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Ovarian cancer has very high mortality because it is hard to diagnosis in early
stages. Many ovarian cancer biomarkers (such as HE4, CA 125) are available and had
been suggested as potential tools for early cancer detection. However, early cancer
detection using serological markers will only become widely used if a new generation of
sensors that can be handled in a clinical setting can be developed. A detection technology
that is promising for miniaturization and integration in biomedical sensing devices is
based on the phenomenon of the extraordinary light transmission (EOT) through arrays of
nanoholes on metal films. EOT is an increase in light transmission observed at certain
wavelengths that satisfy the surface plasmon resonance (SPR) condition of the
nanostructure. The position of this resonance is affected by surface adsorption
phenomenon, which is the basis for the biosensor. In this dissertation, the detection of the
HE4 biomarker was demonstrated using EOT. The EOT-based detection was compared
to two state-of-the-art analytical methods (ELISA and commercial SPR). Based on our
experiments, it was found that ELISA has lowest detection limit, around 0.5 ng/mL for
that particular protein (HE4). The detection limits for the commercial SPR, around 0.13
ug/mL was comparable to the nanohole-based detection limit, around 1.76 pg/mL. In

contrast to ELISA, the SPR-based methods were label free, more time efficient, and more



1\
environmental friendly. An extra advantage of the nanohole scheme was that multiple
samples could be analyzed simultaneously and in real time. Adsorption Kinetic
experiments were also performed to evaluate the rate constants of the HE4 binding to a

surface coated with anti-HE4. The adsorption equilibrium constant for the HE4 — anti-

HE4 system was determined to be (4.3 +2.1) x 10° M™.
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Chapter One: Introduction

1.1 Objective

1.1.1 Ultimate Goal

The ultimate goal of this research is to help on the development of a label free
biosensor capable of detect (ovarian) cancer markers from physiological fluids, such as
blood or serum, in the early stages of the disease. The idea is to produce a cheap device
that can provide a quick response in clinical settings® for point of care screening. An

idealized flow chart for cancer diagnosis process based on this device is presented in

Figure 1-1.
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Figure 1-1: Scheme diagram of the microfludic device.

In an ideal scenario, blood samples are collected from patients directly in a clinic.
The raw blood sample is introduced into a miniaturized device that contains a
microfluidic system and a biosensor*®. The sample preparation is done within the
microfluidic system®. The worked up sample is then introduced in a detection chamber,
containing an internal calibration, where the level of a certain number of proteins
previously linked to the ovarian cancer will be quantified. All these proteins should be

detected simultaneously. Based on the concentration level of these biomarkers in the
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history of the patient, the outcome of the screening would be classified in risk levels

(low, moderate, or high). Based on these results, the clinician can decide the appropriate
response. The patients considered low risk can be release without further testing after the
screening, while patients with high-risk might be rushed to either initiate treatment or
further, more comprehensive, examinations’. The ideal device should be small, portable,
and easy to use in order to be useful in providing the required screening of a large

number of patients, as suggested above.

1.1.2 Thesis Goal

In order to progress towards the ultimate goal outlined in section 1.1.1, our
research group and collaborators had been working on a new sensing technology based
on the optical properties of arrays of nanoholes on Au thin films. This detection scheme
is based on the excitation of surface plasmon resonances (SPR) that enable the enhanced
transmission of light at certain conditions. Proof of concept experiments on the

application of nanohole arrays for the detection of proteins in either in “flow-over™®*? or

“flow-through™***°

configurations have been reported. In this thesis, we performed a
head-to-head comparison of this new technology, biosensing based on nanohole arrays,
with a couple of biosensing methodologies that are available commercially (ELISA and
Biacore-SPR) for an ovarian cancer biomarker assay. The analytical methods were
evaluated in terms of sensitivity, detection limit, and speed of detection. We also aimed at
determining the binding constant of the ovarian cancer marker and at developing a

dilution microchip that can potentially provide an on-site calibration for the protein of

interest.



1.2 Why Ovarian Cancer?

Although the cancer screening device should work for any type of cancer that can
be diagnostic through serological testing, ovarian cancer was chosen as our first strategic
target. This is because ovarian cancer has a high mortality worldwide because it is very
hard to diagnose in early stages'®. Ovarian cancer is the fifth leading cancer death cause
among women in the United States, being the gynaecological cancer with highest death
rate'’. Based on estimations from the American Cancer Society, there will be 21,880 new

cases of ovarian cancer diagnostics and 13,850 deaths in the United State in 2010"".

Ovarian cancer is very hard to diagnosis in early stages because their symptoms
are unspecific and vague®®; therefore, they are easy to be ignored or missed. The five-year
survival rate is greater than 90% when ovarian cancer is found at early stages and patients
are given a proper treatment. This rate drops to only 20 to 30% when the cancer is found

at a later stage'®.

1.2.1 Diagnosis of Ovarian Cancer — State-of-the-art

The common tests currently used in ovarian cancer diagnostics are pelvic exam,
transvaginal ultrasound, CA125 test, computed tomography (CT) scan, positron emission
tomography (PET) scan, and magnetic resonance imaging (MRI). Although there exist
several different methods for ovarian cancer diagnostic, there is no single test that can

reliably detect ovarian cancer in early stages®.



The pelvic exam and transvaginal ultrasound are not specific for ovarian cancer?'.
The pelvic exam is generally a test which is used to determine any type of pelvic
problem. Several different diseases from uterus, fallopian tubes, or ovaries can cause
pelvic problems. All the image scanning methods, CT, PET, and MRI, are complex,

require very experienced doctors, and are not suitable for early stage screening.

The CA-125 test is the most widely used serological test for early ovarian cancer
diagnostic or screening the treatment of ovarian cancer®?. A high (or rising) level of
CA-125 can indicate that the patients have the corresponding disease (e.g. ovarian
cancer) or that the disease has recurred. This test is based on the enzyme linked
immunosorbent assay (ELISA) and the intensity of the fluorescence signal is related to
the level of CA-125 in blood. The principles of ELISA will be introduced in chapter
3.2.1. In general, the normal level of the CA-125 in a healthy women is below 35

Units/mL?>%,

The CA-125 is an ovarian cancer marker found by Bast, Knapp, and their group in
1981'°. Although the level of CA-125, a protein found in blood, can be correlated to the
presence of ovarian cancer in the early stages, the test is unreliable in many cases because
there are many other factors that affect the levels of CA-125. These factors include other
type of cancers, benign conditions or disease in other areas, such as endometrium,
fallopian tubes, lungs, breast, and gastrointestinal tract®. In some case, even pregnancy®

can affect the levels of CA-125. In practice, only 50% of true positives are detected in
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early stages, the other half are either false positives or false negatives. Therefore, extra

care must be taken on the interpretation of CA-125 tests, and it can only be considered as
initial step towards the proper diagnostic®. A procedure to solve this reliability problem
is to perform regular CA-125 tests in the same patient. In this way, CA-125 levels for a
given patient are monitored with time to generate a baseline and avoid the effect of other
factors on the CA-125 level in a short term. Even considering the expenses related to
regular testing, this type of approach could be very cost effective. For instance, a recent
study shows that about 40% reduction in ovarian cancer mortality would lead to an extra
US $73,469 dollars per year life save (base case) and $36,025 per year life save (high-
risk population)?’. This cost recovering was estimated considering 12 months screening
interval, but in order to reduce the mortality above 50%, screening intervals less than 12
months may be needed?’. Another important point is that the screening should be
performed for several different biomarkers. That would provide a better overview of the
patient health and lead to more cost saving, since other diseases could also be diagnosed.
This type of regular screening would require a cheap analytical platform capable of

multiplex detection of several proteins in real time.

1.3 Biomarkers

In general, biomarkers are substances that are used to indicate certain biological
states. In our case, the biomarkers are the proteins produced by the ovarian cancer cell
and we can use them to diagnosis ovarian cancer. There are multiple biomarkers for the
ovarian cancer such as CA-125, HE4, MUC16, MSLN, MMP7**%_ In this thesis, only

HE4 was studied using three methods for comparison. In future works, more biomarkers
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could be studied using similar methodology that developed in this thesis. Furthermore,

multiple biomarkers could be run at the same time in the same sensor chip in order to

reach the global overview of the levels of several species simultaneously.

1.3.1 HE4

The HE4 antigen is the ovarian cancer biomarker used in this thesis. It is also
called WFDC2, MGC57520, and WAP5®%®_ It is a human gene located in the
chromosome 20. It consists of 124 amino acids and is 12993 a.m.u***. The sample used
in this study was provided by Dr. Xiaobo Duan from the British Columbia Cancer
Agency (BCCA) Vancouver Island Centre and the molecular weight was around 11,000

a.m.u.

1.4 Structure of this thesis

This thesis is divided into six chapters. Chapter one is the introduction chapter
where the motivation and the goals of the thesis were delineated. Chapter two deals with
the theory for SPR. This provides the theoretical foundation of our main research
technique. Chapter three shows the experiment detail and results about commercial
methods (ELISA and Biacore) for HE4 analysis. Chapter four shows experiment details
and results of the nanohole SPR. Chapter five shows the approach for calculating
association and dissociation constant. All results for each method were summarized in

chapter six.



Chapter Two: Surface Plasmon Resonance

2.1 Surface Plasmon Resonance (SPR)

2.1.1 History

Surface plasmon was first observed by Wood in 1902*'. Wood took the spectra of
a metal grating using an incandescent lamp. At the time, the spectral observation were not
explained clearly and Wood referred to them as a “sharp and black peak” in the
spectrum®. Almost 40 years later, Fano linked Wood’s observations to electromagnetic
waves propagating on metallic surfaces®®. In 1958, Thurbadar observed a large
reflectivity drop on thin metal films and Otto explained it as surface plasmon in 1968
In Otto’s experiment, the light was directed through a prism on a metal (silver) surface
with a small gap between the prism and the metal; and surface plasmon resonance was
excited on the metal surface. Kretschmann and Raether establish a new configuration to
excite surface plasmon at the same year. In Kretschmann’s setup, there were no gap
between the prism and the metal. Instead of the small gap, a very thin metal film was
deposited on a supporting substrate (glass) and the surface plasmon resonance was
excited from the other side of the metal surface. This configuration, now called
Kretschmann-Raether configuration, is the most used arrangement in the current
generation of commercial SPR systems>. In the 1970s, surface plasmon resonance was
wildly used in metal surface studies and to the determination of metal thickness. The first

commercial SPR-based sensor (Biacore) was produced in 1990 for the studies of the
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interaction between biomolecules. After that, SPR techniques have been used greatly in

many fields*>*°.

