One of the first biosensor applications reported

the covalent attachment of glucose oxidase to a carbodiimide activated 4-

phenylacetic acid layer.®” Since then other common biomolecule immobilization
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chemistries have been shown including the generation of maleimide,*® amine,*®
and nitriliotriacetic (NTA)* surfaces capable of covalent attachment, affinity

capture, and physical adsorption. These surfaces have been used to facilitate the

29,37,38

attachment of DNA 3% proteins, and peptides.?
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Figure 5.01. Mechanism for the surface attachment and multilayer formation of
an aryl diazonium. The process involves (1) electrochemical generation of an aryl

radical followed by (2) surface attachment (3) and multilayer growth.

Detection of binding events have primarily involved electrochemical
methods.?*3*% However, other techniques including chemiluminescence, and

fluorescence detection have also been used.** A potential drawback of these
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techniques is the requirement to incorporate an electroactive, luminescent, or
fluorescent probe to permit the detection of binding events. The application of
these surface modification strategies for use with a label-free detection technique
such as surface plasmon resonance (SPR) would alleviate labeling steps and
provide the potential for efficient, parallel, and sensitive measurement of binding
affinities.

The work presented in this chapter reveals the first report of a SPR
imaging study using a diazonium functionalized surface for immunoassay
applications. In this work a benzoic acid diazonium salt was electrochemically
grafted to a gold surface using cyclic voltammetry. The ability to control surface
coverage and multilayer growth was characterized using infrared reflection
absorption spectroscopy (IRRAS) and atomic force microscopy (AFM). The
application of these surfaces as an immunoassay support was achieved through
covalent immobilization of antibodies to the activated benzoic acid surfaces.
Once the antibodies were attached, antigen binding was monitored using SPR
imaging. The impact of surface coverage and expansion to a multilayered surface

on immunoassay performance was examined.

5.2 EXPERIMENTAL

Materials and Methods. Chemicals were obtained from the following
sources:  4-mercaptobenzoic acid (4-MBA), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide  hydrochloride (EDC), N-hydroxysuccinimide (NHS),

ethanolamine, 4-aminobenzoic acid, tetrafluoroboric acid (48% wt in H,0),
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sodium nitrite, and tetrabutylammonium tetrafluoroborate (Bu;NBF;) were
purchased from Aldrich (St. Louis, MO). Sulfuric acid and acetonitrile were
purchased from Caledon Laboratories Ltd. (Georgetown, Ont.)). Hydrogen
peroxide, sodium phosphate monobasic monohydrate, and polyoxyethylene 20-
sorbitan monolaurate (Tween 20) were purchased from Fisher (Fair Lawn, NJ).
Silver nitrate, sodium phosphate dibasic heptahydrate, hexane, and sodium
chloride were purchased from EMD Chemicals Inc. (Darmstadt, Germany). Anti-
rabbit 1gG and rabbit 1gG were purchased from MP Biomedicals (Solon, OH).
Anhydrous ethyl alcohol was purchased from Commercial Alcohols (Brampton,
Ont.). Water used was 18 MQ deionized water using a Nanopure filtration
system. Polydimethylsiloxane (PDMS) was made using a Sylgard 184 Silicone
Elastomer Kit from Dow Corning (Midland, MI).

Diazonium Synthesis and Surface Modification. A fellow group
member, using a modified version of a method first published by Starkey,*
synthesized the benzoic acid diazonium salt. Briefly, the precursor molecule (4-
aminobenzoic acid) was partially dissolved in 50% fluoroboric acid at 0°C to
form a 225 mM supersaturated solution. A saturated aqueous solution of sodium
nitrite at 0°C was then added dropwise in a 3:1 ratio to the 4-aminobenzoic acid,
dissolving this acid. The solution was shielded from light and left to react for
thirty minutes. Following this, the product was filtered and washed with
anhydrous ether. The powdery white solid was then recrystallized in anhydrous
acetonitrile at 0°C, filtered, and rotovaped on ice until dry. The product was

stored in a dessicator at 4°C and covered from light.
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Prior to surface modification the gold substrates were cleaned with a
piranha solution made with 1:3 H,0,:H,SO,. Following thorough rinsing with
deionized water and drying under Ar, the gold surface was placed in a 0.5 mM
diazonium benzoic acid (dzBA) solution containing 0.1 M BusNBF; in
acetonitrile. The diazonium salt was electrochemically deposited by cycling the
potential from 100 to -1000 mV versus a Ag/AgNO; reference electrode using a
Pine bipotentiostat controlled with Pine software version 2.7.9. A platinum mesh
counter electrode was also used.

