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Abstract

Heat shock protein 70 (HSP70) is an important health related biomarker. For example, HSP70 has been
implicated as a potential early stage cancer marker and as an indicator of cardiac health. It also has
important implications in wildlife environmental monitoring, as its levels can be affected by food
deprivation, elevated temperatures, and pollution. Although the use of HSP70 as a biomarker in these
applications is highly desirable, the current methods of quantifying HSP70 are time consuming,
expensive, and require dedicated labs and trained personnel. In order to facilitate widespread use of
HSP70 as a health/environmental marker, a quantification tool that can be used at the point-of-care is
needed. This implies the development of an easy to use and inexpensive biosensing technique that is
highly sensitive and selective to enable detection of HSP70 in the low ng/ml range from serum samples.
Therefore, in this work a label-free HSP70 biosensor has been designed that is based on the optical
properties of metal nanoparticles (NPs). Metal NPs exhibit a large absorbance peak in the visible
spectrum due to a phenomenon known as localized surface plasmon resonance (LSPR). The position of
this peak is highly dependent on the local refractive index, which can be employed as a biosensor by
selectively capturing the target analyte to the surface of the nanoparticle through a target-specific
antibody. To design an LSPR HSP70 sensor, optical and fluidic simulations were developed to determine
optimal nanoparticle geometries and optimal microfluidic channel dimensions. The results showed
optimal response when using 100nmx5nm gold nanotriangles in a 100umx100um sensor array inside of a
100umx100um microchannel. Simulations of the sensor performance showed that HSP70 could be
detected from 0.92ng/ml to 4000ng/ml with a low end sensitivity of 0.014nm/ng/ml and a resolution of
1.1ng/ml, all of which satisfied the design requirements. An LSPR sensor was experimentally tested at the
benchtop scale to prove the concept. Gold nanoparticles were fabricated by electron beam lithography on
glass substrates and enclosed in a polymer flow cell. For initial testing of the LSPR sensor, the NPs were
functionalized with biotin for selective capture of the model protein streptavidin. Streptavidin was
detected in real time using a transmission UV-Vis spectroscopy system over the range 55-500,000ng/ml,
resulting in peak shifts from 0.07-5.53nm and an equilibrium binding constant of 9.22*10° M. The use
of bovine serum albumin (BSA) was shown to be necessary to block non-specific binding sites to ensure a
streptavidin-specific response. The LSPR sensor was then demonstrated to detect salmon HSP70 using its
synthetic antibody. Exposing the sensor to purified HSP70 at a concentration of 4.6pg/ml resulted in an
LSPR peak shift of 0.39nm +/-0.12nm.
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Chapter 1

Introduction: Motivation and Scope

Heat shock protein 70 (HSP70) is an important stress related biomarker that is gaining a large amount of
attention in both human and wildlife diagnostic monitoring applications. In general, HSP70 is a protein
that is produced at much higher levels in response to external stress stimuli. In human health diagnostics,
there has been much attention around using the HSP family as biomarkers to help the diagnosis and
treatment of various diseases and conditions. Specifically, elevated levels of HSPs have been found to be
associated with over 200 different types of cancer, including breast, endometrial, ovarian, oral, gastric,
liver, pancreatic, lung, and many more [1]. This indicates the potential for HSPs to be used as early cancer
markers for improved diagnosis and prognosis. In fact, this has already been suggested for a variety of
cancers, such as prostate cancer diagnosis using HSP70 serum levels [2]. HSP70 over-expression has also
been implicated in metastasis and resistance to chemotherapy or radiation in brain [3] and breast [4]
cancer. This means HSP70 could be used to personalize medicine by predicting treatment outcomes on a
patient by patient basis and making the necessary adjustments to maximize the effectiveness of the
treatment. In addition, HSP70 has been heavily implicated as an indicator of cardiac health, with elevated
levels discovered in the hearts of patients with unstable angina [5], a known risk factor for myocardial

infarction (heart attack) [6], and dilated cardiomyopathy [7], which is linked to congestive heart failure.

HSP70 has also been implicated as an important wildlife biomarker for environmental health monitoring.
HSP70 levels have shown to be elevated due to increased environmental temperatures [8], dehydration
[9], food deprivation [10], osmotic stress [11], oxygen starvation [12], and pollution [13], such as heavy
metals [14], [15]. Therefore, monitoring HSP70 levels in wildlife can be used as an early warning signal
of deleterious effects, and as a means for estimating biological effects caused by adverse environmental
conditions such as pollution or habitat destruction [16]. Examples include monitoring HSP70 levels in

marine organisms in the Antarctic [17] and in grizzly bears in Alberta [18].

Although HSP70 has gained much attention as an important new biomarker, methods used to quantify
and detect HSP70 are not adept for widespread diagnostic applications. The only available methods to
guantify HSP70, which include enzyme-linked immunosorbent assay (ELISA) and western blot, require
samples to be transported back to labs in which dedicated equipment, reagents, and personnel are needed.
This is extremely time consuming, costly, and laborious. Therefore, the development of a portable

diagnostic device that is capable of rapidly quantifying HSP70 levels outside of the laboratory is proposed



and is the focus of this research. Such a device would facilitate the widespread and routine use of HSP70
in many monitoring applications in humans and wildlife. This field of study is typically known as point-
of-care (POC) diagnostics, as the diagnostic tests are brought outside of centralized labs to the point
where they are needed. POC diagnostics provide essential information faster, with more convenience, and
with less cost than centralized labs. Such improvements are required in healthcare due to growing costs

and long wait times, and in wild life monitoring as the environment is rapidly changing.

Many biosensing techniques exist with the potential for being used in a field portable HSP70 diagnostic
device, including mechanical, electrical, and optical techniques. Among these, optical techniques are well
suited for POC use as they are very robust yet low cost. Additionally, label-free techniques are the most
simple and cost effective, making label-free optical sensing methods the most attractive for this device.
Therefore, in this research an HSP70 sensor has been developed using a label-free optical technique
known as localized surface plasmon resonance (LSPR). LSPR is similar to the well-established technique
of SPR, except it uses an array of metal nanoparticles rather than a continuous film of metal. This makes

LSPR more amiable to integration into a portable format due to simpler optical hardware requirements.

In this thesis, a label-free LSPR sensor for HSP70 is designed and experimentally tested. The focus of the
research is on designing an HSP70 sensor for environmental wildlife monitoring, although the results are
widely applicable to the medical diagnostics field. In Chapter 2, an introduction to biosensors is given,
followed by a review of current HSP70 detection techniques. The requirements of the label-free HSP70
sensor are outlined, and an analysis of LSPR sensing is given to justify its choice. The theoretical
background and sensing mechanism of LSPR is discussed and a brief literature review of previous
research on LSPR biosensors is given. In Chapter 3, an overview of the sensor design is given, followed
by comprehensive optical and fluidic simulations. These simulations are used to design optimal
nanoparticle geometries and microfluidic structures to ensure the sensor can meet the stated requirements.
In Chapter 4, a benchtop prototype sensor is developed in order to prove the concept and develop the
sensing protocols. Gold nanoparticles are fabricated and characterized, and a surface functionalization
protocol developed based on alkanethiol self-assembled monolayers to allow specific capture of target
proteins to the sensor surface. The LSPR sensor is characterized using biotin as an antibody to detect the
protein streptavidin, a model biological system used often for such characterization purposes. The
dynamic range, limit of detection, and specificity of the sensor are evaluated using this model system.
Finally, HSP70 detection using the LSPR system is demonstrated using a synthetic salmon HSP70

antibody as the capture probe.



Chapter 2

Technical Background

In this chapter, an overview of the main principles, implementations, and design aspects of biosensors is
given. Then, a review of the current methods of sensing HSP70 is presented, followed by an outline of the
specifications required for a label-free HSP70 biosensor. Next, an overview of the theory behind LSPR
sensors is given along with a review of recent literature on the topic. This review is compared to the

required specifications of the HSP70 sensor, and justification for the choice of LSPR is given.

2.1 Biosensor Principles: Label vs. Label-Free

A biosensor is a device that is used to detect and/or quantify a biochemical molecule, such as a protein or
strand of DNA. Every biosensor is made of three basic components, illustrated in Figure 1 below: the
biointerface, the transducing mechanism, and the output system [19]. The biointerface is the manner in
which the target analyte (the molecule being detected) is selectively bound to the surface of the sensor,
usually using an intermediate molecule known as a capture probe or receptor ligand. The biointerface
determines the selectivity of the sensor. The transducing mechanism is the way in which a binding event
is translated into a readable change in signal, and plays a critical role in the sensitivity. Typically,
transducer mechanisms are categorized as electrical, mechanical, or optical. The output system comprises
all post-processing that must be done to the raw data provided by the transducer, including amplifying,
filtering, reading, and transmitting. All three aspects of the biosensor together have significant effects on

the performance of the sensor [20], [21].

Selective capture
layer

Biointerface

Transducer

‘ Target analyte

Y Capture probe

Figure 1. lllustration showing the three main components of a biosensor. These components include
the biointerface, used for selectively capturing the target analyte, the transducer, which translates
the binding event in a readable signal, and the output system.
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Biosensors can be divided into two broad categories: labeled and label-free. Both techniques are
illustrated below in Figure 2. In labeled techniques, after the analyte binds to the capture probe, a label
molecule is selectively bound to the analyte [21]. The transducing mechanism measures the amount of
label bound, which is assumed to be the same as the amount of analyte. The label can be a fluorescent
dye, a magnetic bead, a metal nanoparticle, or a radioactive molecule, and is often done using a sandwich
assay. The label offers a way to easily measure the analyte through simple transducing mechanisms such
as a fluorescence reading. This is needed because detecting biological analytes directly through their
physical properties, such as mass, has traditionally been difficult [22]. Thus, labeled techniques are the
most common and are used in standard biological detection processes such as western blot and ELISA.

The main drawbacks of labeled techniques include unstable, dangerous and costly label molecules, a large
number of processing steps, equipment, and reagents, modification of the analyte upon labeling, and large
variation in the yield of the labeling reaction [21]. In fluorescent techniques, only end point detection can
be used due to photobleaching, so kinetic information is unavailable [22]. Labeled assays typically require
significant process development to assure the label has minimal effect on the analyte [22]. Due to the
numerous issues associated with labeled technique, label-free techniques have been developed. In label-
free techniques, the binding of the analyte to the probe is measured directly by the transducing
mechanism. The transducer converts a physical property of the analyte, such as mass, into a quantifiable
signal. Label-free biosensors, along with being lower cost and less complex, have the further advantage of
measuring binding in real time, which allows determination of binding kinetics. However, achieving the

same levels of specificity and sensitivity as with labeled techniques is often challenging [21].

‘ Target analyte

Y Capture Probe
®

Label molecule

Figure 2. Illustration showing (a) label-free and (b) labeled biosensor implementations.

For the development of portable sensors, the most important characteristics are typically cost, speed, and
instrument size, while extreme sensitivity and accuracy are not as critical [21]. Therefore, the simplicity
and lower cost of the label-free techniques make them the better choice for the development of portable

sensing technology, which is why a label-free sensing technology was investigated for this application.



2.2 Biosensor Transducer Mechanisms

The transducer mechanism is the way in which the binding of a target biomolecule is transformed into a
readable output response. There are a number of methods that have been used to detect binding events of
biomolecules, and this will not be reviewed in detail here. Detailed reviews of recent biosensing
transduction technologies can be found in [23], [24], [25], [26], [27], [28], [29], [30]. Briefly, these
different methods can be categorized broadly as mechanical, electrical, and optical. Mechanical methods
include devices such as micromachined cantilevers, in which bound biomolecules cause a change in
surface stress or mass, both of which alter the deflection or resonance position of the cantilever.
Electrical methods use microfabricated electrodes to detect biomolecule binding via changes in the
electrical response (impedance, potential, conduction). In optical techniques, protein binding causes a
change in the optical properties of an interface, such as the refractive index, which is measured using

surface plasmon resonance, ring resonators, interferometry, and other methods.