2.1.2 Acquiring SPR data

Surface plasmon resonance (SPR) is a phenomenon that can be observed on a
gold surface when certain conditions (Chapter 2.1.3) are met®’. SPR manifest as a huge
drop on reflectivity of a monochromatic incident radiation observed at a certain angle.
This angle is called surface plasmon resonance angle (SPR angle). The SPR angle is very
sensitive to the refractive index at the surface of the gold film. Therefore, the SPR angle

changes when the refractive index at the gold surface changes.

@) ® A
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Figure 2-1: a) Schematic representation of an SPR biosensing experiment using the
Krestchman-Raether configuration. The green objects represent antibodies immobilized at
the gold surface (orange) and the red circles are antigens in a microfluidic channels; b) SPR

reflectivity curve before (green-solid line) and after (red-dash line) binding.
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In standard biosensing measurement, the refractive index on the gold surface

changes when proteins adsorb to the surface. As shown in Figure 2-1, when an antibody
is attached to the gold surface and the complementary antigen is present in the solution,
the interaction between the pair leads to changes in the refractive index at the surface

(Figure 2-1a), resulting in a SPR angle shift to higher angle values®’ (Figure 2-1b).

In commercial SPR systems, the system detects the SPR angle shifts and converts
it to a response unit (RU) change. In the particular case of the Biacore system (the most
common commercial SPR in the market), 1000 RU is equal to ~ 0.1° of SPR angle
change®®. The RU values can be plotted against time during the course of a binding
experiment, as shown schematically in Figure 2-2, in order to provide kinetic curves.
These curves can be used to extract information regarding the protein-protein interaction,

including the affinity constant™.

Response Unit/ RU

Time
Figure 2-2: Schematic diagram of an affinity kinetic plot obtained using a Biacore-SPR

system.
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2.1.3 SPR Conditions

In the previous section (2.1.2), we concentrated the discussion on a general
description of the SPR experiment for biomolecular sensing and on the type of
information that can be obtained from those measurements. Here we will discuss the
details of the light — SP coupling mechanisms. Two type of coupling will be discussed:

prism-coupling and grating-coupling.

2.1.4 Prism Coupling

The first coupling condition is based on the Kretschmann configuration which is
part of the commercial Biacore system. The Biacore is the system used in our
experiments presented in Chapter 2. For a particular frequency, SPR will only be excited
when the parallel component of the incident light momentum (k) is matches the surface
plasmon momentums (ksp) (Figure 2-3)%¥". This condition can never be satisfied for light
incident directly to the metal surface, but in the Kretschmann configuration, the
momentum matching condition is achieved by prism-coupling through a thin gold film*.

Typically, the thickness of the metal film is around 50 nm*“.

As shown in Figure 2-3, the parallel component of the momentum of the incident
light can be expressed as equation 2-1 and the surface plasmon momentum can be
calculated based on the dielectric constant of two interface layers (metal and dielectric)

and the momentum of the incident light (equation 2-2)*’. For all incident angles, the SP
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momentum at the glass-gold interface (Ksp glass-goia) 1S always greater than Ky giass (light

incident through the prism). Since there two momenta do not match, SPR cannot be

excited in the glass-gold interface.

ksp glass-gold

>

Figure 2-3: Schematic representation of the momenta in the gold — glass interface for a
Kretschmann configuration. As discussed in the text, surface plasmon resonance cannot be
generated on glass-gold interface because the momentum matching condition is not

satisfied.

kx—glass - kglass sin 6 (2-1)

€glass€gold
k = Kyglqss |—2o001
SP(glass—gold) — ™glass
Eglasst €gold (2-2)

In the case shown above, it seems that SPR can never be excited, but SPR is
observed in practice. As we discussed above, SPR could not be excited on the glass-gold
interface. However, when the incident angle is greater than the critical angle, an

evanescent wave is created that can propagate through the thin gold film and excited
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SPR¥ on the gold-air interface. In this case, surface plasmon momentum at the gold-air

interface is given by (equation 2-3).

€gold€air
k =k :
SP(gold—air) = air | 4 .
» 23)

On the other hand, the evanescent wave carry the same character as the incident light
which given by equation 2-1. In this case, the two momenta can be matched at certain

angle and SPR can be excited on the gold-air side (Figure 2-4).

ksp glass-gold

ksp gold-air
—>

Evanescent wave

Figure 2-4: Schematic representation of the momenta in a simple prism-coupling surface
plasmon resonance experiment generated on a gold-air interface (Kretschmann
configuration). The evanescent filed, created due to total internal reflection, travels through

the ~50 nm gold film and excite SPs at the gold — air interface.

This special angle is called SPR angle. As shown in equation 2-3, the value of kg,
gold-air Changes when &, is altered by, for instance, a surface adsorption event. This

adsorption would then lead to a change in the SPR angle as presented in Figure 2-1b.
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2.1.5 Grating Coupling

As discuss above, SPR can be generated by using the prism-coupling mechanism.
SPR can also be created using a metallic grating. A metallic grating is fabricated by
inscribing a periodic pattern on the gold (metal) surface*. This patterning can be well
organized arrays of — metallic lines, nanoparticles, nanoholes, etc***2. The SPR excited
directly on a patterned gold film is generated by grating coupling®’. Again, as we discuss
in section 2.1.2, the parallel component of the incident light momentum (k) needs to be
adjusted to match the surface plasmon momentum (ks,) in order to generate SPR at a
certain frequency. In the 1D grating case, the X component can be express as equation 2-
4%

w . 2T _
ke = (2)sing + Zm = kg, -

Where o is angular frequency; c is speed of light in vacuum, m is an integer, A is
periodicity of array. The periodicity is defined as feature-to-feature distance, as indicated
in the Figure 2-5. As it can be seen in equation 2-4, the factor m provides multiple values
for ky vector and one of them would be able to match the surface plasmon momentum at a

certain angle.
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D

2___

-« ' »

gold grating

Figure 2-5: Schematic representation of surface plasmon resonance excited by grating
coupling. The patterning of the gold surfaces creates different parallel-component vectors

for the light momentum and one of them will match the surface plasmon momentum vector.

As shown in Figure 2-5, ks can be changed based on the grating angle. Therefore, SPR
can be excited without a prism. The periodicity can be changed in order to tune the

wavelength range of the resonance condition.

2.2 Extraordinary optical transmission

Extraordinary optical transmission (EOT) is an enhancement in the transmitted
light through subwavelength (diameter of nanohole is much smaller than wavelength of
incident light) apertures observed at certain wavelengths. In 1944, Bethe show that the
light transmission decreased with the ratio of radius of hole and wavelength to the power
of four for a single hole on an infinitely thin and perfect metal®*. In the real case, a metal
always have some thickness. Therefore, the depth of hole gives the metal a waveguide
property and the propagation of light inside the hole will need to be taken into

consideration as well®.
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Based on Bethe’s theory, practically no light should be transmitted through

subwavelength apertures when the wavelength is about 3 times the diameter of the hole.
However, a significant amount of light transmission is observed when arrays of
nanoholes in gold or silver films are used. In 1998, Ebbesen notice that the amount of
light transmitted through the arrays is even larger than the predicted light transmitted
through an equivalent “big” hole formed by the sum of the areas of all the nanoholes in
the array. This effect of increasing light transmission is due to surface plasmon resonance
(grating coupling), as discussed before. As mentioned in section 2.1.4, SPR propagates
parallel to the surface of the metal and this propagation distance is one of the
characteristics that define the SPR waves. The SPR field is also confined to the metal

surface, and it decays exponentially as the distance from metal surface increases®.

2.2.1 Transmission Measurements: Different Configurations

In the section 2.1, we had shown that the reflected monochromatic light can be
measured in SPR to detect the refractive index changes at the metal-dielectric interface.
Other experimental configurations can be set to measure changes on different parameters
(such as wavelength, intensity, and phase) due to surface adsorption. For instance, the
white light transmitted through the arrays of nanoholes at normal incidence present peaks

at certain wavelengths where the SPR conditions, given by equation 2-5 are satisfied

w\ . 2w [ ; 2w | €gold€air
—(Z 2= /j2 2 — — 2= | Zgoldtair .
k, (C) sinf + TVl + ksp 7 ’ggder - (2-5)

Since the transmission light is at normal incident, the sin® is equal to 0. Thus, the

equation can then be further simplified to
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2 5 .o 2n ’ €goldEair
2 — go
A J A €gold T Eair ( )

After we rearrange the equation 2-6, the equation 2-7 can be obtained.

(2-7)

Where A is the wavelength transmitted through the array; A is the periodicity of array;
€gold and &4 represents dielectric constant of gold and air; i and j represent integers that
define scattering order of the array along the x and y direction respectly. In the equation
2-7, we can see when the white light is used to transmitted the array the collected
wavelength can be changed by changing the periodicity (A). Furthermore, when Equation
2-7 shows a fixed periodicity, the resonant transmitted wavelength will change to match

the SPR conditions after surface adsorption.

2.3 Nanohole Arrays in Biosensing

Arrays of nanholes in metal films have been shown to be useful in several

applications in the past decades. Besides biomolecular sensing®***2

, these devices were
also used for surface-enhanced Raman scattering (SERS)®, and for the enhancement on

absorption spectroscopy”®.