Infrared Reflection Absorption Spectroscopy (IRRAS)
Measurements. Bev-l-edge micro slides (Proper Manufacturing Co., Inc.,
Germany) were cleaned in piranha solution prior to metal deposition. Thin films
of chromium (10 nm) and gold (300 nm) were thermally evaporated using a
thermal evaporation system (Torr International, Inc.). IRRAS spectra were
collected using a Matson Infinity FT-IR instrument equipped with a low-noise
mercury-cadmium-tellurium detector cooled with liquid N, to 77 K. Spectra were
collected from 1000 scans at a resolution of 2 cm™ and a glancing angle of
approximately 80°. A freshly cleaned gold coated slide was collected for the
background spectrum.  Data analysis including peak height and width was
determined with manual baseline correction using winfirst software.

Surface Plasmon Resonance (SPR) Imaging. Substrates used were 1.8
cm x 1.8 cm squares of SF-10 glass (Schott, ON, Canada) modified with a 1 nm
chromium adhesion layer and 45 nm of gold. Following electrochemical surface

modification the benzoic acid surfaces were activated with a solution of 0.4 M
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EDC and 0.1 M NHS for 30 minutes. A PDMS microfluidic device was used to
pattern lines of 3.3 uM polyclonal a-rlgG (goat host) solution that was incubated
for 15 minutes. Channels were rinsed with buffer and the PDMS removed. The
substrates were then placed into a GWC SPR Imager Il and a 1 M ethanolamine
solution (pH 8.5) was introduced and incubated for 30 minutes. This was
followed by a 30 minute rinse with 10 mM PBST (containing 0.05% tween 20).
Polyclonal rabbit 1gG (goat host) solutions were prepared by dilution of a stock
solution with each solution introduced continuously to the array surface for 5
minutes followed by rinsing with PBST between antigen solutions. Data analysis
involved the averaging of 100 images and correction for non-specific adsorption.
Images shown were difference images, which were obtained by subtraction of the
initial image in buffer from the image taken following incubation in rigG and
rinsing with PBST.

Atomic Force Microscopy (AFM). A silicon wafer was coated with 1
nm thermally evaporated chromium adhesive layer followed by 45 nm of gold.
Modification of gold substrates with aryl films were conducted electrochemically,
as described earlier. A Multimode scanning probe microscope (SPM) equipped
with a Nanoscope Illa controller was used for ‘scratching’ and to collect
topographic images of surfaces using a silicon probe cantilever (Micro Cantilever,
OLYMPUS) having a spring constant of 1 N/m. The same cantilever was used
throughout the entire experimental process.

‘Scratching’ of the aryl film occurred by initially imaging a 2 um x 2 um

square in contact mode while applying a normal force of 600 nN, at a rate of 5.0
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Hz. The tip was allowed to scan the area 4 consecutive times to ensure the entire
aryl film was removed. The normal force was then decreased to lift the tip off
the surface and 5 um x 5 um topographic images were collected in tapping mode
at a rate of 1.0 Hz and a drive frequency in air of 62.0 kHz. The thickness of the
layer was determined by comparing the z-axis peizo range inside the scratched
area with that of the outside. To avoid biasing the data the average z-axis piezo
range for a sample area of 0.24 um?® was used. This procedure was repeated three

times for analysis of each of the surfaces tested.

5.3 RESULTS AND DISCUSSION

Diazonium Deposition with Cyclic Voltammetry. Gold electrodes were
modified with benzoic acid from the corresponding diazonium salt using a three-
electrode system. Cyclic voltammetry was used to control the electrochemical
reduction and surface attachment of the diazonium salt onto the gold surface.
Shown in Figure 5.02 and 5.03 are the cyclic voltammograms (CVs) from a 0.5
mM benzoic acid diazonium salt with the potential cycled at 10 mVs™ and 100
mVs™ from 100 to -1000 mV versus a Ag/Ag* electrode.

When the potential was scanned at 10 mVs™ a large irreversible wave was
observed at Epc = -200 mV, with a small pre-wave at E,c= -20 mV, vs Ag/Ag”.
When the potential was scanned at 100 mVs™ a large irreversible waves were
observed, Ey¢c = -270 mV, with a small pre-wave at E,c = -70 mV, vs Ag/Ag".
The large irreversible wave in Figure 5.02 and 5.03 is due to the one electron

reduction of the diazonium salt. The pre-wave observed in these figures is
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characteristic of strong adsorption of electroactive species.”® Recently, similar
pre-waves have been observed and attributed to the adsorption of the diazonium
to the electrode surface.®® Additional potential cycles do not show reductive
waves, consistent with successful electrode passivation. It should be noted
however, that the significant reduction in overall current following surface
passivation does not indicate inhibition of further layer growth. It has been
shown, and will be confirmed here, that successive potential scanning results in
continued layer growth, even in the absence of a reductive wave.'* The
mechanism by which additional cycles produce increased layer growth and no
observable current will not be subject of this study and will require further work.
However, one possibility is that the amount of current passed during these

additional cycles is below the detection limit of cyclic voltammetry.