Although all types of transducing mechanisms have potential, optical techniques are one of the most
popular [19], [30], [31], [32] for biosensing, especially in label-free applications. For instance, electrical
techniques usually require electroactive enzyme labels, and background interference is often an issue
[30], [33]. They are also heavily influenced by temperature, pH and ionic concentrations, tend to degrade
more rapidly, and are not inherently compatible with aqueous solutions [33]. Mechanical/acoustic
techniques are prone to vibrational noise and often require exotic materials that are difficult or expensive
to work with [30]. They are also less sensitive compared to optical techniques, in part due to liquid
damping effects [30]. Optical techniques have a per-test cost advantage over electrical techniques, and
optical detection is easier to realize in a multiplexed format [33]. Also, optical components and hardware
are rapidly reducing in cost and size, making them more practical for portable diagnostics [33]. They are
also more compatible with aqueous solutions, are non-destructive, robust against noise, can be used for
real-time analysis, and have less interference from bulk solutions [30]. Due to the numerous advantages

of optical techniques, they are an attractive method for portable biosensing applications.

2.3 Biointerfaces

The biointerface is the manner in which the target biomolecule is selectively bound to the surface of the
transducer, typically through a capture probe. It determines the selectivity of the sensor. The requirements

for the biointerface are [34]:

1) High surface density of functional molecules



2) Absence of non-specific binding
3) Stability and durability

For label-free detection, the capture probe is usually an antibody that binds to the target biomolecule with
high specificity. The antibody can be attached to the surface through numerous coupling chemistries, such
as amine and thiol, and using various surface coatings, such as carboxylic thiol self-assembled
monolayers, dendrimers, and polymers. Excellent resources detailing such techniques can be found in
[22], [35], and [36].

2.4 Biosensor Performance Considerations

In this section, the main aspects of biosensor design will be reviewed, with specific focus on how they
influence the performance of the device.

2.4.1 Analyte-Probe Binding
The binding of an analyte (A) to a capture probe (B) to form a complex (AB) can be described by the

Langmuir adsorption isotherm (assuming a 1:1 interaction), which is the basic transfer function for many
biosensors [21], [22]:

R [AB] _ [A]
Rmax - [B] + [AB] B KD + [A]

9 = (1)

In which @ is the fraction of analyte bound to the probe, R is the response of the sensor after formation of
the complex AB, Rnax is the response when all of the capture probe sites are occupied, and Ky is the
equilibrium dissociation constant. Ky is the concentration of [A] which gives 0.5Rna, and is given by
[22]:

= )

The association rate constant, ks, is the rate at which the complex forms and the dissociation rate constant,
ky, is the rate at which the complex falls apart. These are known as kinetic constants while Kq is an
affinity constant. K, is known as the association constant and is simply the reciprocal of Ky. By generating
a plot of R (at equilibrium) versus [A] and fitting to an isotherm, Ry and Ky can be found. k, and kg can
be found through fitting models to real time data for the association and dissociation steps of the reaction.
The affinity of the probe for the analyte significantly affects sensor performance: higher affinities will

result in lower detection limits and faster detection times, with less background interference.



2.4.2 Sensitivity and Resolution

The sensitivity of a biosensor is defined as the output response of the sensor resulting from a unit change
in the mass density on the sensor surface [22]. The mass density is proportional to the property being
measured, such as refractive index or permittivity, and is usually reported in mass/area. The sensitivity
depends fundamentally on the efficiency of the transducing technique and not on the affinity between the
analyte and the capture probe. Therefore, it is also independent of the analyte being measured. Devices

with higher sensitivities result in lower detection limits and better resolution.

The assay sensitivity is defined as the output response of the sensor per unit of analyte exposed to the
sensor [22]. It is usually defined in terms of analyte concentration in the sample, such as moles/volume or
mass/volume of the analyte. Assay sensitivity depends on other factors besides the efficiency of the
transducer, including the affinity of the analyte-probe system, buffer conditions, temperature, and
molecular weight of the analyte. The transfer function of the sensor defines the output of the sensor for a
unit input. Resolution is the smallest change that can be measured given the noise level in the system and

the sensitivity.

2.4.3 Limit of Detection, Reproducibility, and Accuracy

The limit of detection (LOD) is the minimum change in mass density or analyte concentration that can be
measured [22]. The LOD depends on the noise associated with the entire sensor system and the
sensitivity. The noise is typically quantified by allowing the sensor to reach a steady state and measuring
the standard deviation, o, of the signal over a period of time. Typically, the minimal detectable signal is
defined as 30, which means LOD = 3o/sensitivity. A smaller LOD is usually preferred in order to detect

analytes at the low concentrations typically found in the blood.

Reproducibility refers to the variation between tests on a sensor, or the precision of the test. It is often a
problem because running a calibration step for each sensor or each time the sensor is used is not practical.
A lack of reproducibility often affects the practical detection limits achievable [21]. Accuracy typically

refers to how well the results of the biosensor compare to a standard laboratory test.

2.4.4 Selectivity

Selectivity refers to the degree to which the sensor responds only to the target analyte and not to other
similar analytes that may be present in the sample. This is often an issue in protein sensors because of the
high concentration of background protein in the blood compared to the low concentration of the target

protein. Blood serum can contain up to 70mg/ml of total protein content, while many biomarkers of
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interest are in the ng/ml range [21]. Therefore, the capture probe needs to be extremely selective, or

additional sample preparation steps to filter out background protein are needed.

Nonspecific binding is another issue related to selectivity, and it occurs when non-target molecules bind
to the sensor surface and cause a signal change. To prevent this, blocking of the empty sites on the sensor
surface is done with a molecule which does not interact with the capture probe or analyte. Typically,
bovine serum albumin (BSA) is used. A differential sensor setup can be also used to subtract out this
effect [21].

A final related issue is binding of the target analyte to the area surrounding the sensor, such as flows cells
and microchannels [21]. This causes the bulk analyte concentration to decrease, causing the sensor to give
erroneous results. This can be avoided through the use of antifouling agents or selection of low protein

binding materials.

2.4.5 Dynamic Range

Dynamic range refers to the range of analyte concentrations over which the sensor can detect, which is
bounded on the lower limit by the LOD and on the upper limit by the saturation concentration of the
analyte to the probe. It is important to consider when sensors are used for quantitative determination of

the analyte rather than just detecting its presence [21].

2.4.6 Cost, Size, Time, and Ease of Use

Cost, size, and ease of use are all important aspects impacting the commercial success of biosensors. The
cost depends on the cost of the consumables and the detection instrumentation. The cost of consumables,
such as the sensor chip, can be reduced through regeneration and reuse, and through mass production
[22]. The cost of the instrumentation depends on the complexity required, such as a laser vs. light emitted
diode for a light source. The size of the instrument is also dependent on the complexity — for most field

applications, it needs to be portable, which would limit its size and weight and hence complexity.

Ease of use means that the test should be simple to perform, which ultimately means the user needs no
technical or specialized training [37]. It also means that the sensor should be able to operate in a variety of
conditions, such as fluctuating temperatures/humidity, unreliable power and water supplies, vibrational

and electromagnetic noise, and others [37].

The time that is required for a test is usually defined as the time from which the sample is taken to the

time at which the results are produced, the “bleed to read” time. This defines the number of samples that
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can be processed per hour [22]. Ideally this time is as small as possible, but the requirements are highly
dependent on the application. For example, for detection of myocardial infarction, the ideal bleed to read

time is less than 30 minutes [38].

2.5 Current Label-Free HSP70 Biosensing Technology

The main method of HSP70 detection and quantification is ELISA and western blot [39], both of which
are labeled techniques. Referring to the discussion in Section 2.1, labeled techniques are generally not
suitable for portable biosensors. The following will review current HSP70 sensing techniques that have

been demonstrated as label-free platforms, of which there have only been two examples.

2.5.1 Quartz Crystal Microbalance

A quartz crystal microbalance (QCM) sensor for HSP70 detection from mussels was one of the first label-
free HSP70 sensors reported [39]. Two different surface functionalization protocols were used for
capturing HSP70: one which used monoclonal HSP70 and one which used heptapeptides. Detection of
HSP70 was shown from 10-100ug/ml. The sensor was able to be regenerated up to 10 times using a
glycine-HCI buffer solution, with 20%-28% repeatability. Non-specific binding was tested with BSA and
rabbit immunoglobulin G (IgG) and shown to be low. HSP70 detection from a crude extract from stressed

Mussels was also demonstrated, demonstrating the high specify of the sensor.

2.5.2 Surface Plasmon Resonance

A surface plasmon resonance (SPR) HSP70 sensor was demonstrated using wavelength modulation [40].
Rabbit anti-HSP70 was used as the capture probe and immobilized on a gold surface using 3-
mercaptopropionic acid (MPA) and carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS)
coupling. Detection of HSP70 was shown from 0.1-10ug/ml. The sensor was regenerated using citrate
buffer. The equilibrium association binding constant of the system was determined to be 1.50x10’-

7.71x10" M™. The sensor was blocked with BSA to lower nonspecific binding.

SPR was also used to investigate the binding kinetics between HSP70 and cytoplasmic proteins [41]. An
amine coupling method was used to immobilize HSP70 on dextran coated gold surfaces of CM5 Biacore
SPR chips using EDC/NHS chemistry. However, this system was not used to detect HSP70; it was used
to investigate the kinetic relationship between HSP70 and different peptides.



2.6 HSP70 Biosensor Requirements and Analysis of Current Technology

In order to evaluate whether the current label-free HSP70 sensors are adequate for label-free sensing of
HSP70 in a portable environment, a list of performance specifications was developed and is presented in
Table 1. Some of these specifications are estimates from previous studies done on HSP70 levels in grizzly
bears, as that is one application being investigated. However, others have been taken from applications in

POC diagnostics in health care, in which the requirements are similar.

Table 1. Specification list for label-free HSP70 biosensor for point-of-care.

Specification Value
Limit of detection Ing/ml [18]
Resolution Ing/ml [18]
Accuracy 90% [37]
Dynamic range 1ng/ml — 50ng/ml [18]
Reproducibility +/- 10% [18]
Selectivity Very high (for detection directly in serum) [18]
Sample volume <100pl [31]
Detection time 30-60 minutes [37]
Cost <$10,000/instrument (estimate), <$5/test [37]
Size Portable (laptop size) [37]
Ease of use No technical training needed (self-contained) [42]
Environmental conditions 4 to 25+°C, rough handling [42]
Multiplexing Not required at this stage [18]
Shelf life 1 year [37]

Comparing the current label-free technologies demonstrated for HSP70 to this list of requirements reveals
several significant problems. For the QCM device, the LOD is extremely far off from the levels required.
QCM s also very sensitive to environmental effects, such as temperature changes, electrical noise,
pressure changes, and mechanical disturbances [43], and so it is in general not a technique that is
applicable in a field device. The SPR device demonstrates a detection limit (100ng/ml) approaching the
LOD requirement, and could likely be optimized to reach it. SPR is an optical technique, so it is robust
against most sources of noise, but it is extremely temperature sensitive [44]. Although this can be
compensated for, it leads to increased cost and complexity. Also, the optical requirements of SPR devices

are fairly complicated, and so making a portable device is challenging and costly [19], [45], [46]. From
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this analysis, it is clear that there is currently no biosensing technology that is capable satisfying these
requirements for HSP70 measurement in the field. Therefore, in this work a new biosensing technology

for HSP70 is proposed to meet these requirements, which is based on LSPR.