The biosensing is the most important type of applications for this class of
nanostructures. With the help of microfludic system, nanohole array with SPR effect

result in a great approach in biomolecular sensing because of the advantage on real-time
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sensing and small quantity of molecular implied. The transmission setup had been used in

our group for studying the protein-protein binding by flowing over the interest protein on
a modified gold surface. Compared to the prism coupling, the grating coupling provide
possibly lower detection limit due to the small size of nanohole array. The flow through
scheme was also proposed to further decrease the limit of detection. In the flow through
scheme, the interest protein is bound to the inner wall of the nanohole array rather than
the surface of the gold plate'. In the case, the analytes adsorbed faster, due to the small
cross-section, and they adsorbed on the region which had strongest SPR™. Other
parameters (shape, size, and periodicity) of nano-structures are also studied to improve
detection limit and sensitivity. Beside the flowing style and the ability to tailor the
nanohole parameters, the grating coupling SPR also give us opportunity for real-time

measurement of multiple arrays.
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Chapter Three: Enzyme-Linked Immunosorbent Assay (ELISA) and

Commercially Available SPR technology (Biacore)

In this thesis, the nanohole-based detection is compared to two other methods
used to probe antibody-antigen interactions that are commonly used and are available
commercially. These methods are the ELISA, and the SPR using Kretschmann geometry
implemented by Biacore (Biacore-SPR). All the three methods were used to test against
HE4 antibody and antigen binding. The three methods were compared in terms of
sensitivity, detection limit, and speed of detection. Although the antibody-antigen binding
might respond differently in each method, these comparisons were found to be a good
guide to help improving our nanohole sensing technique. In this chapter, the
experimental details and results of the ELISA and Biacore will be discussed. The details

for the nanohole technique will be presented in Chapter 4.

3.1 Producing HE4 Antibodies

In order to detect a biomarker in blood, it is necessary to capture it specifically
onto a sensing platform. This is achieved by using immobilized capturing antibodies.
These antibodies are obtained by immunizing host animals, such as mouse, donkey, or
rabbit with the biomarker of interest*®. The immune system of the animal recognizes the
biomarker as a foreign substance and produces antibodies that specifically bind to them.
These antibodies are combinations of multiple biomolecules which are all able to

recognize the same biomarker (antigen). This combination of biomolecules is called
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polyclonal antibodies*. If only one kind of biomolecule was separated and cloned using

hybridoma cells, this would be called a monoclonal antibody. In this thesis, all antibodies

48
I

used were monoclonal™. The antibodies were specific to the HE4 protein (antigen) which

is a biomarker for ovarian cancer™.

3.2 Enzyme-Linked Immunosorbent Assay (ELISA)

3.2.1 Fundaments of the Method

Enzyme-linked immunosorbent assay (ELISA) is the most common used
technique to detect antibody and antigen binding in biochemistry®. It is a powerful
method able to determine ng/mL to pg/mL amounts of materials in solution. ELISA is
realized using commercially available plates containing various numbers of wells as

shown in the Figure 3-1.

Figure 3-1: An image of commercially available ELISA plates (96 wells).

A scheme for a typical ELISA is shown in Figure 3-2. The container in Figure 3-2

represents one well of an ELISA plate (Figure 3-1). In general, there are 5 steps in an
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ELISA®. The first step is the immobilization of target protein to the bottom of the well.

Commercial ELISA plates are “activated” by an antigen with plate buffer (sodium
carbonate buffer, pH=9.5) in the well in order to provide an appropriate target. The
second step is to block the remaining of the well walls with bovine serum albumin (BSA)
to prevent nonspecific binding. The first two steps were to generate the target for the
antibody of interest. The third step is the binding of the antibody of interest to the
immobilized antigen. Only the antibody that is specific to the immobilize antigen will
recognize and bind to it. The last two steps are related to the quantification of the
bounded antibody. The fourth step is then the binding of a secondary antibody for
detection. The secondary antibody is “marked” with an enzyme. In the fifth and final
step, a substrate (specific for the enzyme) is added to the well. The enzymes will catalyze
the substrate decomposition, producing a fluorescent product that can be detected using a
plate reader. The fluorescence intensity in this last step is proportional to the amount of

antibody of interest captured in the assay.

Secondary “marked”
antibody
k k K k ? Primary antibody

% % % % Cb Antigen

Figure 3-2: Schematic diagram of protein binding for ELISA.
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ELISA assay is also available in sandwich format for experiments requiring better

selectivity™. In the sandwich assay, the primary antibody is attached in the first step with
a concentration that is high enough to coat most of the surface well. The target antigen is
then introduced into the well and is captured by the primary antibody. After that, the
second antibody (secondary antibody or detection antibody) is introduced. The secondary
antibody is labelled by, for instance, a fluorescence probe. The interaction between the
secondary antibody and the antigen is probed by the intensity of the fluorescence signal.
In the regular ELISA, fault signal can be detected if the first antibody binds to any other
proteins beside the target antigen. In the sandwich assay, both antibodies need to bind the
antigen in order to provide the fluoresce signal. Therefore, the sandwich assay provides

much better selectivity™.

3.3 Biacore-SPR

Biacore is the company that released the first surface plasmon resonance (SPR)-
based commercial sensing platform®’. Many generations of Biacore machines (Biacore
A100, Biacore X100, Biacore T200, Biacore 4000, etc) were developed in the last two
decades®®. It is a widely used platform to study protein binding characterization, drug
discovery, and immunogenicity®>?. Protein characterization, protein-protein interactions
and binding affinities are the main types of systems investigated with Biacore-SPR
systems®™° due to the ability of the machine to perform real time measurement.
Moreover, SPR is a “label free” method that depends only on the changes in the

refractive index close to the surface. This is a definitive advantage over fluorescence-
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based detection, such as ELISA, as native protein can be used without any modifications

which might hinder their activity.

3.3.1 Biacore: Fundaments of the Method

In chapter two, section 2.2.1, we had discussed how SPR works. We will briefly
reproduce some of that discussion here for clarity. The Biacore is a commercial machine

that is based on the SPR technique. The principles of SPR are summarized in Figure 3-3.

(i) (i) ) (iif)

Reflectivity

Response Unit

0w
TR

Angle (0) ¢

Figure 3-3: (i) Schematic of a Krestchmann configuration SPR, as present in the Biacore
system; (ii) reflectivity SPR curves before and after binding; (iii) schematic of a Kinetic

trace obtained using a Biacore-SPR system.

Figure 3-3i shows a typical Biacore-SPR experiment, where a target protein,
immobilized on the metal surface, selectively binds a complementary biomolecule from
the solution. This bindings cause the refractive index at the gold-solution interface to
change. The change in refractive index lead to a shift in the SPR angle and a change in
the reflectivity curve as illustrated in Figure 3-3i. This angle changed, properly converted

to RU, is monitored against time as depicted in Figure 3-3iii. This time evolution of the
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RU during the surface binding is the Kinetic data used to characterize the biological

interaction.

3.4 Experimental Procedures

3.4.1 HE4 Antibodies and Antigen

The HE4 antibodies and antigens were provided by Dr. Xiaobo Duan from the
BCCA-Vancouver Island Centre. The HE4 antigen was collected from the blood of
cancer patients. The HE4 antibodies were monoclonal and produced by hosting in mice.
The original HE4 antigen concentration provided was 0.890 mg/mL; and the original
concentrations of the HE4 antibodies were 0.840 mg/mL. The original antibody and
antigen solutions were diluted using PBS buffer to the desired concentration required in a
particular experiment. The antibodies and antigen solutions were stored at -20°C before

used.

3.4.2 Procedure for the ELISA Assays

The ELISA sandwich assay, described in section 3.2.1, was used in our
experiments. The HE4 antibodies used were numbered as HE4.172 and HE4.B152 and
the HE4 antigen used was numbered as HE4.31. These were the serial number given by
the BCCA, which can be used to discriminate between different batches of antibodies or
antigens. The presence of a “B” indicates that the antibody or antigen is biotinylated. The
ELISA experiment was performed on a 96 well ELISA plate (Nunc Maxisorp plate), as

shown in Figure 4-1. The plate was first coated with 5ug/mL of HE4.172 antibody (first
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antibody) in carbonate buffer (pH 9.5) at 4°C in order to activate the plate. The plate was

then washed with washing buffer - phosphate buffered solution (PBS) in a plate washer
after the activation. Tris buffered saline + 0.1% Tween 20 (TBST; 200uL per well) was
used to block the plates for 2 hours at room temperature. The plate was washed again
with washing buffer after the blocking step. Different concentrations of HE4.31 antigen
solution which is ranged from 0 to 100 ng/mL (0, 0.00610, 0.0122, 0.0244, 0.0488,
0.0977, 0.0195, 0.0391, 0.0781, 1.56, 3.13, 6.25, 12.5, 25.0, 50.0, 100 ng/mL prepared by
a serial dilution) were added to each well (100ul per well) for 1 hour at room
temperature. The plates were washed with washing buffer after this incubation period.
The secondary antibody, which was biotinylated (HE4.B152) in TBST, was added to
each well for 1 hour and the plate was washed. After washing, Streptavidin-alkaline
phosphatase (Srep-AP; 100ul per well) was added for 1 hour at room temperature. The
plate was washed again. Substrate for alkaline phosphatase (0.2mM CSPD + 5% Emerald
I1; 100uL per well) was added to incubate each well for ~25 minutes. The plates were

read with plate reader.