10 pA

|15t Cycle

2nd Cycle

5th Cycle

0.1 0.0 01 02 203 04 205 06 -0.7 08 -09 1.0
Potential (V vs Ag/Ag’)

Figure 5.02. Cyclic voltammograms of a gold electrode in 0.1 M TBABF, + 0.5

mM dzBA/acetonitrile; Scan rate = 10 mVs™.
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Figure 5.03. Cyclic voltammograms of a gold electrode in 0.1 M TBABF, + 0.5

mM dzBA/acetonitrile; Scan rate = 100 mVs™.

Infrared Reflection Absorption Spectroscopy (IRRAS). IRRAS was
used to confirm the surface attachment of the dzBA and probe the growth of the
adsorbed layer(s). Surface characterization of 4-mercaptobenzoic acid (4-MBA),
the thiol analogue to dzBA, was also performed. Inclusion of the thiol analogue
provided a familiar benchmark that was used to compare and draw conclusions on
the type of layer(s) formed by the electrochemical reduction of dzBA.
Comparison of similar IR vibrations in terms of peak position, intensity, and
width provided insight into how the layers were arranged and the interface the
protein encountered when introduced for immobilization. IRRAS was also used
to characterize the impact of potential scan rate on the layer(s) formed.

Figure 5.04 presents the IRRAS spectra for surfaces modified with either

4-MBA or dzBA. The IRRAS spectra confirm the successful surface
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modification by the dzBA with vibrations observed from the carboxylic acid and
the aromatic ring. Comparison with the 4-MBA spectra reveals agreement
between the vibrations observed, with several differences noted in the peak
position and width of the carbonyl stretch (v.=,). Table 5.1 presents the band

assignments.

Table 5.1. IRRAS band assignments for dzBA and 4-MBA films

Wavenumber (cm™) Band Assignment
3590 -O-H from carboxylic acid
1754 - 1710 -C=0 from carboxylic acid
1612 - 1590 -C=C or —C-H from aromatic ring
1422 — 1365 -C=C or —C-H from aromatic ring
1190 unassigned
1176 unassigned

The difference in the v¢=, band between the dzBA and the 4-MBA layers
is believed to arise based on differences in the extent of hydrogen bonding in
these films. The frequency of the observed IR vibration of a bond is related to its
stretching force constant. An increase in hydrogen bonding results in a
weakening of the C=0 bond, lowering the stretching force constant.** Therefore,
an increase in hydrogen bonding in the dzBA layers relative to the 4-MBA layer
may be the cause of the shift in v¢-, band position. Also, in relation to the dzBA
films, the increase in frequency of this band with number of scans is likely related
to changes in hydrogen bonding as the dzBA films grow. Figure 5.05 presents

further IRRAS data supporting an increase in hydrogen bonding on the dzBA film

141



1723

(A)

1850 1750 1650 1550 1450 1350 1250 1150
Wavenumber (cm™)

(B) Re 100 mVs™

I1x10'3 a.u.

# of dep.
cycles

20

M

1754
1590 1176
1397 1365 1190
4-MBA

1850 1750 1650 1550 1450 1350 1250 1150
Wavenumber (cm™)

Figure 5.04. FT-IRRAS spectra for gold surfaces modified with a SAM of 4-
mercaptobenzoic acid (4-MBA) or the electrochemical deposition of a 0.5 mM
dzBA at 10 mVs™ (A) and 100 mVs-1 (B). Surfaces were modified with 1 to 20

deposition cycles prior to analysis.
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with the absence of the O-H band at 3590 cm™. The band is only observed in
dilute solutions/surfaces where hydrogen bonding is unlikely.** Therefore, the
shifting in band position and increased width of the v.-, band suggest the
diazonium layers are present on the surface in a non-uniform environment with
varying degrees of hydrogen bonding.