2.7 Localized Surface Plasmon Resonance Sensing

LSPR is a new biosensing technique with the potential to be a highly sensitive, robust, field portable
protein sensing device. LSPR is a nanoscale optical phenomenon that is exhibited by noble metal
nanoparticles, such as gold, silver, aluminum, and copper [47]. LSPR results in sharp optical absorbance
peaks, usually in or near the visible spectrum. To exhibit LSPR, the nanoparticles must have a negative
real and small positive imaginary dielectric constant, and be geometrically smaller than the wavelength of
light used to probe them (typically R/A<0.1 [45]) [48]. The position of the LSPR peak is highly dependent
on the nanoparticles size, shape, composition, orientation, and local dielectric environment [48]. It is this
sensitivity to the local dielectric environment that allows the LSPR phenomenon to be used for a variety
of sensing purposes. It is typically used as a local refractive index sensor by monitoring changes in the
position of the resonance peak. LSPR has been used in label-free biological sensors for antibody-antigen
immunoassays [49], [50], [51], [52], [53], [54], [55], [56], [57] and DNA analysis [58], [59], [60], [61],
and chemical sensors for vapors [62], [63], [64], small molecules [65], and elements [66]. It has also been
used for humidity [67], temperature [68], and pH sensing [69].

For biosensing, LSPR is similar to conventional SPR, but has some significant advantages specifically for
portable devices [46], [70] which will be discussed subsequently. It has been gaining more attention

recently with the improvements made in the field of nanofabrication.

2.7.1 Theoretical Background of LSPR

A surface plasmon, also known as a surface plasmon polariton, is a collective oscillation of the free
surface electrons of noble metals which occupy the conduction bands [46]. It is created by the presence of
an external oscillating electromagnetic (EM) field. When the surface plasmon is confined to a
nanoparticle, a localized surface plasmon (LSP) is produced, as shown in Figure 3. The LSP exhibits
electric field enhancement near the particles surface, which rapidly decays with distance from the particle.
The LSP also exhibits an extinction (scattering plus absorbance) maximum at the resonance frequency,
which is in the visible for most noble metals, and is termed the LSPR. This resonance peak is not seen in
the bulk metal.
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Noble Metal Particle

Electric Field Electron Cloud

Figure 3. lllustration showing the formation of a surface plasmon on metal nanoparticles. Incoming
electromagnetic waves cause a local oscillation of the nanoparticle’s free surface electrons, resulting
in a large absorbance peak at the resonance frequency.

The extinction of metal nanoparticles can be studied using Mie theory, which is an analytical solution to
Maxwell’s equations that describes the scattering and absorption (extinction) of light by spherical
particles [71]. The resulting equation calculates the extinction spectrum of well-separated metal spheres

[48]:
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More detail on the derivation of equation (3) can be found in [48]. In this equation, N is the electron
density, R is the nanoparticle radius, &q is the dielectric constant of the external environment surrounding
the nanoparticle, and 1 is the wavelength of light. Finally, & and ¢; are the real and imaginary components

of the metal dielectric function, which is given by [45]:

£(w) = & (w) + ig;(w) (4)

In which  is the angular frequency of the incoming EM field (w=2nc/%). The LSPR condition is met for
spherical particles when g=-2¢, This condition, known as the Frohlich frequency, causes the
denominator of the extinction equation to go to zero and produces the resonance condition and enhanced
EM fields. For gold and silver, this condition is met at frequencies that lie within the visible range, which
makes them suitable for many applications. This condition also explains the dependence of the LSPR

position on the dielectric properties of the external medium.

This simplified Mie theory is only applicable for spherical particles that are small in size (<10nm), and
does not take into account coupling between particles [48]. Gans theory generalizes Mie theory to

spheroidal particles of any aspect ratio, which is given in [48] but will not be discussed here. For particles
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of other shapes, numerical methods must be employed to determine the LSPR spectrum. Such methods
include finite difference time domain (FDTD) [72], discrete dipole approximation (DDA) [73], finite
integration technique (FIT) [74], and finite element method (FEM) [75]. An excellent review of these
techniques is available in [76]. In all types of numerical simulations, Maxwell’s equations are

approximated for given particle geometries and physical properties.

2.7.2 LSPR for Biosensing

LSPR has been used in a variety of implementations to realize biomolecular sensors, which include [70]:

e Local refractive index changes [48]
e Nanoparticle aggregation [77]

¢ Resonant Rayleigh scattering from nanoparticle labels [78]

By far the most common implementation is as a refractive index sensor, which is the sensor design that is
proposed here and hence will be the focus of this thesis. As was discussed in Section 2.7.1, the LSPR
peak position depends on the local refractive index (RI). LSPR can be used as a biomolecular sensor
because binding of biomolecules to the surface of the nanoparticles results in a change in the local
refractive index. The binding events can therefore be monitored by monitoring the change in peak

position.

This concept is illustrated in Figure 4, which shows the general design and operation of an LSPR
biosensor. Metal nanoparticles are typically fabricated onto transparent substrates such as glass. A variety
of nanoparticle fabrication techniques have been used, from lithographic techniques to wet chemistry
synthesis. The surface of the nanoparticles is typically modified to allow specific capture of certain target
biomolecules through surface functionalization techniques. For example, specific antibodies can be
attached to the surface of the nanoparticles and used to capture specific proteins from a solution that
contains a large amount of background protein. This allows the LSPR sensor to be specific. After an
appropriate capture layer has been implemented, the target analyte is introduced to the sensor. It binds to
the surface of the nanoparticles via the capture layer, resulting in a change in the local refractive index
and a shift in LSPR peak position. The peak shift is monitored by illuminating the sensor with a white
light source and measuring the intensity vs. wavelength using an ultraviolet-visible (UV-Vis)
spectrometer. The peak amplitude can also been used to monitor the binding process, but this is less
common than monitoring the peak position. The optical system can be either a reflection setup, as shown

in Figure 4, or a transmission setup in which the light source and spectrometer are located on opposite
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sides of the sensor chip [48]. The chip is typically housed inside of a flow cell made of glass or polymer

to provide a small sensing volume that can be connected to external fluidic systems for sample injection.

Two implementations are typically employed for LSPR sensors: end point monitoring and continuous
monitoring. In end point monitoring, the LSPR peak is measured before and after binding of the target
analyte. The measurements are done while the sensor is in air; one prior to injection of the sample
solution and the other after the sample has been bound to the surface and the sample has been rinsed and
dried. Continuous monitoring involves monitoring the LSPR peak position in real time throughout the
course of the binding event. The monitoring is done while the sensor is in a solution, typically buffer.
Continuous monitoring provides more information than end point monitoring, such as on and off binding
kinetics. It also allows for continuous signal filtering and averaging and as such is the method employed

in the design of this sensor.

Resonance Peak Resonance Peak Shift
AN

Absorbance
Absorbance

A (nm) A (nm)
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Y Capture probe v

/\ Metal nanoparticle O Spectrometer

Figure 4. lllustration showing the design and operation of a typical LSPR biosensor. In the left
panel, an array of metal nanoparticles on a glass substrate is functionalized with a capture layer
that binds specifically to a biomolecule of interest. In the right panel, the target biomolecule binds
to the surface, causing the LSPR peak to shift. This shift is measured through the use of a white
light source and spectrometer.
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The magnitude of the LSPR peak position shift (R), which is directly related to sensor performance, can
be described as [79], [80], [81]:
dq dz
R = mAn[e(ld)][l - e(ld)] ()

in which m is the bulk refractive index sensitivity (RIS) of the nanoparticles in nm/refractive index unit
(nm/RIU), 4n is the refractive index difference between the analyte and the buffer solution (or air, if used
in an end point configuration), d; is the thickness of the capture layer, d, is the thickness of the target
analyte, and lq is the effective electromagnetic (EM) field decay length, which takes into account the finite
distance over which the EM field decays outside of the particle. The nanoparticle shape, size, and material
determine the values of m and Iy, while the capture layer and target biomarker determine ds, d,, and 4n.

This equation is the basic transfer function used to predict the output of an LSPR sensor.

The RIS of the nanoparticles is an important parameter that helps define the performance of the sensor. It
is defined as [46]:

dA
RIS = d—rf (6)

In which 4, is the peak position and n is the bulk refractive index. The RIS has been shown for a wide
range of values, from 90nm/RIU to 801nm/RIU, depending on the NP material, size, and shape [46].
Larger RIS values result in better sensor performance as larger peak shifts are induced by analyte binding.
Another important parameter that helps define LSPR sensor performance is the LSPR figure of merit
(FOM), which is defined as [46]:

RIS

FOM = — 7
¥ (7)

In which 44 is the spectral linewidth, or full width half maximum (FWHM), of the LSPR peak. Sharper
peaks have smaller 44 values, which increases the certainty with which the peak position can be
determined, decreasing noise and increasing the LOD. FOM values from 0.8-5.4 have been demonstrated,

which is dependent on the material, size, and shape as well as size distribution of the NPs [46].

The decay length of the nanoparticle also has a critical role in determining sensor performance. The Iq
essentially determines the size of the sensing volume surrounding the nanoparticle. The electric field
intensity exponentially drops with distance from the surface of the nanoparticle, so the peak position is

only sensitive to changes in RI that occur within this distance. As illustrated in Figure 5, the decay length
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in LSPR systems is typically 15-30nm, which is on the order of the size of many biomolecules of interest
[79]. The binding of the analyte occurs at a distance d; from the NP surface, and if |, is comparable to d,
the binding of the analyte will result in a weak response because it is outside the range of the EM field
(Figure 5a). If Iy is much larger than the analyte (d,), the response will again be weak as the analyte takes
up only a small fraction of the EM field (Figure 5c). Therefore, there is an optimal decay length for each
individual capture-analyte system, which is close to the value of d;+d, (Figure 5b). However, designing
optimal LSPR sensors is made more complicated because the RIS and decay length are not independent,
so both parameters must be optimized simultaneously [81]. Selection of nanoparticles with optimal decay

length and sensitivity allows for improved device performance.

(b)

dl:|:Y Capture Probe dzI‘ Analyte

Figure 5. Hlustration of an LSPR immunosensor, showing (a) a decay length which is too small, (b)
an optimal decay length, and (c) a decay length which is too large. The optimal decay length results
in the largest sensor response. Reprinted with permission from [82].

LSPR sensor performance also depends on the hardware, optics, and signal processing algorithms.
Optimizing all of these aspects to reduce the noise associated with the peak position determination will
lead to improved sensor performance. More information on this can be found in [83] and [84]. Also,
fluidic considerations are also important to ensure rapid sensor response times are achievable [85]. The
level of non-specific binding also affects device performance, as a large amount of non-specific binding

will degrade operation at low target concentrations.