3.4.3 Procedure for the Biacore Assays

3.4.3.1 Chemicals and Equipments

The Biacore machine used was the Biacore X100 and the sensor chip (gold coated
slide modified with a functionalized dextran layer) was the CM5. The binding conditions
were established by using the anti-mouse 1gG kit (Biacore). The kit includes anti-mouse
IgG antibody (1 mg/mL in 0.15 M NaCl), immobilization buffer (10 mM sodium acetate

pH 5.0), and regeneration solution (10 mM Glycine-HCI pH 1.7).
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3.4.3.2 Procedure

The sensor chip was first premodified with the anti-mouse antibody in order to
bind the HE4 antibody (HE4.172) which is produced in mice, as we described before
(section 3.1). The anti-mouse antibody binds most of the antibodies types that are
produced by hosting in mice. The HE4 antibody and antigen were diluted in PBS to
desired concentration before running the experiment. The HE4 antibody (HE4.172)
concentration was 25ug/mL and the HE4 antigen (HE4.31) concentration ranged from 0
to Spg/mL (0, 0.5, 0.625, 0.75, 1, 1.25, 2.5, 5 pg/mL). The first solution run was the HE4
antibody (HE4.172) for 180 seconds at 30uL/min. After the HE4 antibody was
immobilized on the sensing chip, an antigen solution (HE4.31 — HE4 antigen) was flown
for 80 seconds and washed for 300 seconds at 15uL/min. Finally, the sensor chip was
regenerated for 90s (2 times) with glycerine-HCI (pH=1.7) to remove all HE4 antibodies.

After regeneration, the process started again using the next concentration of HE4 antigen.

3.5 Results

3.5.1 ELISA Results

The ELISA calibration data is shown in Figure 3-4. It is clear from Figure 3-4 that
the fluorescence intensity increased as the concentration of antigen increased. The system

was observed to be approaching saturation when HE4.31 antigen reached 60ng/mL.
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Figure 3-4: Calibration curve of HE4 antigen for the ELISA experiment.

The main results from the ELISA experiments are summarized in Table 3-1. The
lower detection limit (LD) was estimated as approximately 0.50 ng/mL (2x background
signal) or 0.75 ng/mL (3x background signal). The lower detection limit was calculated
by subtract the minimum distinguishable analytical signal (Sn) (equation 3-1) to the
average of the background signal and then divided by the slope of the dynamic range as

shown in the equation 3-2°".

Sm = S_b + ka (3-1)

3-2)
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Where .§b represent the average blank signal; k represents an integer number times

standard deviation (2 or 3 in our case). Sj, represents the standard deviation of the blank

signal and m represent the slope of the dynamic range. The dynamic range is the region

on the beginning of the graph where it shows linear response®’.

Based on the experiment procedure and the data obtained, there were 2 antibodies
required for the ELISA experiments: the capture and the detection (conjugated to an
enzyme) antibodies. The total time to perform a single ELISA experiment was roughly
one day. However, a great deal time and preparation were required. These extra
preparations included plate activation, solution preparation, solution pipetting, plate
washing, and plate reading. Also, ELISA plates are designed for single usage. In general,
more solution volume is needed for the ELISA technique compared to the Biacore or the

nanohole technique, which will be shown in section 3.5.2 and Chapter 4, respectively.

Table 3-1: Short summary of ELISA experiment with HE4 biomarker.

ELISA Results

Detection limit ~0.50 ng/mL to 0.75 ng/mL

Antibodies needed 2

Experiment duration 1 day

ELISA plates Single usage

Human works required Lots of pipetting, washing, and solution
preparation
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3.5.2 Biacore Results

3.5.2.1 Kinetic Graph

A typical kinetic graph (also called sensorgram) outputted from a Biacore
instrument is shown in Figure 3-5. The concentrations of the antibody and antigen used
for this particular Figure were 25 pg/mL and 2.5 pg/mL, respectively. The other

conditions are as described as shown in section 3.4.3.2.
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Figure 3-5: Sensogram for the HE4 (2.5 pg/mL) affinity test from a SPR experiment using

the Biacore system.

In region | of Figure 3-5, the buffer was introduced to establish a baseline. The

antibody solution (25 pg/mL) was flown in region I, leading to an increase in the RU
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values against time. After the antibody signal stabilises, buffer solution was introduced in

region Il to wash away unbound antibody. In region IV, the antigen solution (2.5 pg/mL)
was introduced and the RU value increased slightly due to the antigen — antibody
binding. This increase is not clear in Figure 3-5; therefore, the region IV section was
magnified and it is presented in Figure 3-6 for different concentrations of HE4 antigen. In
region V, buffer solution was introduced again to wash away unbound antigen. Region
VI in Figure 3-5 contains two regeneration steps performed to wash away both the
antibody and antigen. It can be seen that the RU value dropped back to the original
baseline before the introduction of the antibody in region VI, indicating that the chip was

back to its original condition, and ready for the next cycle.

Response Unit (RU)

T T T T T T T T T T T 1
400 450 500 550 600 650 700
Time /s

Figure 3-6: Zoom-in antigen binding region (regions I11 to V in Figure 3-5) for Biacore.
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The antigen binding kinetics is shown in Figure 3-6. The RU changed in different

values for the different concentrations of HE4 antigen with certain period of time. The
different between Il and V in Figure 3-6 leading to a calibration curve (Figure 3-7) for

the antigen concentration.

The final signal levels of HE4 antigen for each concentration were obtained from
Figure 3-6 and they are plotted as a calibration curve in Figure 3-7. In Figure 3-7, the
relative response increased as the antigen concentration increased. The lower detection
limit was obtained by estimate the (2x or 3x of) background signal. The calibration curve
also showed a linear relationship between the HE4 antigen and the relative response. The

lower detection limit was determined to be approximately 0.13 pg/mL to 0.20 pg/mL.

w
o
1 )

N
a
1 L

20 +

15 4

10

Relative Response - capture level (RU)

0 1 2 3 4 5
Concentration of HE4 antigen / ug/mL

Figure 3-7: HE4 antigen calibration line for Biacore.
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The results from the Biacore measurements are summarized in the Table 3-2. We

concluded that the lower detection limit was approximately 0.13 pg/mL (2x background

signal) to 0.20 pg/mL (3x background signal). There was only 1 antibody needed in

addition to those on the premodified CM5 chip. The HE4 antibody (HE4.172) was used

to capture the target HE4 antigen (HE4.31). The signal was given by SPR angle change.

Again, the total experimental time was around 1 day. However, the actual human work

needed was only solution preparation. After solution preparation, the rest of the

procedure is automated in the Biacore machine. The sensor chips for Biacore are

designed for multiple usages, but the machine requires regular maintenance. The

maintenances include weekly desorb (~25 mins) and monthly desorb, sanitize, system

check, and inspection on sample area and pump (~60 mins). In most of the steps, you just

need to prepare the solutions and take advantage of the automated Biacore system

Table 3-2: Short summary of Biacore experiment with HE4 biomarker.

Biacore Results

Detection limit ~0.13 pg/mL to 0.20 g/mL
Antibody needed 1

Time needed 1 day

Gold chips Multiple usage

Solution needed

Relatively smaller (than ELISA)

Human works required

Preparing solution and regularly machine
maintenance

Used in BCCA

Narrowing down the choice on the best
antibody/antigen pair (save time from few
weeks/months to 2-3 days)
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Chapter Four: Nanohole Array and Microfluidic Integration

4.1 Nanohole Array

4.1.1 Nanohole Fabrication

The nanohole arrays were fabricated by FEI DualBeam Strata 235 Field-Emission
scanning electron microscope with focused ion beam (FIB). The FIB was used to mill**
the nanohole arrays on a commercial 100 nm gold film deposited on a glass slide
(Evaporated Metal Films). A 5 nm Cr layer was used to improve the adhesion between
the gold and the glass. The arrays were imaged in the same chamber using a scanning
electron microscope (SEM). The energy for gallium ion beam was set to 30keV. The
desired pattern of the nanohole can be designed by software. The shape, periodicity, and
size of the nanopattern can then be fabricated using the FIB with a resolution of about 10

14

nm~". All samples were fabricated by Mohammad Rahman, a visiting scientist from the

Brolo group, using the equipment from the 4DLabs at Simon Fraser University.

4.1.2 Array Design

In order to reach our thesis goal, two types of samples were designed and
fabricated. The first one (sample 1) contained four arrays of nanoholes with different
periodicities, varying from 400 nm to 550 nm on one gold slide. Periodicity is defined as
the distance between nanohole centers. Each nanohole was 200 nm in diameter. This
sample allowed us to test the surface plasmon response for different periodicities to

choose the best design for the next part of the experiment. Based on the results from
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sample 1, twenty-eight (7x4) nanoarrays were fabricated on the same slide, arraged as

show in Figure 4-1 (sample 2). The distribution of the arryas in sample 2 was chosen in
order to allow a direct comparison to the data obtained from the ELISA and the Biacore-
SPR assays. The footprint of each array was 15 pm x 15 pm and the distance between
each array was 150 pm and 60 pm from side to side. Each nanohole was 200nm in
diameter and the periodicity was 420nm. Multiple rows enable the recording of multiple
binding experiments at the same time. Each for these experiments might have different

concentrations implemented by the solutions run through the columns.
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Figure 4-1: Design of the sample 2, containing 28 nanohole arrays. The periodicity, the
array footprint and the distance between the arrays are indicated in the Figure.
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Figure 4-2: Image of Sample 2 under the optical microscope (a). SEM image of a single

nanohole array image (b). SEM image of a nanohole array at higher magnification (c).