IRRAS has previously been used to track the multilayer growth of a
diazonium salt.?* For this work, IRRAS was also used to examine the growth of
the dzBA layers and the impact of the potential scan rate used for the deposition.
Figure 5.04 shows an increase in IR band intensity with the number of deposition
cycles. In an effort to correlate layer growth with the number of deposition
cycles, a plot of v, peak height against the number of electrochemical deposition
cycles was constructed and is shown in Figure 5.06. The v¢=, band was chosen as
it was the most prominent band in the spectrum and the most sensitive to the
deposition conditions. The films formed at both 10 mVs™ and 100 mVs™ show
similar trends, with an initial sharp increase followed by a more gradual and
continuous growth. A similar trend has previously been observed when
monitoring the growth of diazonium layers on gold using an electrochemical
quartz crystal microbalance (EQCM). The researchers observed a sharp increase
in deposited mass on the initial scan followed by a more gradual increase with
successive scanning. They concluded that the sharp increase was a result of the
initial surface coverage followed by a much slower region that was attributed to

multilayer growth.™®
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Figure 5.05. FT-IRRAS spectra for gold surfaces modified with a SAM of 4-
mercaptobenzoic acid (4-MBA) or the electrochemical deposition of a 0.5 mM
benzoic acid diazonium salt. The peak at 3590 cm™, from the —OH group, is
characteristic of a dilute surface with limited hydrogen bonding between
neighboring —OH groups. The absence of this peak in the electrochemically
deposited layers suggests that the -OH groups are in closer proximity and

hydrogen bonding is present.
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Figure 5.06. Plot of the IRRAS carbonyl peak height for gold surfaces
electrochemically modified with a 0.5 mM diazonium benzoic acid solution.

Error bars represent the relative standard deviation (n=3).

The IRRAS data was also used to approximate the amount of surface
bound aryl groups by comparison with the thiol analogue, 4-MBA. Due to the
large differences in peak widths between the v, bands of 4-MBA and dzBA the
area, peak area was used to compare the density of the carboxylic acid groups on
the surface. As there are no significant changes in the peak width as the number
of depositions is increased, the trends observed are similar to those for the plot of
peak height. The values are presented in Table 5.2 below. The number of dzBA

layers was obtained by dividing the area from the dzBA films by the value for the
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4-MBA film. Therefore, using 4-MBA as a monolayer model, the initial scans at
10 mVs™ and 100 mVs™ resulted in approximate monolayer and submonolayer
amounts of benzoic acid respectively. Successive scanning resulted in continuous
layer growth and an increase in surface density of benzoic acid. The films formed
at 10 mVs™ provided larger peak intensities compared to those at 100 mVs™. The
surface selection rule involved with IRRAS does not permit a more conclusive
statement on the differences in the films. However, AFM will provide more
detailed information on film thickness and this will be discussed in conjunction

with the IRRAS data in the next section.

Table 5.2. IRRAS carbonyl peak area for benzoic acid layers formed from
electrochemical reduction of diazonium salt and self-assembly of 4-MBA.

Experiments were repeated to obtain an estimate of the standard deviation.

# of

Deposition 10 mVs™* #Lo FAYE o myst  #OTATYI 4-MBA
ayers Layers
Cycles
0.27 =
1 0.032 1.2+04 0.010 04x04 0.008
0.097 = 0.046 =
2 0.018 4=l 0.049 2x2
0.131 = 0.061 =
> 0.002 >xl 0.028 2=l
0.162 = 0.091 =
10 0.021 02 0.040 32

Atomic Force Microscopy (AFM). AFM ‘scratching’ experiments were
performed to determine the thickness of the aryl films formed and determine the

extent of multilayer formation. The validity of AFM ‘scratching’ experiments to
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determine the height of aryl layers deposited on solid surfaces has previously been
shown.?*#*4243 Under appropriate conditions a force may be applied that is great
enough to remove the adsorbed film but not damage the underlying substrate.
Upon imaging a larger area of the surface, information may be obtained on the
height difference between the intact adsorbed layer and the ‘scratched’ area where
the film has been removed down to the underlying substrate.

For this work a 2 um sided square was ‘scratched’ into electrochemically
modified surfaces, removing the dzBA film. A 5 um area was then imaged in
tapping mode and the height difference was determined and attributed to the
adsorbed aryl film. To ensure the difference recorded was a result of removal of
the aryl film and not from damage to the gold substrate a control experiment using
an unmodified gold surface was performed. Shown in Figure 5.07 (A) is the
control image showing that the substrate was not altered with the forces applied
during the ‘scratching’ of the aryl film. Shown in Figure 5.07 (B) is a
representative image following ‘scratching’ of the aryl film and subsequent
imaging in tapping mode. This procedure was repeated for all surfaces tested
with the height difference determined at three locations on each surface. The
results are listed in Table 5.3.