2.7.3 Literature Review of LSPR Biosensors

Recent, comprehensive literature reviews on LSPR biosensors can be found in [45] and [46]. There has
been a variety of LSPR implementations in recent years and a complete review of them all here would be
outside of the scope of this introduction. Instead, a summary of a selection of different implementations

has been given in order to provide an overview of the LSPR biosensor field (Table 2).
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Table 2. Literature summary of LSPR biosensors.
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PB = perpendicular bisector, NSL = nanosphere lithography, PS = polystyrene, EBL = electron beam lithography, NIL = nanoimprint

lithography, MUA = mercaptoundecanoic acid, EG = ethylene glycol, SAM = self-assembled monolayer, Ig = immunoglobulin, OT

octanethiol, EDC = carbodiimide, hydrochloride, NHS

N-hydroxysuccinimide, ADDL = amyloid beta-derived diffusible ligand, MHDA =

mercaptohexadecanoic acid, MUD = mercaptoundecanol, DDA = dithiodibutyric acid, CF = continuous flow, EP = end point, Con A

concanavalin A, SA = streptavidin, CRP

crysta galli, LOD = limit of detection

bovine serum albumin, Ery = erythrina

C-reactive protein, ADH = alcohol dehydrogenase, BSA
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2.7.4 Motivation for Using LSPR for HSP70 Sensing

The LSPR sensing technique has been selected in this work for the development of the HSP70 sensor
because it offers numerous critical advantages. As was discussed, optical sensing techniques in general
have many advantages over electrical or mechanical techniques, especially in the development of low cost
and portable devices. Here, the justification for using LSPR as the optical technique of choice for HSP70

sensing will be made, with reference to the design specifications laid out in the Section 2.6.

Comparing LSPR to traditional SPR, the most popular optical label-free sensing technique, reveals its
numerous advantages that make it suitable for field portable monitoring of HSP70. The main advantage
LSPR has over other optical label-free techniques, especially traditional SPR, is that the optical
requirements and hardware are much simpler [46]. For example, SPR requires total internal reflection and
precise monitoring and control of the SPR angle [45]. Neither of these requirements applies to LSPR.
Consequently, the cost of an LSPR device is much less than an SPR device. Typically, SPR systems cost
$150,000-$300,000, while the cost of an LSPR system can be less than $5,000 [70]. With the cost
requirement for the HSP70 device to be less than $10,000, LSPR is the clear choice. In terms of the per
test cost, the use of large scale lithographic techniques to produce the nanoparticle arrays should allow the
cost per test to meet the requirement of <$5/test. All of these advantages come without any adverse
effects on sensitivity, as it has been demonstrated experimentally that LSPR and SPR have very similar

sensitivity to biomolecular binding events [86].

Another important advantage of LSPR is that it is less sensitive to temperature fluctuations [46], [56],
[70], [83], [93]. Compared to SPR, which requires temperature control to 0.01-0.1°C [44], LSPR requires
temperature control to only 1°C [94]. Since the device is required to operate over a large range of
temperatures (4-25+°C), LSPR requires significantly simpler packaging and temperature compensation
mechanisms. It also has a very small sensing distance (~10nm compared to ~1000nm for SPR) [46],
which reduces interference from other bulk effects. Having a less complex device also implies less
maintenance, reduced probability of failure, and easier repair, making LSPR more suitable for rugged
field use. It also means that the device size can be reduced to allow for easy transportation in a portable
format [70], which has already been demonstrated to be possible for LSPR devices [88], [95], [96], [97],
[98].

Being a label free optical technique, it does not require expensive, complex fluorescent labels like many
traditional optical biosensing techniques [46]. Once the sensors have been functionalized, the sensing

protocol is very simple and only involves a few steps. This allows a non-technical user to operate the

18



device without needing a dedicated, trained technician. Another advantage is the ability to detect multiple
biomarkers simultaneously [54]. SPR is inherently difficult to multiplex [24], especially compared to
LSPR.

The detection time of LSPR sensors is adequate for rapid HSP70 detection, as it is typically less than 30
minutes. The limit of detection and dynamic range required for the HSP70 sensor (1ng/ml, 1-50ng/ml)
also appear to be achievable with LSPR technology. Examining previous literature shows detection limits
as low as 0.1ng/ml with a dynamic range from 0.1ng/ml-1pg/ml. It has shown to have reproducibility of
better than 5% across 20 measurements [99], which satisfies the reproducibility requirement. Sample
volumes of less than 60uL have been demonstrated [99], fitting within the <100uL requirement. Non-
specific binding can be limited by appropriate surface treatment protocols, allowing highly specific
detection [70], [100]. Detection of proteins from complex samples has indeed been demonstrated [51],
[90]. Since LSPR uses the same material as SPR sensors, i.e. gold, many of the same surface
functionalization and blocking protocols can be adopted, significantly reducing the development work
required [86].

Since LSPR biosensors satisfy many of the design requirements and offer the most complete package, it
has been selected as the technique to use to develop the HSP70 sensor. The remainder of this thesis will
focus on the design of the LSPR device for optimal HSP70 detection, followed by experimental

implementation and preliminary results.
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Chapter 3

Sensor Design and Modeling

In this chapter, an overview of the LSPR HSP70 sensor is given, followed by the simulations used to
design an optimal HSP70 sensor. The final simulation (the sensor response model) allows input of a bulk
protein concentration and output of the shift in LSPR peak position that would occur. The final simulation
is made up of two different sub-simulations. Optical simulations in Computer Simulation Technology
Microwave Studios (CST MWS) are used to design optimal nanostructures for HSP70 detection by
finding the optimal sensitivity and decay length. COMSOL is used to simulate the kinetics of the binding
reaction and the fluidic transport in the flow cell in order to optimize the sensor size and channel
dimensions. The results from both CST MWS and COMSOL simulations are combined to predict the

performance of the HSP70 sensor, including dynamic range, limit of detection, sensitivity, and resolution.

3.1 Overview of Sensor Design

In this section, the general design of the LSPR HSP70 sensor is presented. This includes the nanoparticle
sensor chip, the fabrication method, the capture layer and biomolecules employed, and the flow cell used
to house the sensor.

3.1.1 Nanoparticle Sensor Chip

The specific design of the nanoparticles is dictated by the capabilities of the fabrication method
employed. Electron beam lithography (EBL) was selected as the most flexible and precise technique for
nanoparticle fabrication. The Nanofabrication Facility at the University of Western Ontario was selected
for fabrication services as it had a pre-developed process. Using their process, gold and silver
nanoparticles could be made in almost any shape or size (~10nm to several hundred nm) on top of
transparent glass wafers. However, it was found early on that silver was unstable and oxidized quickly.

Therefore, gold was the material of choice.

3.1.2 Capture Layer

Alkanethiol SAMs were chosen as the biointerface because of their ease of use, customizable head
groups, ability to reduce non-specific binding [101], biocompatibility [102], nanoscale thickness [103],
and selective adsorption onto gold surfaces. The alkanethiols used here were 1-octanethiol (1-OT), an
eight carbon long alkanethiol with a methyl head group, which was used as a spacer for the longer 11-

mercaptoundecanoic acid (11-MUA), an eleven carbon alkanethiol with a carboxyl head group. The head
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groups of the 11-MUA were conjugated to bind to the capture probe (antibodies) through the use of the
zero-length EDC/NHS conjugation chemistry [36]. This allowed efficient antibody coupling to the
carboxyl groups of the thiolated sensor surface via binding to the antibodies’ amino groups [36], [104],

[105], allowing highly specific capture of the target analyte.

Two different biological systems were used in this study: the biotin-streptavidin system and HSP70 and

its antibody. Both of these systems will be described below.

The well-studied biotin and streptavidin (SA) system was used in this study to experimentally investigate
and characterize the performance of the LSPR sensor. Biotin is a 244 dalton (Da) water-soluble B-
complex vitamin commonly found in cosmetic and health products. It is necessary for cell growth,
production of fatty acids, and metabolism of fats and amino acids [106]. SA is a 60 kDa tetrameric
protein, which can bind up to four biotin molecules with minimal impact on its biological activity [100].
The biotin-SA system has an extremely high binding affinity (K,=10" - 10" M™ when in solution [56],
[100], [107]). Its binding has been long regarded as the strongest, noncovalent biological interaction
known [108]. This high binding affinity and stability of the biotin-streptavidin complex make it an
excellent model system for studying biosensor performance. It is also lower cost compared to many other
available protein-antibody systems, and it is easier to prepare and handle without compromising its
activity. Here, biotin (modified with an amine group) is attached to the NP surface through the 11-MUA

SAM, allowing specific capture of streptavidin to the sensor surface.

Figure 6(a) illustrates the structure of a biotin molecule, and Figure 6(b) shows how it binds within a
hydrophobic pocket on the SA protein. It is held in place by an extensive hydrogen-bonding network
among a number of other intermolecular interactions that make the biotin-SA bound so strong. Figure 6(c)
represents the entire biotin-SA complex, which is very robust due to its resistance to organic solvents,
denaturants and wide ranges of pH and temperature [108]. The high affinity, specificity, and reliability of
this system underlie its importance in the biological and biomedical fields [107], and its use in diverse
applications in immunology, histochemistry, in situ hybridization, affinity chromatography and many
other areas [106], [108].
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Figure 6. (a) Biotin molecule structure and (b) illustration of biotin bound to one of the four
binding sites within SA, in a hydrophobic pocket with an extensive hydrogen-bonding network. (c)
Biotin - streptavidin complex, showing all four binding sites on the large, 60 kDa SA filled by the
244 Da biotin molecules. Adapted and reprinted with permission from [109].

Heat shock protein 70 (HSP70) is part of a large family of heat shock proteins, each named for their size
in kilodaltons [110]. HSPs are highly conserved proteins, meaning they exist in a similar structure in
essentially all living organisms. HSPs are abundant proteins in cells, with up to 5% of proteins being
HSPs [110]. As a molecular chaperone inside of the cell, it performs multiple functions, including protein
translocation [111], [112], stabilization [113], [114] and refolding [111], [114], [115], higher order
protein assembly [111], and degradation of irreversibly denatured proteins [116]. HSP70 recognizes and
binds to nascent polypeptide chains or partially folded intermediates of proteins, preventing their
aggregation and misfolding [117]. The binding of adenosine triphosphate (ATP) triggers a critical
conformational change leading to the release of the bound substrate protein [117]. HSP70 is produced at
much higher levels in response to external stress stimuli, as has been discussed previously. Intracellular
HSP70 up-regulation due to increased environmental temperature, typically 5-10°C [118], is the most
commonly researched and best understood of these stimuli, occurring in nearly all organisms studied.
However, HSP70 levels are also affected by a variety of environmental factors, such as pollution [13] or
food deprivation [10], making them an excellent wildlife biomarker. In humans HSP70 levels have been
associated with inflammation, ischemic diseases, infection, and cancer [110], making it an interesting
biomarker for a variety of diseases and conditions. Because of its wide applicability, a label-free HSP70

sensor would be extremely useful in a variety of areas.

As its name implies, HSP70 is a 70 kDa protein. The structure of HSP70, shown below in Figure 7 [110],
consists of two major domains: a highly conserved N-terminal ATPase domain and a less conserved C-

terminal peptide binding domain. The HSP70 used in this study is commercially available synthetic
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Chinook salmon HSP70 recombinant protein expressed in E. coli. Polyclonal rabbit anti-HSP70 with
specificity to salmonid HSP70, also commercially available, is used as the capture probe. It is bound to
the NP surface via the 11-MUA SAM.

ATPase domain substrate recognition domain
(highly conserved) (variable)
N ~ 450 amino acids I ~ 200 amino acids —— C
protease-sensitive optional
site retention signal

Figure 7. The structure of HSP70, showing its two major domains: a highly conserved N-terminal
ATPase domain (left), and a less conserved C-terminal peptide binding domain (right). Reprinted
with permission from [110].

3.1.3 Flow Cell

The flow cell is designed to provide a channel in which the nanoparticle sensor array is positioned, along
with an inlet and outlet for sample injection. The flow cell is transparent to allow light to pass through it.
The channel is made in polydimethylsiloxane (PDMS) and is sealed with glass, both of which exhibit low
protein adsorption and are highly stable in a variety of solvents. The PDMS channel is made from a
molding process using a CNC machined aluminum mold. The dimensions of the microchannels that can
be produced using this process range in width from ~100um to several mm, and in height from ~50um to
several mm. Other processes, such as glass etching, can be utilized to produce microchannels with smaller

dimensions, but are not utilized here.