4.2 PDMS Micro Fluidic Channel

The nanohole arrays are just the sensing elements. A system to deliver solution to
the sensor surface, for surface modification and analysis, need also be included. This
solution delivery system is based on microfluidic chip®®. The microfluidic channels allow
the flow of protein solutions to the gold slide. In our experiment, the channels were made
using polydimethylsiloxane (PDMS)®. Since the PDMS chip is single use only, a silicon
master was designed and fabricated first®®. This master was the template from which

identical patterns of PDMS chips were produced easily.
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4.2.1 Silicon Master

The master for the production of the PDMS chips was fabricated by
photolithography on a silicon wafer®. The schematic diagram for this process is shown in
Figure 4-3. Figure 4-3a represents a silicon wafer. In Figure 4-3b, a negative photoresist
(SU-8 50, 2 mL) was added to a silicon wafer, and was then spin coated to make a
smooth layer with maximum spin rate of 1800 rpm (increase rate 100 rpm/s) for 30
seconds. The wafer coated with photoresist is then bake at 65°C for 6 to 10 minutes and
then bake at 95°C for 30 minutes. After baking, a mask with a microfluidics pattern was
placed on top of the wafer coated with the photoresit, and the wafer was then exposed to
UV light (~350 to 400 nm) as shown in Figure 4-3c for 60 to 100 seconds. In the
exposure stage, only the photoresist which is covered by the mask will be remain on the
waver. After exposure, the wafer was baked at 65°C for 1 minute and at 95°C for 5 to 10
minutes and developed with SU-8 developer while constant stirred for 10 minutes.
Finally, the wafer (silicon master) as shown in Figure 4-3d was ready to produce PDMS

microfludic channel chips (chapter 4.2.2).
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Figure 4-3: Schematic diagram on making PDMS master and PDMS making. (a) A

silicon wafer (b) coated with photoresist. (c) A mask is placed on wafer and exposed
to UV. (d) The mask is developed and ready to use. (e) PDMS gel is placed on the
silicon master. (f) After baking, the PDMS microfludic channel is ready to use and

the master can be used for making the next microfludic channel.

4.2.2 PDMS Chips

The PDMS chips, containing the microfluidic channels, were made by mixing
Sylgard 184 silicone elastomer base and silicone elastomer (Dow Corning) curing agent
using a ratio of 12:1 by weight. The silicone elastomer gel (~24 g) was mixed with curing
agent (~2 g). The mixture was degassed under vacuum (~20 minutes) in order to get rid
of all gas bubbles. After the degassing, the mixture was poured on the master and the
system was degassed again. After this, the master with a layer of PDMS on top as shown
in Figure 4-3e was placed into an oven (~80°C) for 25 minutes. After baking, the PDMS

was peeled out from the master and the master can be used for making next microfludic
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channel. Based on the design of channel, holes will be punched on the appropriate places

(inlet and outlet as describe in section 4.2.3) with hole puncher (sensipress+, NWSL).

4.2.3 Dilution Chip

In order to produce a calibration curve and cut down the experiment running time,
a dilution chip pattern (Figure 4-4) was designed®®. The basic goal of the dilution chip is
to provide a concentration gradient across the nanohole array sensing elements. The chip
combines two streams, containing different concentrations of the analyte of interest and
allowed them to flow for certain distance in order to be mixed properly. The
concentration of the output can be controlled by controlling the ratio of the
concentrations of the input solutions. Multiple concentrations can be generate from two

initial inlet by multiple steps dilutions®.

The dilution chip in Figure 4-4, present three inlet channels (i, ii, iii) and one
outlet channel (iv). Inlet channels (i) and (ii) were used to generate a series of solutions of
the desired protein with different concentration downstream to provide a calibration
curve. One of the inlets (i) was filled with the buffer (PBS). The two solutions introduced
in the inlets streamed through the channels and mixed in the first mixing region. The
outputs from the first mixing regions are three solutions. One of them has the same
concentration as the initial solution in the inlet (i), the other is the pure PBS introduced in
inlet (ii), but the solution between them will be a perfect mixture, with 50% of the initial
concentration in inlet (i). The three concentrations resulted from first region is now

flowing into second mix region which is containing now four “zig-zag” paths. These
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mixing processes are then repeated four times. At the end of the channels, after all mixing

stages, six different concentrations of antigen will result across the area indicated as
“nanohole” in the Figure 4-4, with concentration raging from 0 to 100% of the initial
concentration of the protein. The transmission across those channels allow the generation
of a calibration plot. The remaining inlet channel (iii) was used to flow a sample with
unknown concentration. The results from the unknown sample were fit within the
calibration curve provided by the other channels. The outlet (iv) was used to collect the

waste solution.
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Figure 4-4: Microfludic pattern of the dilution chip. The channel width and height is
around 90 pm.
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4.2.4 Array Alignment

The array and of nanoholes (sample 2, shown in Figure 4-1 and Figure 4-2) and
dilution chip channels were aligned manually using an optical microscope. The actual
image under the microscope for position (v) in Figure 4-4 is shown in Figure 4-5. The
most left channel in Figure 4-5, was used to flow the unknown sample and the other
channels were used for calibration with the different known concentrations of antigen

produced by the dilution chip.

Sample 0% 6.25% 31.25% 68.75%  93.75%  100%

Figure 4-5: Optical image of Sample 2 aligned with the dilution chip under the microscope.

4.3 White Light Transmission through the Nanohole arrays

4.3.1 Experiment Setup

The transmission experiment setup is shown in Figure 4-6. A 100 watt halogen
bulb was used as the white light source. An optical microscope (OLYMPUS BHT) was

used to focus the light on the gold sample. The light that passed through the nanohole
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arrays was then collected by an optical fibre and measured with a handheld spectrometer

and the resulting transmission spectrum was displayed on the computer by the data
acquisition software (Ocean Optics — OOIBase 32 Platinum). The sensor setup consisted
of 3 layers. The very bottom layer was a glass slide with a gold layer where the nanoarray
pattern was located. The middle layer was the microfludics (made by PDMS) layer where
solution would be allowed to flow. The top layer was a plastic chip which was used to
stabilize the other two layers on the sample holder with screws, and distribute the
pressure evenly across the PDMS chip. The actual assembled sample is shown in the

Figure 4-6 together with a schematic representation of the experimental setup.
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Figure 4-6: Schemaic representation of the setup for transmission measurements through
nanohole arrays. "With kind permission from Springer Science+Business Media:
<Microfluids and Nanofluids, Nanohole arrays in metal films as optofluidic elements:
progress and potential, 4, 2008, 107, Sinton, D., Gordon, R., Brolo, A, figure 4(b)>."

4.4 Imaging SPR using nanohole arrays

The affinity tests were also conducted using a charge-coupled device (CCD)
image setup. In that case, the changes in intensities of a monochromatic light transmitted
through each array were followed®:. The white light transmission spectra indicated that
the SPR peak shifts to higher wavelength when the refractive index at the gold dielectric
interface increases? as stated in section 2.2.1. This will be further tested and explained in

the section 4.6.1.3. Therefore, if the wavelength of the incident light is fixed and the SPR
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peak shifts due to a molecular adsorption, one would observe a change in the intensity of

the transmitted light at that particular wavelength. This process is illustrated in Figure
4-7. When the wavelength of incident light is fixed on the left side of the transmission
peak, the intensity will decrease as the peak shifts to the red end of the spectrum.
However, if the wavelength of incident light was fixed on the right side of the
transmission peak, the intensity will increase as the peak shifts to the right. The
advantage in this setup is that multiple arrays can be monitored at the same time on one
sample in one experiment by using a CCD camera to measure the intensity of the
transmitted light through all arrays at once. This advantage is particularly important for
the dilution chip described in section 4.2.3, since it permits a calibration curve to be

obtained in real time for each measurement.
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Figure 4-7: Principle of the intensity changes observed with the imaging SPR setup. The
intensity of a monochromatic source decreased after adsorption when the wavelength is
fixed on the blue side of SPR peak. The decrease occurs because the SPR peak shifts to the
red. On the other hand, the intensity increases after adsorption when the wavelength is
fixed on the red side of the SPR peak.

4.4.1 Imaging SPR Experimental Setup

A scheme of the experimental setup for imaging SPR through arrays of nanoholes
is shown in Figure 4-8. A red coloured LED (A = 663 £12 nm with 50% maximum peak
height) was used as the light source. The light beam passed through two objective lenses
(20x) before reaching the sensor. The objective lenses allowed us to adjust the position
and size of the light beam. The light then passed through the gold (with nanohole array

integrated with microfluidics) sample and the transmitted light was collected by a CCD
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camera (CoolSNAP HQ?, photometrics). A multichannel syringe pump (New Era Pump

Systems, NE-1800) was connected to the PDMS chip on the gold sample in order to
control the flow rate of the solutions. The images were acquired by commercial image
software (Voodoo 1.2, photometrics) The scheme of CCD image setup and an actual

image of a Sample 2, with 28 arrays, is shown in Figure 4-8.
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Figure 4-8: Schematic diagram of CCD setup and the nanohole array image displayed.

4.5 Experimental Procedure

4.5.1 White Light Transmission

The sample 1 (described in section 4.1.2) was initially used for the white light
transmission measurements. The sample was integrated in a microfludic chip and placed
into the transmission setup shown in Figure 4-6. After that, a lower magnification (10X)

microscope lens was used to find the arrays. A higher magnification (50X) lens was used
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to narrow the light beam on individual nanohole arrays. The transmission spectra were

then collected by the optical fibre coupled spectrometer and recorded using the Ocean

Optics program (section 4.3.1).

4.5.1.1 Transmission Spectra for Arrays of Different Periodicities

The spectra of the arrays of nanoholes with different periodicities (sample 1,
described in section 4.1.2) experiments were done using the white light transmission
setup. Sample 1 contained 4 arrays (with 4 different periodicities). The transmission
spectra of each were collected under the same conditions of illumination (light source and
power). First the transmission spectra for each periodicity were taken from the gold-air
interface (bare nanohole gold layer without the PDMS chip, the acrylic layer or any

solution on top).

After that, Sample 1 was integrated in a simple microfluidics structure containing
a straight channel in PDMS. Glucose (Sigma-Aldrich) solutions of different
concentrations were prepared and flown over the nanohole arrays. A spectrum was
collected for each array at each glucose concentration. This experiment allowed the

determination of the sensitivity of the arrays to changes in bulk refractive index.

4.5.2 Imaging SPR

Sample 2 (section 4.1.2) was used for all imaging SPR measurements. The sample

was integrated to the microfluidic dilution chip (section 4.2.3) and mounted in a
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horizontal position as described previously in Figure 4-8. The LED light was turned on

for at least 40 minutes before use in order to reach intensity stabilization. An example of

an actual image is shown in Figure 4-8.