The height of the aryl films was used to determine the approximate
number of layers present on the surface. The height of a benzoic acid molecule
oriented perpendicular to the electrode surface was approximated at 0.7 nm. The
data in Table 5.3 shows that the aryl film thickness increases as the number of

deposition cycles increased. Furthermore, when the deposition is performed by
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scanning at 10 mVs™, thicker films are produced. This result is consistent with
the IRRAS data showing larger band intensity for films formed at 10 mVs™.
Table 5.4 provides a comparison between the approximate film thicknesses

determined by IRRAS and AFM.

20.0 nm

(B)

10.0 nm

0.0 nm

Figure 5.07. AFM tapping mode images of (A) unmodified gold surface and (B)
surface modified with a 0.5 mM dzBA using 5 cycles at 10 mVs™ following

‘scratching’ of the surfaces.

Table 5.3. Height of aryl films as determined using AFM “scratching’.

# of 10 mvs™ 100 mVs™
Deposition  Fjlm Height # of Aryl Film Height # of Aryl
Cycles Layers Layers
1 29=x01 4101 1.0+£0.2 1.4+0.3
2 3304 47 0.6 09x04 1.3+£0.6
5 3.9x02 5603 25x20.2 3603
10 98+0.3 14 £04 4102 59+03
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Table 5.4. Comparison of calculated dzBA film thickness using IRRAS and

AFM.
# of # of Layers - 10 mVs™ # of Layers - 100 mVs™
Deposition IRRAS? AFMP IRRAS? AFMP
Cycles

1 12+04 41+01 04+04 14+03

2 4+1 4.7 +0.6 2+2 1.3+0.6

5 5x1 56+0.3 2=x1 3.6+0.3

10 62 14+04 3+2 59+03

a. Ve=o band area for dzBA divided by v, for 4-MBA
b. measured AFM film height divided by 0.7 nm (height of dzBA molecule)

Surface Plasmon Resonance (SPR) Imaging. The goal of the project
was to develop and evaluate the usefulness of a surface formed by the
electrochemical reduction of dzBA as a support for immunoassay studies with
SPR imaging. Gold surfaces modified with mono- to multilayers of dzBA were
prepared as previously noted and used for further functionalization. Also
included was a surface modified with its thiol analogue (4-MBA) as a monolayer
model. The surface functionalization is shown in Figure 5.08 and involved
activation of the carboxylic acid groups that were then used for covalent
immobilization of an antibody. The antibody solution was delivered to the surface
using a four-channel PDMS microfluidic device, resulting in a surface with
patterned lines of antibody. After a brief immobilization period the PDMS was
removed, the array surface rinsed, and the surface deactivated with a solution of

ethanolamine.
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Figure 5.08. Surface preparation for antibody immobilization and subsequent

surface passivation prior to introduction of antigen.

The performance of the antibody (a-rlgG) chips was evaluated by
incubating them with antigen (rlgG). Shown in Figure 5.09 are difference images
following the incubation of the antibody chips with an 1845 nM antigen solution.
The images shown are representative of those for surfaces modified by the self-
assembly of 4-MBA and the electrochemical reduction of dzBA at 10 mVs™ and

100 mVst. For all three surfaces the antigen binding was specific, with
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acceptable levels of non-specific binding observed to the ethanolamine de-

activated surface between the channels (approximately 20% of total signal).

(A) (D)
(B) ©

]A%R =5
© F)

S

Figure 5.09. SPR difference images following incubation with an 1845 nM rlgG
solution for antibody modified surfaces with an underlayer modified with a 0.5
mM dzBA at (A) 10 mVs™ (B) 100 mVs™ or (C) SAM of 4-MBA. Horizontal
cross-sections for the surfaces are presented to the right of each image; (D) 10

mVs?, (E) 100 mVs?, (F) 4-MBA.

Binding curves were collected to investigate the impact of electrochemical

deposition conditions used to pre-functionalize these antibody chips. The curves
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were analyzed as in other chapters using the four-parameter logistical equation

(1).