3.2 Optical Simulations

As discussed in previous sections, designing NPs with optimal sensitivity and decay length for the

specific biomarker of interest allows for improved sensor performance. 3D numerical modeling using the
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software CST MWS was performed to examine the optical properties of various NP geometries. The
decay length and sensitivity were determined for various geometries of gold NPs, and the optimal

geometry selected based on the maximum peak shift attainable for HSP70 binding.

3.2.1 Model Construction

The optical properties of the NPs under study were determined using CST MWS, a commercial software
package which solves Maxwell’s equations in 3D using the finite integration technique (FIT). CST MWS
allows for modeling of NPs of any shape, size, or material through the use of a 3D computer-aided design
(CAD) environment. CST MWS is used to determine the reflection and transmission coefficients, or
scattering parameters (S-parameters), of the NP structure over the frequency range of interest. An
extraction technique is then used to calculate the effective refractive index and impedance of the NP
structure from the simulated S-parameters, the details of which can be found in [119]. The simulation
geometry, shown in Figure 8, consists of a single metal NP within a homogenous background medium of
air, the size of which defines the bounding box of the simulation. The bounding box is referred to as the
unit cell, as it is repeated infinitely in the xy-plane using periodic boundary conditions. The top and
bottom boundaries of the bounding box are defined as waveports, so that the EM wave propagates in the
z-direction. This effectively models a symmetric, infinite array of metal NPs in the xy-plane with EM
excitation in the z-direction. The waveports are placed at a distance of 100nm (h,e) from the top and
bottom of the NP structure, to ensure that the EM field outside the NP is captured. The periodicity of the
NPs is defined by the width (wyg) of the bounding box, which changes depending on the size of the
particle investigated (wyp), in order to keep a constant areal density (typically 2.8%). The height of the NP

layer is given by hyy.

Waveport

Background
Medium

Arepunog o1polad

N
x
Periodic Boundary

Waveport

Figure 8. Side-view illustration of the model constructed for this study. The NP is surrounded on all
sides by a uniform background of air, and repeated infinitely in the xy-plane. Waveports are placed
in the z-plane for EM excitation. Reprinted with permission from [82].
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In all simulations, CST MWS’s frequency domain solver is used, with a typical range of 3x10° GHz
(999nm) to 7x10° GHz (428nm). A broadband frequency sweep determines the S-parameters to within an
error threshold of 0.01. A tetrahedral mesh is used with the number of elements ranging from 25,000 to
over 100,000. Automatic mesh refinement is used to increase mesh density in critical areas, such as at the
corners and edges of the NP. The calculated S-parameters are exported and post-processed using
MATLAB code to extract the effective optical properties. The effective NP layer is assumed to be on a
substrate of glass (Rl = 1.52) in air, and Fresnel equations [120] are used to generate the reflection,
transmission, and absorbance spectra over the frequency range investigated. The LSPR peak position and
characteristics are then calculated from the absorbance spectra.

Although a substrate is used in the Fresnel equation, it is not considered in the numerical simulation. The
substrate is known to affect the LSPR properties [119], but it was not included here in order to simplify
the model. The addition of a substrate creates an inhomogeneous structure and adds significant time to the
simulation. Therefore, the results presented here can be expected to overestimate the actual sensitivity,

but will likely have only a minimal effect on the decay length [121].

3.2.2 Determining Sensitivity and Decay Length: the Shell Method

The calculation of the decay length and sensitivity from the CST MWS simulations can be done through
the use of a shell model technique. In this technique, a shell of water is added to the model presented
above. The water shell completely encloses the NP uniformly on all sides. The shell thickness starts at
5nm and extends in steps of 5nm to a distance of 50nm. For example, for a NP of 75nm width and 75nm
height, the water shell would be centered over the NP with dimensions starting from 80nmx80nm and
growing in steps of 5nm to 125nmx125nm. This closely resembles the case of a real LSPR sensor in
which biomolecule layers form a conformal coating over the NP surface. The decay length and sensitivity
are found by calculating the LSPR peak shift for each shell thickness and performing non-linear least

squares regression with MATLAB using the following LSPR response equation:
—di
R; = x(1) [1 — ex<2>] )]

In which R; is the peak shift from air (R; = 4i-air) for a shell of thickness d;, for i=5-50nm. The variables
X(1) and x(2) are optimized until the error in the regression is below the threshold value. The decay length
is given by x(2), while x(1) is approximately equal to m4n, which allows estimation of the sensitivity

since the refractive index increment is known (An=0.33 for the difference between water and air).
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The shell method was chosen to find the NP properties because the decay length is a parameter that is
geometrically variant. The simplest method to find the decay length would be to fit an exponential curve
to the EM field magnitude along a reference line outside of the NP. However, examination of the 3D
distribution of the EM field surrounding the NP reveals that the decay length is not constant over the NP
[122], [123]. Therefore, the decay length would depend on the location of the chosen reference line, and
would not be representative of the average NP decay length. Using the shell method, the average decay

length can be found, which is a more useful value and more representative of the typical sensor operation.

3.2.3 Nanoparticle Material and Geometry

The NP material chosen in this study was gold. The bulk permittivity dispersion of gold is given by
Johnson and Christie [124], which is fit by CST MWS using a 6™ order polynomial. Various NP shapes
and sizes were used in this study, including square prisms, triangular prisms, and cylinders, which are
summarized in Table 3. The shapes chosen were those that could be easily fabricated through electron
beam lithography, to enable future validation of the model with experiments. The effect of the NP size on
the sensitivity and decay length was investigated using square prisms, with nine different sizes. Three
different sets of widths were tested with three different heights, keeping the same aspect ratios (w/h) of 1,
2, and 10. The periodicity was set to give a constant areal density of 2.8% for each of the widths tested.
To find the decay length and sensitivity, a water shell starting from 5nm from the surface was extended in

steps of 5nm to a final distance of 50nm.

The effect of the NP shape on the decay length and sensitivity was investigated using square prisms,
triangular prisms, and cylinders (see Table 3 for a summary of the NP geometries investigated). The
critical dimension (wy,) for each shape was fixed at 50nm, which for the square prism was the width, for
the triangular prism was the perpendicular bisector, and for the cylinder was the diameter. Three different
heights, 50, 25, and 5nm, were tested for each shape to investigate the effect of aspect ratio. For
simplicity, the size of the bounding box was kept constant at 300nm, which resulted in slight differences

in the areal density between shapes. The sensitivity and decay length were found as described previously.
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Table 3. Summary of the geometrical parameters of the NPs used to investigate the effect of size
and shape on the sensitivity and decay length.

Shape Whp Ninp Aspect Wig Areal Interparticle
(nm) | (nm) Ratio (nm) Density Distance

(w/h) (%) (nm)
Square Prism 75 75 1 450 2.8 375
Square Prism 75 37.5 2 450 2.8 375
Square Prism 75 7.5 10 450 2.8 375
Square Prism 50 50 1 300 2.8 250
Square Prism 50 25 2 300 2.8 250
Square Prism 50 5 10 300 2.8 250
Square Prism 25 25 1 150 2.8 125
Square Prism 25 12.5 2 150 2.8 125
Square Prism 25 2.5 10 150 2.8 125
Triangular Prism 50 50 1 300 1.6 246
Triangular Prism 50 25 2 300 1.6 246
Triangular Prism 50 5 10 300 1.6 246
Cylinder 50 50 1 300 2.2 250
Cylinder 50 25 2 300 2.2 250
Cylinder 50 5 10 300 2.2 250

3.2.4 Results and Discussion

A representative 2D cross sectional surface plot of the electric field generated by 75nmx75nmx37.5nm
square gold nanoparticles in air at their resonance frequency is shown below in Figure 9. The result was
produced in CST MWS using air as the background with no water shell with EM excitation from the

bottom waveport. Strong field enhancement can be seen at the corners and surface of the nanoparticles.
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Figure 9. 2D cross section surface plot of the electric field surrounding 75nmx75nmx37.5nm square
gold nanoparticles in air, simulated in CST MWS at their resonant frequency.
Examples of the simulation output for the absorbance spectrum of different NP shapes are shown in
Figure 10 below, for shell thicknesses from 5nm to 50nm. The results for a square NP of 75nm width and
75nm height are shown in Figure 10a, the results for a triangular NP with perpendicular bisector of 50nm
and height of 50nm is shown in Figure 10b, and the results for a cylindrical NP with diameter of 50nm
and height of 50nm is shown in Figure 10c. The LSPR peak is clearly visible for all shapes, and red shifts
as the shell thickness increases. This is the expected trend since the surrounding RI increases as the shell
thickness increases. The incremental peak shift decreases as the shell thicknesses increases as the decay
length is reached. Also, the peak height increases and the full width at half maximum (FWHM) decreases

as the shell thickness increases. Similar results were seen for all of the other sizes tested.
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Figure 10. Simulation results of the absorbance spectrum for shell thicknesses from 5 to 50nm for
(a) square NPs of width 75nm and height 75nm, triangular NPs with perpendicular bisector of
50nm and height of 50nm, and (c) cylindrical NPs with diameter of 50nm and height of 50nm. The
LSPR peak is clearly visible in all cases and shifts to the red as the shell thickness increases.

Reprinted with permission from [82].

The shift in peak position for each shell size with respect to the case of having no shell, in a complete air

environment, was calclulated for each of the 15 NP geometries. As the shell thickness increases, the

incremental peak shift reduces as the shell thickness approaches the decay length. The data was fit with

equation (8) to determine the decay length and sensitivity. In Figure 11 below the simulation data is

plotted along with the curve fit for all 15 NP geometries investigated. Although there are a few peak

positions that are off the fitted curve, in general the data fits the equation very well. The erroneous points

are likely due to meshing problems in the simulations that produce peaks that are slightly misshapen,

resulting in inaccurate peak positions. From the results of the fit, the decay length and sensitivity are

extracted, and are summarized in Table 4. Many interesting trends between decay length, sensitivity, size,
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and shape can be observed from this data. However, its discussion is outside of the focus of thesis, but

can be found in detail in [82].
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Figure 11. Summary of the simulated LSPR peak position shift for shell thicknesses from 0-50nm

for all 15 different NP geometries investigated. Square NPs with widths of 75nm, 50nm, and 25nm

and three different heights are shown in (a)-(c). Triangular NPs with a perpendicular bisector of

50nm and three different heights are shown in (d). Cylindrical NPs with a diameter of 50nm and
three different heights are shown in (e). Reprinted with permission from [82].
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The decay length and sensitivity determined here can be used to optimize the design of the LSPR sensor.
In order to do that for HSP70, it is important to know the size of the protein and the size of capture layer.
As discussed, this determines the optimal decay length, which can be optimized together with the
sensitivity to yield the maximum LSPR peak shift. Here, a capture layer of 11-MUA, estimated to be
1.57nm thick [100], is assumed for immobilization of the capture antibody, anti-HSP70, via a zero length
EDC-NHS coupling chemistry [36]. The anti-HSP70 is assumed to be similar in size and structure to an
immunoglobulin G (IgG) protein. Although the effective thickness of this layer would greatly depend on
the density and orientation of the antibody, a value of 4nm is chosen, which has been reported previously
for human IgG on alkanethiol monolayers [79], [125]. This gives a capture layer thickness, d;, of
approximately 5.57nm. The sensor surface is assumed to be saturated with HSP70, with a thickness of
4nm (d,) and a refractive index of 1.4, common values for other similar proteins [79], but both of which
would vary depending on the density of bound protein. It should be noted that these parameters need to be
determined experimentally for the specific protein system under study in order to obtain the most accurate
optimization. Finally, we assume that the sensor is being operated in a real time configuration, so the
sensing is being performed in a surrounding medium of buffer with a refractive index close to water (RI =
1.33).