4.5.2.1 Calibration using Glucose Solutions

Glucose solutions of different concentrations were used to calibrate the response
of Sample 2 in the imaging SPR setup to changes in bulk refractive indexes, using the
dilution chip. In this case, both sides of the inlet channels of the dilution chip were filled
with the same solution, from pure water to 1.5 M aqueous glucose. The refractive index
of each solution, including pure water was measure by a commercial refractometer
(pocket refractometer, ATAGO). One image of the entire area of interest of the Sample
was taken for each glucose concentration. All 28 arrays (7x4) were then imaged under the
same conditions, and the intensity for each array was plotted against the bulk refractive

index as calibration.

4.5.2.2 Calibration of the Surface Sensitivity of the Imaging SPR Setup Using the
Biotin-Streptavidin System

Biotin and streptavidin are known as one of the best systems as a model for
protein binding investigation®, due to their high affinity constant (K~10")%. The
calibration was done using Sample 2 integrated with the dilution chip (section 4.2.4). The
experimental steps of the calibration process were: 1) The gold sample was modified with

cysteamine monolayer by immersed into aqueous cysteamine solution (~6 mM) overnight.



47
2) After the premodified (with cysteamine) gold sample is rinsed with water and PBS

buffer, both inlet channels were filled with PBS buffer and the channels were filled with
PBS at a flow rate of 10 pL/min (maximum 20 pA/min) to create even pressure in all the
channels; 2) The solution on both inlets were replaced by NHS-biotin (Sigma-Aldrich)
solution (25 pg/mL) in DMSO that were introduced through the channels for 45 minutes
at 10 pi/min flow rate. A biotin monolayer was allowed to be formed at the gold surface
in this step and all arrays in each channel are considered to have experienced “identical”
surface modification; 3) The inlets were again filled with PBS buffer to wash away any
unbound biotin at 10 pL/min for 40 minutes; 4) streptavidin solution was introduced in
one inlet and the other inlet was filled with PBS buffer in order to generate a
concentration gradient (0 to 50 pg/mL) across the channel, as discussed in section 4.4.1.

Images were taken in each of these steps.

4.5.2.3 HE4 Imaging SPR Experiments

Sample 2 and the “dilution chip” were also used to collect kinetic data for the
binding between HE4 and its antibody. The gold sample was premodified with
dithiobis(succinimidyl undecanoate) (DSU) (~2 mM) from DOJINDO overnight. The
premodified DSU layer is used to bind the primary amine of proteins, since the HE4
antigen is not expected to bind to the gold sample efficiently as shown in Figure 4-9. PBS
solution was used first in both inlets, in order to push eventual air bubbles out of all
channels and establish a baseline. The surface was then coated with the HE4 antibody,
which was introduced through the channels for at least 60 minutes at 10uL/min to ensure

that saturation was reached. The HE4 antigen (5 pg/mL) was then introduced in one of
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the inlets and PBS on the other to create the concentration gradient. The HE4 antigen

solutions were flown for ~90 minutes at 10uL/min after the antibody reached saturation.

—HS—C " D—NHS

DSU / molecule
| with HS-NHS group

Gold Antibody-antigen

Figure 4-9: Schematic diagram of NHS group binding with protein on gold surface

4.5.3 Sample Cleaning

The sample was cleaned between each usage by sonicating in acetone for 5
minutes (1 times) and in ethanol for 10 minutes (3 times). After the sonication, the
sample was placed in the plasma cleaner (Harrick) with high RF level under vacuums for
20 minutes. After that, the transmission spectrum was measured and the sample was
checked for cleanness (if the EOT peak was back to the original wavelength). The sample
was also checked once every month by Fourier transform infrared spectroscopy (FTIR) in

order to make sure the cleanness of sample surface.
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4.6 Results

4.6.1 White Light Transmission Spectra

4.6.1.1 Effect of the periodicity

The wavelength of maximum of transmission through arrays of nanoholes on gold
film is expected to depend on the periodicity of the array®’. The transmission spectra
from the arrays on Sample 1, described in section 4.5.1.1, are shown in Figure 4-10. Each
spectrum was normalized by its highest intensity. All spectra were plotted in the same
graph in Figure 4-10 in order to compare the effect of the periodicity on the wavelength
of the maximum transmitted light. The wavelength value of the SPR peak was observed

to red-shift when the periodicities increased®!, shown below in Figure 4-10, as expected.
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Figure 4-10: Transmission spectra for bare gold under air with different periodicities.
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This result can be easily explained by equation 2-5. By increasing the periodicity,
the parallel component of the incident light momentum decreased. Therefore, in order to
match the ky and ks, the wavelength value of SPR peak are expected to increase (red-

shift). The following ratio can be obtained from Equation 2-5:

b
ke = =k =~ (4-1)
a A
b2 (4-2)

Where a and b represent constants of the remaining terms in kx and ks,. From Figure

4-10, the ratio (a/b) can be summarized in Table 4-1.

Table 4-1: The effect of periodicity on the transmitted wavelength and the ratio between

them.

Periodicities (hm) Wavelength (nm) Ratio (a/b)
400 596 0.67

425 610 0.70

500 642 0.78

550 674 0.82

Based on the equation 4-2, in an ideal situation, this ratio (a/b) should be identical among
all arrays. However, the experimental results are different than expected. A possible
reason might come from our setup in transmission. In our transmission setup, we used an
objective lens to focus the light source which might give us an incident angle slightly

greater than zero. Thus, the ratio (a/b) would be changed as well. Although, the ratio did
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not match identically to each other, the change in periodicities and wavelength still

follow the expected trend.

4.6.1.2 Effect of the Bulk Refractive Indexes

Different concentrations of glucose solutions were used to calibrate the nanohole
arrays of various periodicities to their response to bulk refractive index changes from the
solution side. Figure 4-11 shows that a red shift was observed when the concentration of
glucose (or refractive index of solution) was increased. In this experiment, the periodicity
is fixed at 450 nm and the only factor changed is the concentration (refractive index) of
the glucose solutions. As we refer back to the equation 2-5, SPR wavelength is expected
to shift to greater values when the refractive index (dielectric constant) of solution at the

gold interface increases.
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Figure 4-11: Transmission experiments for a nanohole array in contact with different
concentration of glucose solutions. The hole diameter is 200 nm and the periodicity is 450

nm.

Based on the Figure 4-11, the Figure 4-12 can be plotted in term of wavelength
and refractive index changed. The refractive index of different concentration of glucose
solutions were measured with a refractometer and the according wavelength were

estimated from the Figure 4-11.
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Figure 4-12: The effect of the bulk refractive index on transmission experiment for a

nanohole array. The wavelength is estimated based on Figure 4-11.

4.6.1.3 White Light Transmission Summary

The white light transmission measurements show that the SPR wavelength of
transmitted light red shifts when the periodicity of the nanohole arrays increased.
Although the experiments did not show a perfect match with the predicted regarding the
(a/b) ratio, it followed the expected trend. The results indicated that the experimental
setup is reasonable and it is working properly. This was further proved by a glucose
calibration experiment. In the glucose experiment, the peaks of transmitted light red
shifted as the refractive index of the solution increased, as we expected. Although our
main focus is not on the evaluation of the white light transmission, the experiments
helped us to get a better understanding about your system and to develop good practice to

perform the SPR with arrays of nanoholes.
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4.6.2 Imaging SPR Results

4.6.2.1 Calibration with Glucose Solutions

The sample 2 was used in the all imaging SPR experiment. This sample was
integrated with the dilution chip (section 4.2.4) and used for imaging SPR. The first step,
however, was to calibrate the imaging system using different concentrations of glucose
solutions. This calibration provided us with information regarding the sensitivity for this
system. The intensity differences between the glucose solutions and the pure solvent
(water) were calculated for each array. The percent intensity changes were then averaged

and plotted against the refractive index of the solutions as shown in Figure 4-13.
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Figure 4-13: Glucose Calibration experiment for Sample 2 integrated with the dilution chip
using the imaging SPR setup. The data points are the average of 28 arrays and the error

bar are calculated by standard deviation of 28 arrays.
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In Figure 4-13, a linear relationship was observed between absolute value of
average % intensity change (28 arrays) and the refractive index. The error bars represent
the standard deviation of 28 arrays. This relationship could be used to estimate the effect
refractive index changed on the gold surface as discussed further in chapter 5. In Figure
4-12, we observed that the variation of response is large (large standard deviation value)
but the average responses follow a good trend. This is probably due to the slight array to
array variations due to fabrication. Although all parameters of the arrays should be the
same, there are defects in some of arrays and small errors due to the instrument. The
same error might happen in all experiment; however, if the sample size (number of

arrays) are large enough, the error will be very small.

4.6.2.2 Using the Biotin-Streptavidin system to test the sensitivity of our imaging SPR
setup to probe protein binding

After calibrating Sample 2 in the imaging system, the next step was to probe the
sensitivity of the device in the imaging setup to measure protein binding. As discussed in
section 4.5.2.2, the biotin-streptavidin system, a well known affinity pair®, was used in
these tests. The general procedure for all experiments was described in section 4.5.2.2.
The final intensities were recorded in PBS solution, to avoid contributions from
differences in refractive indexes from streptavidin solutions of different concentrations.
The response of the intensity changes (in %) against different concentration of
streptavidin is shown in Figure 4-14. The error bar in the graph is the standard deviation

of all arrays in the same column.
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In the previous section, we have determined the signal response of our system to
glucose concentration (bulk refractive index) changes. In this experiment, we are
eliminating the contribution from the solution, by measuring the image always in the
presence of PBS. Therefore, the only contribution to the refractive index change is due to

the protein binding
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Figure 4-14: Surface binding (biotin-streptavidin) experiment using Sample 2 with the
dilution chip in imaging SPR mode. The data points were corrected by the pure PBS

channel to 0%. The error bars are the standard deviation of all arrays in the same column.