A%R = A%R, .+ 270Run = A%R,,

b
1+([A])
Kd

Antigen binding curves, and accompanying fitting parameters, for

1)

antibody immobilized to chips with the dzBA layers deposited at 10 mVs™, and a
self-assembled 4-MBA layer, are shown in Figure 5.10 and Table 5.5.
Comparison of the Kaps values, a measure of the antibody-antigen interaction
strength, show no significant differences, with values from 8 to 13 x10® M™
Examination of the A%Rnax values, a measure of the amount of antigen bound,
does show a dependence on the underlying surface. When one electrochemical
deposition cycle was used for surface modification, the antibody-dzBA chip
bound approximately 1.6x less antigen than the 4-MBA-antibody chip. When the
antibody was then immobilized to a surface formed with multiple dzBA
deposition cycles, the amount of antigen bound increased 1.8x. These surfaces
also bound 1.1x more antigen than the 4-MBA-antibody chip (monolayer model).

The antigen binding results above are likely related to the amount of
benzoic acid electrochemically deposited on the surface. The addition of multiple
dzBA deposition cycles increases the amount of benzoic acid deposited (IRRAS
and AFM). The additional benzoic acid molecules likely increase the amount of
antibody immobilized, and therefore, the amount of antigen bound. The fact that
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similar amounts of antigen was bound to the dzBA-antibody chips modified with
two and five deposition cycles, suggest either that the additional benzoic acid
molecules present in the layer formed with five cycles are not able to immobilize
additional antibody or if increased antibody is present it is not able to bind

antigen.

® 1Cycle
3 O 2 Cycles
v 5 Cycles
A 4-MBA
6
14
X 4-
<
2 -
0 -
10 mvs™
-2 . . . . . .
102 10" 10 10° 10® 107 10° 10°

Log [rlgG]

Figure 5.10. Antigen binding curves and fitting values (=) for antibody modified
surfaces with an underlayer formed from the electrochemical deposition of a 0.5
mM dzBA; Scan rate = 10 mVs™. Included for comparison was an antibody
modified surface with an underlayer of 4-MBA. Error bar represents the standard

deviation of the measurement (n=4).
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Table 5.5. Fitting parameters from least squares analysis using a four parameter

logistical model. Errors represent deviations of the derived fit.

# of Cycles 2 1 _
at10mvst R Kaps (M™) Min. Max. b
. g 0.06= . -0.83 =
1 0.9994 13.0 = 0.5 x10 Cos 446008 THS
2 0.9987 75x06x10° -01x02 11.0x0.3 00602;
5 0.9995 10.9x0.4x10° 0.04=0.05 7.280.07 %%ii

4-MBA 0.9980 12 =1 x10° 0.15+0.08 6.7+0.2 -1.2+0.1

Studies were also performed on electrochemically deposited dzBA layers
formed by scanning the potential at 100 mVs™. The antigen binding curves and
fitting parameters are shown in Figure 5.11 and Table 5.6. As in the previous
example, comparison of the Kaps values suggests that the strength of the
antibody-antigen interaction was similar on all surfaces. The amount of antigen
captured on these dzBA-antibody chips, A%Rmax, again showed a dependence on
the number of deposition cycles used for surface modification. When one
electrochemical deposition cycle was used for surface modification, the antibody-
dzBA chip bound approximately 1.5x less antigen than the 4-MBA-antibody chip.
The addition of a second dzBA deposition cycle prior to antibody immobilization,
resulted in the binding of 2.5x more antigen, a value 1.6x larger than the 4-MBA-
antibody chip. When the surface was modified with five deposition cycles, the
amount of antigen captured by the dzBA-antibody chip was reduced by 1.5x

relative to that of a dzBA-antibody chip formed with two deposition cycles.
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Increasing the number of dzBA deposition cycles performed at 100 mVs™,
from one to two, increased the amount of benzoic acid in the film. As in the
results observed for films formed at 10 mVs™, the increased benzoic acid leads to
greater amounts of immobilized antibody on the chip, and therefore, the antigen
binding is increased. When five deposition cycles were used, the antigen binding
capacity was reduced to levels observed for dzBA-antibody chips formed with
multiple dzBA depositions at 10 mV/s™. The decreased antigen binding, relative to
that observed on the dzBA-antibody chip formed with 2 cycles at 100 mVs™, may
be related to sterically hindered antigen binding. It has been shown in Chapter 2
and elsewhere,** that dense layers may not provide optimal binding, and that
dilution of the surface immobilized probe may increase the binding capacity.
Therefore, the surface density of immobilized antibody on the chip formed with
two cycles at 100 mVs™ may result in a more optimal density of surface
immobilized antibody. This density reduces the steric hindrance, and increases

the amount of antigen bound.
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Figure 5.11. Antigen binding curves and fitting values (=) for antibody modified
surfaces with an underlayer formed from the electrochemical deposition of a 0.5
mM dzBA; Scan rate = 100 mVs™. Included for comparison was an antibody
modified surface with an underlayer of 4-MBA. Error bar represents the standard

deviation of the measurement (n=4).
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Table 5.6. Fitting parameters from least squares analysis using a four parameter

logistical model. Deviations are errors from fitting parameters.