Inserting these constants into equation (5) gives the function to be maximized, which is the change in
LSPR peak position, through adjusting m and l;. Here the values of m and Iy are restricted to those
determined in the previous simulations. The shift in LSPR peak position for each set of m and I is given
in Table 4. As indicated in Table 4, the optimal NP geometry is found to be the triangle with a width of
50nm and a height of 5nm. In this case, an Iy of 6.952nm and a sensitivity of 489.8nm/RIU results in an
LSPR shift of 6.731nm, which is a 354% improvement over the most non-ideal case (1.482nm peak
shift). Hence, the improvement seen in the LSPR peak shift by choosing the optimal NP is dramatic and

results in significant improvements in the performance of the sensor.
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Table 4. Summary of the sensitivity and decay length for each NP simulated. The maximum shift in
LSPR peak position upon binding of a monolayer of HSP70 to an anti-HSP70 capture layer was
calculated for each NP. The optimal NP geometry is highlighted.

Shape Wnp (NM) hnp (NM) Iy (nm) m (nm/R1U) R (nm)
Square 75 75 24.13 230.8 1.959
75 37.5 16.35 229.3 2.478
75 7.5 12.85 475.6 5.773
50 50 15.07 165.4 1.866
50 25 10.58 196.7 2.560
50 5 8.745 463.2 6.295
25 25 9.679 143.9 1.917
25 125 6.524 193.0 2.637
25 25 4,613 455.7 5.529
Triangle 50 50 11.80 224.0 2.812
50 25 11.13 248.8 3.188

s | s | ew2 | ams | e

Cylinder 50 50 14.28 128.0 1.482
50 25 11.99 149.3 1.864
50 5 9.088 379.4 5.123

3.3 COMSOL Model

A COMSOL model was constructed to model the transport and binding of HSP70 to the nanoparticle
sensor located inside of a microchannel. The main parameters investigated to determine the optimal

sensor design were the size of the sensor array and the microchannel height.

3.3.1 Model Construction

A 2D model was constructed of a rectangular microchannel and square sensor array in COMSOL 4.2a.
The model is based on similar work reported in literature [126], [127], [128], [129]. The model uses three
physics modules: laminar flow, transport of dilute species, and surface reactions. The laminar flow
module solves for the fluid flow in the channel, the transport of dilute species module solves for the
diffusion of analyte (HSP70) in the microchannel, and the surface reactions module solves for the binding
of analyte to the surface of the reaction boundary (the sensor).
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The channel geometry is shown below in Figure 12. The channel is defined by the length (1), which was
always kept constant, the height of the channel, h, which was variable, and the length of the sensor array,
Is, which was also variable. The left boundary was taken to be the channel inlet and the right boundary the
outlet. The sensor array was assumed to be a square, so that the width would be equal to the length. The
channel width was assumed to always be equal to the width of the sensor array. Therefore, compared to
using a 3D model, a simplified 2D model will have a small degree of error as the binding rate of analyte

to the sensor near the walls will be reduced due to wall effects that are not considered in this 2D model.

Figure 12. Diagram of geometry used to model the transport and binding of HSP70 to the LSPR
sensor in COMSOL.

The laminar flow module uses the incompressible Navier-Stokes equation to solve for the velocity vector,

u (m/s), in the x and y directions throughout the subdomain with the following governing equations:

pu-Vu =V (—pl +n(Vu) + (Vu)") (9)
V-u=0 (10)

In which | is the identity matrix, # is the dynamic viscosity (Pa*s), p is the density (kg/m3), and p is the
pressure inside the channel (Pa). The left boundary is set to an inlet velocity boundary condition in which
the velocity along the boundary is equal to vo, which is the inlet velocity of the fluid (m/s). The right
boundary is set to a pressure outlet, in which the pressure along the boundary is set equal to po. This outlet
pressure is set to 0 Pa here to model an open system in which there are no applied forces at the outlet. All

other boundaries are set to no slip boundary conditions in which the velocity along the wall is set to 0.

The diffusion of the analyte through the bulk is solved for in the transport of dilute species module. The
transport of the analyte throughout the channel is governed by the traditional convection-diffusion

equation:
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dc

a_ta + V- (=DgVcy) +u-cg=0 (11)
In which c, is the concentration of the analyte in the bulk, D, is the diffusion constant of the analyte
(m?/s), and u is the velocity vector found from the solution of the laminar flow module. The left boundary
is defined as an inflow boundary in which the concentration along the boundary is set equal to co, Which is

the initial bulk concentration of the analyte. The right boundary is set to an outflow boundary condition:

n-(—D,Vecy) =0 (12)

In which n is the normal vector. All other boundaries, except the reaction boundary, are set to no flux
boundary conditions. The initial concentration of analyte in the channel is set to 0. At the reaction

boundary, the adsorption of analyte gives rise to a net flux outwards:
Ng = —Tqas + Tges (13)
In which N, is the flux of analyte, rys is the adsorption rate of analyte to the surface and rqe is the

desorption rate of analyte from the surface of the sensor.

The reaction rate of the analyte depends on the local concentration of analyte, which is solved for using
the surface reactions module. It solves for the tangential flux inwards along the reaction surface, known as

the surface molar flux, N;, (mol/m*s), using the following equations:

Nt,a = _Ds,avtcs,a (14)

0Cs q
ot

+ V- (_Ds,avcs,a) = Rsq (15)

In which ¢, is the surface concentration of the analyte, D, is the surface diffusion constant of the
analyte, and Rs, (mol/m®*s) is the sum of all of the sources due to adsorption/desorption and surface
reaction processes. In this case, surface diffusion of the analyte is ignored, and so the rate of the reaction
is given by:

dc
aia = Tads ~ Tdes (16)

The reaction rates are given by simple first order reaction kinetics for an analyte binding to an

immobilized capture probe:
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Tads = kads *Cq * (BO - Cs,a) (17)
Taes = Kaes * Csa (18)

In which kugs is the adsorption rate constant (m*/mol™*s), kes is the desorption rate constant (1/s), and By is
the density of binding sites of the capture probe (mol/m?). Since the reaction rate is dependent on the
concentration of the bulk analyte, it is coupled back to the equations in the transport of dilute species

module.

The mesh used was a triangular mesh with a rectangular boundary layer along the walls of the
microchannel. The mesh density of the triangular mesh in the bulk of the channel was set to coarse. Along
the reaction boundary, the mesh was set to extremely fine, in order to accurately model the reaction and
diffusion processes occurring there. A stationary solver was used to solve for the fluid dynamics module,
while a time dependent solver was used for the other two physics modules. The time dependent solver

was typically set to run for a total of 30 minutes (1800 seconds) and output the results every 100 seconds.

The surface concentration of the analyte (HSP70) is the parameter used to compare the results from the
different microchannel and sensor geometries. From the results of the simulation, the surface
concentration of the analyte was determined by calculating the average value of the surface concentration
over the reaction boundary for each time step. This represents the amount of protein bound to the sensor

surface, which therefore determines the response of the LSPR sensor.

3.3.2 Model Parameters

The different microchannel geometries, sensor geometries, and inlet velocities used in the simulations are
summarized in Table 5 below. The length of the channel was always kept constant at 2.5mm. Three
different channel heights were used: 10um, 100um, and 1000um. Three different sensor array lengths
were tested: 10um, 100um, and 1000um. Each height was tested with each sensor size, giving a total of 9
different combinations. As was stated earlier, the width of the sensor was assumed to be the same of the
length of the sensor, which was also assumed to be the same as the width of the channel. This resulted in
different cross sectional areas for each microchannel tested. If the same inlet velocity was used for each
geometry, each geometry would have a different volumetric flow rate. To keep comparisons between
geometries meaningful, the volumetric flow rate was held constant and the inlet velocity adjusted to give
the same volumetric flow rate for each geometry. The volumetric flow rate was chosen to be the rate
required to pump 100pL of sample through the sensor in 30 minutes, which is the same as the

requirements for the HSP70 sensor outlined in section 2.6. This resulted in a volumetric flow rate of
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3.33ul/min. Using this value and the cross section of each geometry, the inlet velocities in Table 5 were

calculated.

Table 5. Different microchannel and sensor geometries and the associated inlet flow rates used in
the simulations.

h (um) Is (UM) Cross Section Vo (M/s)
(um?)

10 10 100 5.56e™
100 10 1000 5.56e™
1000 10 10000 5.56e™

10 100 1000 5.56e
100 100 10000 5.56e"
1000 100 100000 5.56e™

10 1000 10000 5.56e
100 1000 100000 5.56e™
1000 1000 1000000 5.56e”

The rest of the simulation parameters, which were kept constant, are summarized in Table 6. Fluid
properties (density and viscosity) were assumed to be that of water [128], [130]. The properties of HSP70
and its antibody were more difficult to define accurately as they have not been reported in literature. To
estimate these parameters, literature values from similar protein-antibody systems were used. The kinetic
constants were estimated from LSPR studies of 1gG binding to anti-IgG on gold nanorods [53]. From this
study, Kags Was experimentally determined to be 1.30x10? m*mol*s and kyes Was determined to be 6.5x10°
1/s. The diffusion constant for HSP70 was assumed to 1x10™ m?%s, which is a common value for many
proteins [129]. The density of anti-HSP70 sites is highly dependent on the size and orientation of the
antibody, neither of which is well known for the antibody used here. Examining a similar biomolecule,
IgG, literature often reports a flat-on orientation for a full monolayer, which corresponds to a density of
approximately 200ng/cm? [79], [125]. Assuming a similar mass density for anti-HSP70, a molar density

of 1.33x10°® mol/m? can be calculated.
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Table 6. Simulation parameters used to model the HSP70 sensor in COMSOL..

Parameter Description Value

p Fluid density 1000 kg/m?

1 Fluid dynamic viscosity 1.00x10°® Pa*s
D, Diffusion coefficient HSP70 1.00x10™ m?/s
B, Anti-HSP70 surface density 1.33x10°® mol/m?
Kads Adsorption rate constant 1.30x10%? m*/mol*s
Kges Desorption rate constant 6.50x10° 1/s

Q Volumetric flow rate 3.33ul/min

L Length of channel 2.5mm

The bulk inlet concentrations tested for HSP70 were chosen so that the entire range of the sensor’s
response, from below the detection limit to above saturation, could be investigated. The 10 values of the
inlet concentrations used have been summarized in Table 7 below, showing the concentrations in three

different units: ng/ml, nM, and mol/m®.

Table 7. Summary of bulk HSP70 concentrations tested in the simulations.