In Figure 4-14, the %intensity change increased as the concentration of
streptavidin increased up to the limit where the streptavidin concentrations reached 20

g/mL. The flat region in the graph at higher concentration is assigned to surface binding
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saturation. Therefore, any concentration above the critical concentration does not increase

the amount of adsorbed species at the surface of the nanohole sensors.

4.6.2.3 HE4 Kinetic

The procedure and experimental setup used to investigate the HE4 binding
affinity followed the steps in chapter 4.4.3. The images were acquired against time and
the intensity changes (always relative to the image at t = 0 s) were then calculated. The
integrated intensities of each array at a different time are plotted. Figure 4-15 is one
sample graph of antigen concentration equal to 5 pg/mL and the other conditions as

described in section 4.5.2.3.
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Figure 4-15: Example of one raw kinetic data of the HE4-HE4 antibody adsorption with

antigen concentration equal to 5 g/mL.

As explained in section 4.4, in the Kinetics experiments, the wavelength of

incident light was fixed to the left side of the transmissions peak. Therefore, in Figure

4-15, we observed that the intensity of arrays decreased as species adsorb to the surface.

Region | (0-50min) correspond to the adsorption of the HE4 antibody, which is first

immobilized to the surface to provide a target for the HE4 proteins. The antibody

immobilization reached saturation, as it can be observed in region Il (50-150min). The

HE4 protein (antigen) was introduced in region Il (150-175min) and the intensity

decreased indicating the adsorption of the protein to the immobilized antibody. Finally,
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PBS solution was introduced to flush unbounded or weakly bounded species in region IV

(175-325 min). This was accompanied by an increase in intensity in region IV.

4.6.2.4 HE4 Calibration

As discussed in section 4.4.1, the dilution chip allows the calibration and the
analysis simultaneously on the same chip. Figure 4-16 shows the calibration data in terms
of % intensity changes vs concentration of HE4 antigen in ug/mL. The error bars
represent the standard deviation among 4 arrays in the same column (see Figure 4-16).
The red square in the graph is for a solution introduced in the sample lane (see Figure
4-16). This solution would represent an “unknown’ concentration from a real sample. In
our case, however, a HE4 solution was prepared with a concentration equal to 2.5 pg/mL.
When plotted against the calibration line, the estimate value of solution in the sample
channel should have been 3.5 £1.2 ug/mL. The concentration of the sample obtained
from the calibration curve was larger than the expected concentration (2.5 pg/mL).
However, if the error is considered, the sample concentration is fitted into the error range.
In this experiment, the error bar is still big in term of the result range and this might be

able to improve by increasing the sample size (arrays in the same column).
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Figure 4-16: Calibration curve for HE4 analysis, obtained using the Sample 2 with the
dilution chip and the imagine SPR setup. The diamonds represent the average intensities
from all arrays in one channel. The square is the intensity of the solution run through the

sample lane. This solution had a nominal concentration of 2.5 pg/mL.

4.6.2.5 Summary

A short summary is shown in

Table 4-2. The lower detection limit of the nanoarray was approximately 1.76
ug/mL. Similar to Biacore technique, there was only 1 antibody needed in order to detect
the signal. The total time required to perform an experiment was around 1 day. The
human work required were solution preparation and PDMS making. In our setup, we

have the advantage of multiplexing and connecting kinetic data simultaneously.
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Table 4-2: Short summary of nanoarray experiment with HE4 biomarker.

Nanohole Result
Detection limit ~1.76 pg/mL
Antibody needed 1

Time needed 1 day

Gold chips Multiple usage

Solution needed

Relatively smaller (than ELISA)

Human works required

Solution preparing + PDMS making

Biggest advantage

Multiplex
-multiple concentration
-multiple antibodies/antigens
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Chapter 5: Determination of the Affinity Constant of the HE4 — HE4
Antibody System

In this chapter, the basic binding kinetic will be introduced and adapted to surface
binding kinetics. The approximations considered in our experiment will also be presented
and their validity discussed. At the end, the rate constants for adsorption and desorption,
kon and Ko, respectively, for the binding of HE4 protein on immobilized HE4 antibody
were calculated from the data obtain using the nanohole array and the dilution chip

nanoarray presented in Chapter 4.

5.1 Binding Kinetics

First, we will consider a binding equilibrium equation, as shown below:

k.
_ha N
A+B 5 AB
; (5-1)
In the equation 5-1, molecule A combines with molecule B and form molecule AB.
Where k, represents association rate constant and kq represents dissociation rate constant.

Based on equation 5-1, we can write the general rate equation as equation 5-2%.

d[A] _  d[B] _ d[AB] _ _ i
= " at = ar = kalAllB] = kqlAB] (5-2)

If one consider a relaxation experiment with a small perturbation around the equilibrium,

the concentration of A, B, and AB can be expressed as equation 5-3(a,b,c)®.

[A] = [A]l. + AA (5-3a)

[B] = [B], + AB (5-3b)
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[AB] = [AB], + AAB (5-3c)
Where [A]e, [B]e, and [AB]e represent the concentrations of A, B, and AB in the
equilibrium condition and AA, AB, and AAB represent small changes in concentrations

after the perturbation. Also, AA, AB, and AAB are related according to equation 5-4.
AA = AB = —AAB (5-4)
Hence, equation 5-5 can be rewritten as®*:

d[AB] _ d([AB)e+AAB) _ d[ABl, , dAAB _ dAAB

ac dt a T ar dt (5-5)
Since % = 0. Therefore, equation 5-2 can be written as below.
dAAB
7 = ka([A]e + AA)([B]e + AB) - kd([AB]e + AAB) (5-6)

When equation 5-6 is expanded and simplified, the following equation will be obtained.

45 — ol ALe[Bl ~ kalABl, + ko(AAB)? + [ko([4], + [B],) -
k,]AAB S
At equilibrium,

"ot = kalAl[Bl. — kqlAB], = 0 &9

In small perturbation,
AAB & [A],,[B].,or [AB]. (5-9)

Thus, the equation 5-7 can be further simplified as below.

2 = [ka([Al. + [BL.) — kq]AAB (5-10)

Defining 1/t as:
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== kq([A]. + [Bl.) — kq (5-11)

Then, equation 5-10 can be rewritten as:

d24B _ 1 aAB (5-12)

dt _T

When equation 5-12 is reorganized and integrated®®,

AAB 1 1t
Jnano a5 40AB = [y dt (5-13)
It result as
AAB t
In (AABO) Tz (5-14)
Or
t
AAB = AAB, e~ (5-15)

Substituting equation 5-3c into equation 5-15, yields:

t

[AB] — [AB]. = ([AB], — [AB]e) e® (5-16)
Note [AB]o = 0 since we are assuming small perturbation from equilibrium. Therefore,

equation 5-16 leads to:

t
[AB] = [AB].(1 — e7) (5-17)
Similarly, this equation can also be expressed in terms of the reactants A and B, where:

== kops = ka([Al. + [Ble) — kg (5-18)
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5.2 Surface Binding Kinetics

In the previous section, we had discussed the binding kinetics generalized for an

A + B system. Now, we are going to apply the same principles into surface adsorption.

A.q (antigen) + B,y (antibody) ﬁ AB

off (5-19)
In equation 5-19, Apq) represents the antigen solution (aqueous) flown in the channel
during the experiments presented in the previous chapters, and Bq) represents the
antibody that is immobilized (adsorbed) in the premodified gold slides. AB represents the
complex resulting from the antigen (A) and antibody (B) interaction. Ko, is the association
rate constant and Ko represents the dissociation rate constant. In this system, a scheme of

the expected plot from a binding kinetics experiment is shown in Figure 5-1.

$9¢ s

Signal /' S

YYYB

vV

Time /t

Figure 5-1: Schematic diagram of the expected kinetic graph for a surface binding

experiment, as described in equation 5-19.
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In Figure 5-1, the antigens are perfectly transported to the surface where they bind

to the immobilized antibodies on the gold surface. A signal change (S), proportional to
the concentration of AB, is recorded against time (t). The nature of the signal S depends
on the experimental arrangement. For example, RU changes or the magnitude of the SPR
angle changes are recorded in a typical SPR experiment using the commercial Biacore
system. On the other hand, shifts in the resonance wavelength are recorded in a white
light transmission setup through nanohole arrays; in this case, changes in the intensities
of monochromatic light that matches the resonance wavelength can also be used in the
CCD imaging setup (Chapter 4.4.1). Here, we will use intensity changes (I) as an
example, since this was the sensing mode used to obtain our experimental kinetic data.
The surface concentration of AB (I'ag) is assumed to be directly proportional to the

intensity changes I:

I = @Tsp (5-20)
Where @ is just a proportionality factor between the intensity, I, and the surface
concentration of AB, I',5. On the other hands, A is the solution concentration of antibody
and the B surface concentration (I's) of “free” adsorbed antigens®. Therefore, equation 5-

2 can now be written as:

dl'ap
dt

= konlAIl'g — korlap (5-21)

The surface concentration (I') can also be express as in term of surface coverage (0),
defined as®:

number of AB (occupied sites
0= ( p : ) (5-22)
total number of sites

Therefore, surface concentration (I') can now be written as
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I'=r1,0 (5-23)
Where I'r, represents the maximum surface concentration (all surface adsorption sites are

occupied). When this definition is applied into equation 5-21, it turns to:

dl'ap
dt

= 1—‘m(kon [A](l - 9) - koffe) (5-24)

Using the changes in intensity, as shown in equation 5-20%, we can get:

2 = BB = G (ko [Al(1 — 0) — kopf0) (5-29)

Similarly to equation 5-18, the following quantity can be defined:

1
- kops = kon([A]e + 1—‘Be) - koff (5-26)

5.3 Obtaining kon and ko by Fitting the Exponential Curve

The formalism introduced above allows the rate constants, kKo, and Kes, to be
obtained for an affinity experiment performed using SPR. The procedure consists of
considering the whole curve and fitting it using the following (simplification equation 5-
17).
y = a (1 — e Kobst) (5-27)
Multiple affinity curves (with different concentration of A) are obtained and fitted to
obtain Kqps. A plot of kqps against the [A]e yields ko, as the slope and ko as the intercept,

as shown in Figure 5-2%. (note I'g,~ 0 since most of the site are bound at equilibrium)
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Slope (kon)

Intercept (Koff)

[A]

Figure 5-2: Schematic of the expected relationship between kq,s and concentration of

antigen.