# of Cycles
at 100 mVs R’ Kapos (M™) Min. Max. b
R 0.0 < X 083+
1 0.9970 8.9 =08 x10 OF 4462000 0%
2 0.9956  7+1x10°  -01%02 11.0+03 %%2;
X s 004=x X -0.98 +
5 09989 127x06x10° 0 728=007 O3
4MBA 09980 12+ 1x10° 0(.)1381 67402 -12+01

The work presented in this chapter indicates that dzBA films provide a
viable surface chemistry for antibody immobilization and as an immunoassay
support. The electrochemical deposition conditions used for dzBA film formation
may be used to control the density of the adsorbed films, and therefore, the

antigen binding capacity.

54  CONCLUSIONS

The ability to electrochemically control the extent of surface coverage and
multilayer formation of a dzBA film was shown. The use of these layers as
immunoassay supports was evaluated through the covalent attachment of an
antibody and the determination of specific and non-specific antigen binding.
These surfaces were shown to exhibit large amounts of specific binding with

minimal non-specific binding observed. Furthermore, the impact of surface
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coverage and multilayer formation of the aryl layers on immunoassay
performance was evaluated. It was shown that the ideal immunoassay surface for
antigen capture was an approximate monolayer of benzoic acid with covalently

bound antibody.
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Chapter 6:

Conclusions and Future Work

6.1  CONCLUSIONS

The body of work presented discussed the impact of probe immobilization
conditions on the performance of several solid phase immunoassays. Chapter 2
examined the density of an immobilized disaccharide and its ability to specifically
capture antibody. It was shown that the antibody was able to specifically
recognize one of the disaccharides from the three stereoisomers arrayed.
Furthermore, the maximum antibody binding occurred to a dilute and
macroscopically homogenous disaccharide layer. Spectroscopic analysis of the
disaccharide surfaces formed from various solution mole percentages showed the
layers were macroscopically homogeneous and the addition of a diluent molecule
to the immobilization solution gave reasonable control over the surface density of
the immobilized disaccharide.

Chapter 3 examined the impact of antibody immobilization schemes on
immunoassay performance. Three methods were selected including physical
adsorption, covalent attachment, and affinity capture. Experimental conditions
for each of the attachment schemes were examined in an attempt to optimize
conditions of each prior to comparison. It was then shown that a covalent
attachment provides the most stable antibody attachment and permitted the
detection of a 77 pM antigen solution, with previous literature values reported at

1-2 nMm.t



Chapter 4 continued to push the detection limits by incorporating the
covalent attachment of antibody and using a sandwich assay format with antibody
modified gold nanoparticles as an enhanced immunoassay. The detection limits
were again pushed lower, to approximately 4 pM. The source of the enhancement
of the nanoparticle assay was examined and it was determined the enhancement
was from the increased avidity of these antibody modified gold nanoparticles for
the surface and their increased density when compared with an antibody alone.
Electronic coupling between the particles and the gold film was not observed.

Finally, Chapter 5 examined a novel surface chemistry for surface
plasmon resonance (SPR) imaging assays. The electrochemical reduction of a
diazonium salt to a thin gold film was evaluated as a surface chemistry for
antibody immobilization and subsequent antigen detection. It was shown that the
surface chemistry provided a suitable platform for antibody attachment and use as
an antibody chip for antigen detection. Also, the electrochemical deposition
conditions may be used to control the diazonium layer formed and the sensitivity

of the antibody chip.

6.2 FUTURE WORK

Immunodiagnostics is a large and growing field with potential interest in
the ability to generate a high throughput array that incorporates label-free
detection. The realization of an immunodiagnostic microarray would greatly
reduce the time required for current analysis by combining multiple clinical tests

onto a single microarray. Rather than performing multiple tests on an individual
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sample, multiple analyses would be performed in a single experiment. The
success of this array would result in reduced analysis times and improved patient
care.

I propose the development of a diagnostic microarray capable of
performing multiple clinically relevant diagnostic tests on a patient’s blood
sample. The tests incorporated on the surface of the microarray would include the
forward and reverse determination of an individual’s blood type as well as
screening for the presence of disease. The array would be patterned onto a gold
substrate to allow for the label-free reading of the array using SPR imaging.