Co (ng/ml) co (NM) co (Mol/m?®)
0.10 0.0014 1.40x10°
1.0 0.014 1.40x10°®
10 0.14 1.40x10”7
50 0.71 7.10x107
100 1.43 1.43x10°
500 7.14 7.14x10°
1000 14.3 1.43x10°
2000 28.6 2.86x10°
4000 57.1 5.71x10°
44800 640 6.40x10™

3.3.3 Results and Discussion

Each of the geometries was simulated with its associated inlet velocity over the range of HSP70
concentrations outlined previously. Each simulation was solved for 30 minutes (1800 seconds) and the

average surface concentration of HSP70 determined for each time and concentration. An example of the
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average surface concentration (cs) for each inlet concentration for the 100umx100um case is shown
below in Figure 13. The surface concentration increases over time for all of the concentrations, with the
higher concentrations resulting in a more rapid rate of increase. The three highest concentrations result in
the majority of the antibody sites being saturated by the end of the 1800 seconds, as the protein surface

concentration is approximately equal to the density of binding sites for these cases.
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Figure 13. Simulated binding of HSP70 to a sensor of 100pmx100pm in a microchannel with a
height of 100pm and a width of 100pm, for a range of concentrations.
The results from all of the simulations are summarized in Figure 14 below, which shows the surface
concentration for each inlet concentration after 30 minutes. For comparison, two sets of plots were made.
The first set has three plots, one for each set of lengths. The second set also has three plots, one for each
set of heights. For all of the results, a similar Langmuir isotherm trend can be seen. Examining the effect
of the microchannel height on the surface concentration, it was found that the higher the channel the
lower the density of bound protein. This was found to be true for each of the different sensor lengths
tested. This is especially evident for the 1000um height. This is likely because a lower inlet flow rate is
used for larger heights in order to keep the volumetric flow rate consistent, which results in the kinetics
moving from reaction limited to diffusion limited. This is similar to what has been reported in [129].
Therefore, it is recommended that a channel height between 10um and 100um be used in order to use a
higher flow rate and remain in the reaction limited regime to produce higher protein binding densities. A

channel height of 100um is potentially more beneficial than 10um because it reduces the chances of the
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channel becoming clogged and has only slightly lower protein binding densities. Therefore, 100um is the

recommended optimal channel height.

Examining the effect of the sensor array length, it was found that the smaller the array size the higher the
protein binding density. This again may be in part due to the lower inlet velocity associated with larger
sensor array sizes (since the width of the channel is the same as the sensor length). However, having a
smaller sensor area means fewer sites to fill in the same amount of reaction time, so higher protein
binding densities could be expected because of this. In other simulations (results not shown), the inlet
velocity was kept the same and different sensor sizes were tested, and it was found that smaller areas did
still result in higher binding densities, even with constant inlet velocities. Therefore, it would appear that
the optimal sensor size would be 10um. However, the smaller the sensor size, the weaker the LSPR signal
and the higher the noise. To maintain a sufficiently strong signal, the spot size of the light would need to
be comparable to 10um, which is not simple to do in a low cost, compact device. Therefore, a sensor size

of 100um is recommended as a compromise between signal strength and protein binding density.

Overall, from the COMSOL simulations the optimal microchannel geometry was determined to be
100umx100um with a sensor array of 100umx100um. Compared to the worst design case
(1000umx1000um microchannel with 1000umx1000um sensor array), the optimal design represents an
increase in protein surface concentration of approximately 500% for low concentrations (0.10-100ng/ml).
This concentration range covers the typical biological concentration of HSP70, so increasing the protein

density in this range will significantly improve biosensor performance.

39



1.4E-08 1.6E-08

F 1.=10um E h=
1.2E-08 £ 1.4E-08 ¢ h=10um
= - —e—h=10um = s £ —e—Is=10um
£ 10608 £ £ 12208 ¢
S t —#—h=100um S 10e-08 £ —®Is=100um
E 80E-09 £ E - :
o I —@—h=1000um » 8.0E-09 £ —@—Is=1000um
© 6.0E-09 § = :
N - S 6.0E-09 -
& 4.0E-09 | 7
2.0E-09 £ 2.0E-09
0.0E+00 + 0.0E+00 -
0.01 1 100 10000 0.01 1 100 10000
HSP70 C, (ng/ml) HSP70 C, (ng/ml)
1.4E-08 1.4E-08 T
t 1;=100um t h=100um
_ 12E-08 ¢ _ 12E-08 £
NE ' —e—h=10um ‘?E [ —@—Is=10um
£ 1.0E-08 £ 1.0E-08 f
o [ —#—h=100um =] [ —@—|s=100um
E 80E-09 £ E 8o0E-09 £
& F —@—h=1000um S I —@—Is=1000um
S 6.0E-09 £ S 6.0E-09
N~ o N~ »
& 4.0E-09 £ & 4.0E-09 £
I o I N
2.0E-09 2.0E-09 |
0.0E+00 + 0.0E+00 -
0.01 1 100 10000 0.01 1 100 10000
HSP70 C, (ng/ml) HSP70 C, (ng/ml)
1.6E-08 1.4E-08
Fl= [ h=1
1.4E-08 £ 1,=1000um 12608 £ 000um
& or0a f —e—h=10um & F —e—Is=10um
E 12608 E E 10E08 f
g 1.0E-08 £ —8—h=100um g C ——Is=100um
S : E 8.0E-09 £
v 80E-09 £+ —®—h=1000um o F —@—Is=1000um
O : O 60E-09 +
= 6.0E-00 = s
%) £ o 4.0E-09 +
I 4.0E'09 F I :
2.0E-09 £ 2.0E-09 +
0.0E+00 + 0.0E+00 +
0.01 1 100 10000 0.01 1 100 10000
HSP70 C, (ng/ml) HSP70 C, (ng/ml)

Figure 14. Summary of HSP70 surface density results from COMSOL simulations. Results are
shown over a range of bulk inlet concentrations for 30 minutes at a constant volumetric flow rate of
3.33ul/min. Results in (a), (b), and (c) show the effect of the channel height (10, 100 and 1000pum)
for three sensor array length (10, 100 and 1000pum). Results in (d), (e), and (f) show the effect of the
sensor array length (10, 100, and 1000um) for three heights (10, 100 and 1000pm).
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3.4 Sensor Response Model

The sensor response model takes the protein surface density results from COMSOL and combines them

with the nanoparticle properties determined by CST to give a complete model of the LSPR biosensor.

3.4.1 Model Construction

This model uses a MATLAB code to calculate the shift in LSPR peak position for a given protein surface
concentration as determined by the COMSOL models. Also input to the model are the nanoparticle
properties, including the sensitivity and decay length (determined by CST MWS), as well as the thickness
of the protein and capture layers, which are estimated from literature.

The integration of the COMSOL and CST MWS results is accomplished through the use of de Feijter’s
equation [131]. This equation converts the surface concentration of the protein layer into a layer of the
same thickness with an effective refractive index:

acs,aMprotein

Nprotein = Mg + (19)

dprotein

The equation assumes a linear relationship between the refractive index of a protein layer and the
concentration of bound proteins within that layer. Here, « is the refractive index increment of the protein,
which has previously been found to be 1.8x107'm%g for a number of proteins [131]; Mproein is the
molecular mass of the protein; dyoein i the thickness of the protein layer; cs. is the surface density of the
bound protein, determined from COMSOL,; and nyg is the refractive index of the surrounding fluid (1.33
in this case). Ideally, the refractive index increment and the protein layer thickness would be determined
for this specific protein system; however, time did not permit. For HSP70, Mgyrowin iS equal to
70,000g/mol, and the protein thickness is estimated to be 4nm based on similar 1gG proteins adsorbed on
alkanethiol gold surface [79], [125].

The refractive index of the protein layer, as well as its thickness, is used in equation (5) to estimate the
shift in peak position. The sensitivity and decay length are input from the CST MWS results. The capture
layer thickness is estimated at 5.57nm, based on the thickness of the SAM layer and the anti-HSP70.
Using these values in equation (5), the peak shift can be easily calculated for each surface concentration,
which is related to the bulk concentration through the COMSOL models. Therefore, the output of the

simulation is a plot of peak shift vs. bulk protein concentration.
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The model also fits the Langmuir isotherm (equation (1)) to the resulting peak shift vs. bulk concentration
data. Using a MATLAB least squares curve fitting function (Isqcurvefit) the dissociation constant (Ky)
and the maximum peak shift (Rnax) are determined. Using these constants in the Langmuir isotherm
equation gives the complete transfer function for the sensor and thus allows prediction of the sensor
performance. In particular, the LOD and sensitivity can be determined based on a given noise level,

which we have found experimentally to be around 0.005-0.015nm over a 30 minute period.

3.4.2 Optimal Sensor Results and Discussion

The protein surface density found from the optimal microchannel geometry of 100umx100um and sensor
array of 100umx100um was used. The values of the protein surface density for each bulk HSP70
concentration are summarized in Table 8. The optimal nanoparticle geometry of a 50nmx5nm gold
nanotriangle with a sensitivity of 489.8nm/RIU and decay length of 6.952nm was used to determine the

LSPR peak shifts (R) for each HSP70 bulk concentration, which are summarized in Table 8.

Table 8. Summary of the simulated LSPR peak shifts for the optimal HSP70 sensor. The HSP70
binding density is shown for each concentration, along with the calculated LSPR peak shift.

Co (ng/ml) Cs.a (MoOl/M?) R (nm)
0.10 3.21x10™% 9.724x10™
1.0 3.21x10™ 9.724 x10°
10 3.18x10™° 9.633 x10”
50 1.55x10° 4.696 x10™
100 2.96x10° 8.967 x10™
500 9.76x10° 2.957
1000 1.23x10°® 3.726
2000 1.30x10° 3.938
4000 1.32x10° 3.999
44800 1.33x10°® 4.029

The simulated response of the HSP70 sensor is plotted in Figure 15. Fitting the Langmuir isotherm to the
results give a K, of 3.78nM, K, of 2.64x10% M™, and an Ry Of 4.32nm. This gives the following transfer

function for the HSP70 sensor:
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Rimax * [HSP70] _ 4.32nm * [HSP70]

R = =
Ky + [HSP70] ~ 3.78nM + [HSP70]

(20)

Using this response data and assuming noise of 5pm, the sensor has a LOD of 0.92ng/ml. It can operate
over the range 0.92ng/ml to 4000ng/ml. The sensitivity over the range 1-50ng/ml is an average of
0.014nm/ng/ml, which given the noise of 5pm, gives a resolution of 1.1ng/ml. Comparing these values to
the specifications required, the proposed LSPR HSP70 sensor satisfies all of the major design

requirements.
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Figure 15. Simulated response of the optimal HSP70 LSPR sensor design to various inlet
concentrations of HSP70. The solid line is the calculated value of R using equation (1).
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Chapter 4

Experimental Implementation: Proof of Concept

The modeling and simulation results from Chapter 3 showed that the optimal LSPR design will meet the
design requirements for the HSP70 sensor. Here, a proof of concept device was built to experimentally
demonstrate and test the sensing principle. This was done concurrently with the simulation work, so the
sensor design used here is not the optimal one. A benchtop LSPR sensor was built using gold
nanoparticles fabricated by EBL and a custom made PDMS flow cell. The nanoparticles were
characterized for size and shape using scanning electron microscopy (SEM) and atomic force microscopy
(AFM), and the optical properties, bulk sensitivity, and decay length determined. A surface
functionalization procedure was developed using alkanethiol SAMs for testing the LSPR sensor. The
proof of concept was characterized using the well-known biotin-streptavidin system. It was also tested
using purified salmon HSP70 and its antibody to demonstrate operation with the target protein. A sensor
cleaning procedure using UV-ozone and a regeneration protocol using an acidic glycine buffer were also

developed.

4.1 Materials and Methods

In this section, the materials and methods used to build and test a proof of concept LSPR sensor are
outlined. The nanoparticle fabrication process and the morphological and optical characterization methods
are detailed. The experiment test setup and procedures used to evaluate the LSPR sensor’s performance
for two different protein systems is described. The surface functionalization method used to implement a

specific capture layer for each protein system is also detailed.