5.4 Obtaining kon with Short time of Kinetic Data

In the previous section, we had shown how to obtain the values of ko, and Ko
from the whole affinity curve. However, in most situations, the time to reach equilibrium
is too long and only the initial portion of the adsorption curve (linear portion) is obtained,

as illustrated in Figure 5-3.

Figure 5-3: Diagram to illustrate the initial time of an affinity kinetic curve.
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In this situation, kop[A] >> Kog is assumed and 6 ~ 0 for short period of time®. Now,

equation 5-25 can be simplified to:

i
2 = Olm(konlAD) (5-28)

In this case, plots of the slope of the initial part of the intensity vs. time curves against the
concentration of A are obtained.

The slope (S;) can be expressed as:
Ss = (@Tn)kon = Lpaxkon (5-29)
Where @I',,, is equal to maximum intensity (Imax), as shown in equation 5-20. A limitation

of this approach is that an independent way to estimate the value of I need to be

devised, as illustrated in Figure 5-4.

mmm) What we want

/ SS — [ma..\:kon
l Time

What we have

I or 1nest

Figure 5-4: Scheme illustrating the problem of estimating Inax, which is required to

obtain kg, from the initial part of the kinetic curve.
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Since SPR measures the local refractive index at the surface, the value of I, can be

estimated from a simple analysis of the effective refractive index (neff), as discussed in

the next section.

5.5 Estimating Effective Refractive index (neff)

From Chapter 4, we have discussed that the intensity of transmitted light though
arrays of nanoholes has a direct relationship with the effective refractive index (nef) at
the metal-solution interface. Effective refractive index (nes) i defined as the average
refractive index in the region within the SPR effective field. This field decays
exponentially as the distance further from the gold metal surface, as we mention on
section 2.2. On the other hand, refractive index changes closer to the gold surface give

greater effect than the same change farther from the gold surface.

Now, we have turned the problem of estimating the maximum intensity into
estimating the effective refractive index probed by the SPR field. In order to solve this

problem, a modified Campbell and Kim’s model®

was used, as shown in Figure 5-5. In
this model, we are assuming a monolayer of antibody of thickness dg, is attached on the
gold surface and a monolayer of antigen (of thickness d,g) is bound to the antibody at the

end of the binding process (equilibrium situation).
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solution ()

Antigen (1)
o ambodyy
Z=0
Gold

Figure 5-5: Gold surface coated with a layer of antibody, a layer of antigen and in
contact to an aqueous solution. The refractive index of each layer is represented as n
(Ms, Mag, Mab) and Z represents the distance away from the gold surface with respected as

gold surface Z = 0.

The nes; can then be calculated by using the equation 5-30°°.

Z =00 (__Z)
Ners = J,_, N(Z)e" "’ dZ (5-30)

The surface plasmon field decays exponentially from the surface towards the dielectric
medium (section 2.2). Therefore, not only the refractive index at the surface, but

anywhere within this exponential field, will contribute to the changes in the SPR.

When the equation 5-30 is applied into the model shown in Figure 5-5, the following

equation is expressed.
Z=d Z=d —Z Z=w —Z
Nefr = f “@ nabe( )dZ+ f “9 Tlage(h)dz+fz=dag775€(h)dz

(5-31)
After the equation 5-31 is evaluated and simplified, it leads to equation 5-32.

—4ab
neff = Nab + (nag - 7’ab)[e( h )] + (775 - nag)[ ] (5-32)
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In equation 5-32, nan, Nag, and s are the refractive index of antibody, antigen, and the

buffer used. The da, and dyg are the thickness of the antibody and the antigen layers,
respectively. h is the decay length of the SPR field into the solution. When the maximum
ner 1S found, we can track back and calculate the expected maximum intensity change

considering total surface saturation. This value will be used to obtain Kop.

5.6 Estimating the Maximum Effective Refractive Index using Campbell’s Model

For calculating the maximum nef, the values for na, and 1, used were both 1.45
which is a typical refractive index for proteins®. The n, value used was 1.3327, which is
the refractive index of PBS buffer measured with a refractometer. Lambda (1) was 200
nm, which is a typical decay length for a surface plasmon resonance. For da, and dag, it
was assumed that a monolayer of antibody and a monolayer of antigen on the top of the
gold surface were formed. Within this assumption, d, is the diameter of the antibody and
dag is the diameter of the antibody + antigen. The individual diameters for both the

antibody and the antigen are estimated by equation 5-33°%".

MW = (ar)? (5-33)
Where MW is the molecular weight of the proteins (antibody or antigen) in (x10%) a.m.u.;
a and P are the correction factors equal to 1.68 and 2.3398, respectively and r represents
the radius of the protein molecules in nm. The molecular weight of the antibody used was

150,000 a.m.u. and the antigen was 11,000 a.m.u. Therefore, the calculated radius for the

antibody and antigen were 5.07 nm and 1.66 nm respectly.
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5.7 Obtaining Maximum Intensity by Fitting Refractive Index into Glucose

Calibration Curve
After the maximum e Was calculated, the value was fitted into the calibration
line obtained from experiments with glucose solutions of known refractive indexes, as

shown in Figure 5-6, and the maximum % intensity changed was estimated.

25 -

20 -

= -
o o a
1 1 1

% Intensity Change

o
1

I i I i I i I i I i I
0.000 0.005 0.010 0.015 0.020 0.025
Refractive Index Change
Figure 5-6: Glucose calibration line (note: this is identical graph to Figure 4-13 with

correction of water signal to 0 and the x-axis to changing in refractive index). The

red circle dot is the calculated value of max nes as discussed.
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5.8 Calculating ko, from the Maximum Intensity Found from Estimation

After the maximum change in intensity (expected when the surface is completely
saturated by the adsorption of the antigen) was calculated, this value was put into the
equation 5-29. As shown in the equation 5-29, the ko, value was calculated by the slope
(of the plot Ss vs. the concentration of antigen, presented in Figure 5-7) divided by the
maximum intensity. In Figure 5-7, a negative slope was obtained because we have
decreasing values in intensity due to adsorption, as discussed in section 4.4. In the
calculation, the absolute value of the slope was used. The ko, of HE4 obtained was (10 %

2) x 10* M*s™,

-10 -

-15 -

Slope (Sy) / cm st

20 -

_25 T T T T T 1

0 1 2 3 4 5 6
Concentration of Antigen / ug mL1

Figure 5-7: Relationship between slope of kinetic curve (equation 5-29) and the

concentration of the HE4 antigens.
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5.9 Calculating ko by Fitting the Exponential Decay Curve

The kot value was obtained by fitting equation 5-27 into the curve obtained after
flushing the channels with PBS (Figure 5-8). In this case, the concentration of A ~ 0 and
the Kops is equal to ket (equation 5-26). The average ko obtained was (2.2 +1.0) x 107 s™.
The average value was the average for all arrays (24 arrays) among different
concentrations. Although the value of k¢ varies from array by arrays, the order of the Ko
were very close to each other (~10®). Figure 5-8 shows that the ko value for different
concentrations of antigens did not follow the trend as what we expected since the K

should be simple equal to kops in our case. The errors were the standard deviation of all

arrays.
e 3.4 g/mL
A
o o 1.6 pg/mL
0.8
>
B
_§ 0.6
=
©
[0]
N 0.4
©
1S
[e]
Z 024
0.0

T T T T T T T T T T T T T 1
280 285 290 295 300 305 310 315
Time / minutes

Figure 5-8: ko fitting curve on exponential equation (Sample array data for array

with different concentrations of antigen flown).
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The equilibrium constant (K) which is defined as kon/koft Was (4.3 £2.1) x 10’ M™.
This value agrees well with the typical values obtained from other protein binding

systems which is in the range between (1x10” ~1x10™)%.
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Chapter 6: Conclusion

In this thesis, we had compared the advantages and disadvantages of different
analytical platforms (ELISA, Biacore, and Nanohole arrays) for the analysis of the
ovarian cancer marker HE4. The short summary of the comparison is presented in Table
6-1. In the table, we can conclude that the biggest advantage for ELISA is it has the
lowest detection limit among the method used. Both SPR based platforms, using the
Biacore instrument or the arrays of Nanoholes, have advantages of being a label free
detection (only 1 antibody needed), more environmental friendly (multiple sensor used,
less waste of solvent), and provided information regarding real time measurement for
protein binding. The biggest advantage of the nanohole-based sensing over the
commercial Biacore system was that the nanohole imaging SPR allows multiple samples
to be analyzed simultaneously and in real time. This multiplexing advantage can be
further explored to detect multiple biomarkers (with alternative design of PDMS channel)
using a single chip, leading us one step closer to our final goal. Also, we estimated the
equilibrium constant for HE4 antibody and antigen pair using arrays of nanoholes with
Campbell’s model. The constant can then help us on determining the best antibody and
antigen pair. As we mention in chapter 2.5.2, the main use for Biacore in the BCCA is to
determine the best pair of antibody and antigen. By using Biacore, the time saved from
this process varies from weeks/months to few days. With the advantage of the nanohole

technique on the multiplex, it is possible to reduce the analysis time even further.
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Table 6-1: Summary of advantages and disadvantage for ELISA, Biacore, and Nanohole.

ELISA Biacore Nanohole
Detection limit ~0.5 ng/mL ~0.13 pg/mL ~1.76ug/mL
Time used 1 day 1 day 1 day
Plates/Chips Single Multiple Multiple
Antibody needed 2 1 1
Solution needed Largest Less Less

Biggest Advantage

Lowest detection limit

Real time Measurement

Multiplex
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