The determination of an individual’s blood type and the diagnostic
screening for the presence of potentially harmful disease is a multi-billion dollar
industry.” The ABO blood type was discovered in 1901 by Karl Landsteiner, for
which he earned the Nobel Prize in medicine in 1930.% An individual’s blood is
composed of red-blood cells (RBCs), white blood cells, and platelets, which are
distributed in a fluid known as plasma.* The plasma also contains salts and vast
numbers of proteins, including antibodies. The surface of the RBC contains blood
group specific antigens, which determine an individuals ABO classification.
There are four types including A, B, AB, and O. A further classification is for the
presence of a Rhesus factor (Rh) protein, which if present or absent is indicated
with a + or - after the blood type. In addition to the presence of antigens on an
RBCs surface, we also carry the non-complementary blood group specific

antibodies (IgM’s) in our plasma.’ For example, a type A+ individual would have
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the A antigen and the Rh protein on the RBC cell surface and anti-B IgM
antibodies in their plasma.

The determination of an individual’s blood type consists of two tests,
known as a forward and reverse type. A forward type is used to determine the
type of antigens present on the surface of the RBCs and a reverse type determines
the type of blood group specific antibodies present in the plasma. The
incorporation of both tests serves as a check to ensure agreement between the
tests and reduce errors associated with incorrectly typed blood.

The adaptation of forward and reverse typing to a microarray platform
would require the surface immobilization of the blood type specific IgM
antibodies (anti-A, anti-B, and anti-D) and the trisaccharide antigens (A and B).
The work in Chapter 3 optimizing antibody attachment will serve as a starting
point for the immobilization of IgM molecules. The reverse type requires the
immobilization of the A and B antigens. These antigens are similar trisaccharides
with the A antigen containing an N-acetyl group compared with an —OH group for
the type B antigen.” The experience gained in Chapter 2 would provide valuable
information on the ability to tailor probe/trisaccharide density for optimal binding.
The immobilization chemistry is not expected to be a major challenge in this
work. In fact, SPR has been used for the detection and typing of human
erythrocytes®’ and also for the detection of antibodies in serum®*? and plasma.*®
These examples provide merit to the potential for SPR as a viable detection

technique. While this initial work has been done, the incorporation of an array
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format and the integration of multiple analyses on a single chip have not yet been
attempted.

A major challenge of this project will stem from the complexity of the
sample matrix. As mentioned above, blood is composed of several types of large
cells and a cocktail of proteins. The RBCs to be detected in forward typing are
approximately 4-6 um wide and large enough that potential diffusion problems
may exist. The flow-rate employed in the work will likely be more crucial than
with other examples. However, the binding of bacteria cells using SPR imaging
has been successfully done in our lab.** The challenge of controlling non-specific
adsorption is one of great concern with many examples and potential solutions in
the literature.™®?" Diluting the blood prior to analysis will reduce the total protein
concentration and assist in reducing the potential for non-specific adsorption. A
consequence of this is that the analytes of interest will also be diluted. Therefore,
the work improving detection limits and sensitivity in Chapter 3 and 4 will be of
use. If a sandwich assay, like the ones shown in Chapter 4, is used this may
further assist in reducing the non-specific binding while also provided an
enhanced signal.

If initial attempts performing a parallel forward and reverse type on a
single microarray using SPR imaging are successful, the next challenge will be to
expand the detection from blood typing to diagnostics. The ability to perform
blood typing and screen for diseases such as hepatitis B or human

immunodeficiency virus (HIV) would significantly streamline current blood
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screening technology. These challenges would be great as serological markers for
hepatitis B alone include the detection of up to six different proteins.?

A final hurdle to be addressed before this microarray technology will be
considered for clinical testing will be the concerns over reproducibility in
microarray technology. Almost fifteen years after the first microarrays began to
appear there still remain concerns over the reproducibility of this technique.?**
Efforts are currently underway to address these issues and bring microarray
technology to clinical research labs. In February of 2005 the Food and Drug
Administration (FDA) led Microarray Quality Control (MAQC) project began.?
The project is a widespread collaboration geared to assess the technical
performance of microarrays and the capabilities and limitations of microarray data
analysis methods. The completion of the MAQC project should bring the
incorporation of microarray technology into clinical testing laboratories closer to
a reality.

The development of a label-free microarray for parallel determination of
blood group and diagnostic screening for the presence of disease in a blood
sample will require significant efforts to complete, however, the potential rewards
are equally significant. The work presented in this thesis provides a valuable
starting point for the optimization of both antibodies and carbohydrates required
for the surface patterning of the microarray. Also, the improved sensitivity and
detection limits that were achieved may assist in detecting low levels of antibody

and antigens present in a patient’s serum.
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