4.1.1 Nanoparticle Fabrication and Characterization

The size and shape of the nanoparticles used in the proof of concept device were chosen prior to
completion of the simulations in order to allow for parallel development of the model and experimental
setup. Therefore, the nanoparticles used do not represent the optimal design, and were instead chosen for
ease of fabrication, but optimal geometries will be tested in the future. Square gold nanoparticles were
fabricated using a lift-off process with patterns generated by EBL. The fabrication process was performed
by the University of Western Ontario (UWO) Nanofabrication Facility using a LEO 1530 field emission
scanning electron microscopy (FESEM). Particles were designed as 1200nmx100nmx50nm and laid out as
an array with a periodicity of 300nm (edge to edge spacing of 200nm). A thin layer of chrome (1-2nm)

was used as an adhesion layer, followed by 50nm of gold. The nanoparticle array covered an area of
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Immx1imm, centered on a 10mmx10mm glass chip diced from 500um thick Pyrex wafers, which is

shown in Figure 16.

SEM images were taken using a 1540XB from LEO (UWQ) and processed using ImageJ software
(publicly available from rsbweb.nih.gov/ij). AFM images were obtained using a Veeco Dimension 3100
in tapping mode with silicon tips from NanoDevices. The tips had a radius of approximately 10nm, a
resonance frequency of 300 kHz, a spring constant of 40N/m, and a Q factor of 300. Images were

processed using Gwyddion software (publicly available from gwyddion.net).

The bulk refractive index sensitivity (RIS) of the Au NPs was determined by using various water-glycerol
solutions (0, 10, 20, 30, 40, 50, and 60%) inside the flow cell and measuring the peak position for each
solution. The refractive index of each solution was estimated by using the relationship between weight
percentage of glycerol in water and refractive index reported in [132]. The decay length was determined
using a process similar to that reported in [81], in which alternating polyelectrolyte layers of nanometer
thickness were formed on the surface of the nanoparticles, a procedure known as layer-by-layer assembly.
The polyelectrolytes, purchased from Sigma Aldrich, were poly(allylamine hydrochloride (PAH), which
is positively charged, and poly(sodium 4-styrenesulfonate) (PSS), which is negatively charged. The peak
position was measured after each layer was formed, up to a thickness of about 50nm, which was 25
bilayers of PSS/PAH. The thickness of each layer was determined through ellipsometry (M-44, J.A.
Woollam Co) in separate experiments. Equation (8) was fit to the peak shift data using a least squares
regression to determine the decay length. The sensitivity could also be determined from this data and was
used as a secondary measurement. The detailed procedure and the results from ellipsometry

characterization can be found in Appendix A.

.
&P

Figure 16. Photograph of the glass chip containing a Immx1mm gold NP array. Circular inset
shows an AFM image of the array.
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4.1.2 Experimental Test Setup

The experimental test setup consisted of four main components: the optical setup, a laptop, the flow

injection analysis system, and the flow cell. The entire setup is shown in Figure 17.

The optical setup was used to measure the absorbance spectrum of the nanoparticles and track the LSPR
peak position in real time. It consisted of an ultraviolet-visible (UV-Vis) spectroscopy system, made up of
an LS-1 white light source and a USB4000 spectrometer, both from Ocean Optics. Measurements were
taken in transmission mode using two fiber optic cable patch cord assemblies (P600-1-SR) and
collimating lenses (74-UV) mounted on an adjustable collimating lens holder (74-ACH), all from Ocean
Optics. Light was unpolarized and the beam spot size was approximately 4mm in diameter. Reference

spectra were taken in air. All measurements were taken at room temperature in air.

A laptop with SpectraSuite software (Ocean Optics) was used to acquire the data from the spectrometer
via USB. The LSPR peak position was tracked in real time using a custom MATLAB program (see
Appendix B), which analyzed the incoming spectra to determine the peak position using the “findpeaks”
code (publicly available from terpconnect.umd.edu/~toh/spectrum/PeakFindingandMeasurement.htm). A

moving average of 50 was employed to reduce the noise in the acquired signal.

A flow injection analysis (FIA) system was designed and built to allow a continuous flow of carrier fluid
over the sensor and bubble free injection of samples to the sensor. A Pump 11 Pico Plus syringe pump
(Harvard Apparatus) was used to pump carrier fluid at a constant rate from a 5mL syringe into a six port,
two position selector valve (C22Z, CSI) via PEEK tubing (1/16>> OD 0.03”’ID). Carrier fluid was a
13mM phosphate buffered saline (PBS) at pH 7.4. The outlet of the valve was connected to the inlet of
the PDMS flow cell that contained the sensor chip. The outlet of the flow cell led to a waste container. On
the injection valve, a PEEK sample loop was attached (1/16”* OD, 0.55°” ID), with a length corresponding
to the desired volume of sample. The sample was loaded into the sample loop via a syringe through a fill
port (VCVISF1, CSI), and injected into the flowing stream of carrier fluid by manually switching the

valve position.
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Figure 17. (a) Schematic diagram showing the various parts of the benchtop prototype, including

the FIA system, the flow cell and sensor chip, the UV-Vis spectroscopy system and the laptop. (b)

Photograph of the actual benchtop LSPR sensor prototype. The white dashed circle indicates the

sensor and flow cell location.

The nanoparticle chip was housed inside of a flow cell chip assembly, shown in Figure 18, made of a
PDMS chamber (Sylgard 184, Dow Corning). An aluminum mold made by CNC machining (Figure 18a)
was used to cast the PDMS and create the flow cell chamber (Figure 18b) using an in-house procedure
(see Appendix C). The chamber was designed with a horizontal inlet and outlet for 1/16>> PEEK™
tubing. The volume of the chamber was approximately 0.1ml. The height of the chamber was 2.5mm and
the width 4mm, giving a cross sectional area of 10mm?. Although these are not the optimal dimensions as
determined from the fluidic simulations, they were chosen for ease of fabrication and testing, and in the
future optimal flow cells will be fabricated and used. The whole flow cell assembly, shown in Figure 18c,
consisted of three layers: the bottom layer, which was the nanoparticle chip, the middle layer, which was
the PDMS chamber, and the top layer, which was a glass microscope slide. The entire device was held in
place using two aluminum plates as a clamp. The plates had viewports to allow for light to pass through.
The flow cell assembly was mounted to a D12 xyz stage (Thor Labs) so that the center of the nanoparticle
chip could be aligned with the center of the light beam passing through it, as shown in Figure 18d. The
flow cell was always mounted vertically with the inlet at the bottom in order to prevent bubble

formation/trapping inside the flow cell.
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Figure 18. (a) Aluminum mold used to cast PDMS to fabricate the flow cell. (b) PDMS flow cell
made using the molding process. (¢) Flow cell assembly showing the top glass slide layer, the middle
PDMS layer, and the bottom sensor chip layer. The aluminum clamp holds all three layers
together. (d) The flow cell assembly mounted in the experimental setup, showing the fluid inlet and
outlet and the optical fiber through which light is brought to the chip.

4.1.3 Surface Functionalization and LSPR Sensing Procedure

As mentioned, two different proteins were detected using the proof of concept LSPR sensor. Streptavidin
was detected via biotin and HSP70 via anti-HSP70. The functionalization steps for each procedure are
detailed in Figure 19 for SA and Figure 20 for HSP70. The initial steps (i-iii) of the functionalization
procedure are the same for each system, yet some differences are present in the test procedures in steps
(iv) and (v). The functionalization procedure is based on an optimization study done with a quartz crystal
microbalance (QCM), the details of which can be found in [133]. The study was done using HSP70 and it
antibody on gold coated quartz chips.

The first step in the functionalization process was to clean the nanoparticle chips. This was done using a
combination of UV-Ozone cleaning (PSD PRO UV-4T, Novascan) and washing with solvents. The full
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cleaning procedure can be found in Appendix D. The cleaning protocol was developed and analyzed with
x-ray photoelectron spectroscopy (XPS) (data available in Appendix D), which showed it was successful
at completely regenerating the gold surface after it had been coated with the functionalization layers. This

allowed reuse of the chip for over 50 times without significant degradation.

After the chip had been cleaned, it was placed in a beaker of ethanol containing a 3:1 ratio of 11-
mercaptoundecanoic acid (11-MUA):1-octantiol (1-OT) (Sigma Aldrich) at a concentration of 10mM.
After 20 minutes of incubation, a mixed layer of alkanethiol molecules was formed on the gold
nanoparticle surface. The chip was then removed and rinsed thoroughly with ethanol, followed by
deionized (DI) water. Next, the carboxyl head groups of the 11-MUA were modified using carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) (Fisher Scientific). This was done by placing the
chip into a beaker of 5mM EDC/NHS and leaving it to incubate for 60 minutes. Afterwards, the chip was
rinsed in DI water and dried with nitrogen gas and was loaded into the flow cell assembly. The light beam
was aligned and data acquisition of the peak position in real time was started. Up to this point, the
functionalization procedure is the same for both streptavidin and HSP70 detection. The following sections

outline the individual protocols for each biomolecule.

4.1.3.1 Biotin-Streptavidin

The syringe pump was loaded with 13mM PBS buffer and started at a flow rate of 0.200ml/min to fill the
flow cell and later set to 0.010ml/min to obtain a stable baseline signal. Biotin functionalized with a
polyethylene glycol (PEG) spacer arm and a terminal primary amine (EZ-Link Amine-PEG3-Biotin,
Thermo Scientific) was diluted to 1mM in PBS buffer at a pH of 6.5, the optimal pH for the binding of
biotin to the 11-MUA.. Using a 500uL sample loop, 500uL of biotin was injected into the flowing stream
of carrier solution and allowed to bind to the head groups of the 11-MUA. The binding process was
monitored in real time and occurred for 50 minutes with the given flow rate and volume. The pump speed
was then set to 0.1ml/min to flush out the system for 30 minutes, and then set back to 0.010ml/min to get
a stable baseline. Streptavidin was purchased from Invitrogen and diluted to various concentrations in
PBS buffer at a pH of 7.4. The 500uL sample loop was rinsed thoroughly, and 500uL of the streptavidin
solution was loaded into it and injected into the carrier solution. The binding was monitored in real time
and occurred for 50 minutes. The LSPR response was measured over a SA concentration range of 10-
500,000 ng/mL (0.1- 8333 nM). Three trials were carried out for each of six of the concentrations tested.
Only one trial was completed for the highest SA concentration (500,000 ng/ml), as it required a very large

amount of sample. Afterwards, the system was flushed again and eventually disassembled to prepare for
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the next test. The test can only be performed once before the chip is cleaned via the UV-o0zone procedure,

as the biotin-streptavidin interaction is not reversible.

Specificity testing was also performed using the biotin-streptavidin system. Bovine serum albumin (BSA)
from Fisher Scientific was diluted in 13mM PBS (pH=7.4) to a concentration of 1% (1.5mM or
10mg/ml). BSA was injected (500uL, 0.010ml/min) at various stages of the functionalization process to

examine the effect of a non-specific protein. This will be discussed further in Section 4.3.2.
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Figure 19. Schematic of the surface functionalization process for specific capture of streptavidin
using biotin. (i) The NP chip is cleaned using a UV-ozone procedure. (ii) The chip is incubated in a
solution of 11-MUA/1-OT to form a SAM on the gold NP surface. (iii) The 11-MUA head groups
are modified using an incubation in EDC/NHS. (iv) The chip is loaded into the flow cell assembly,
and amine-modified biotin is injected, which reacts with the modified 11-MUA and binds to the
surface. (v) SA is injected and binds to the NP surface through the biotin molecule.

4.1.3.2 HSP70 and Anti-HSP70

The syringe pump was loaded with 13mM PBS buffer and started at a flow rate of 0.200ml/min to fill the
flow cell and later set to 0.005ml/min to obtain a stable baseline signal. Synthetic salmon HSP70
antibody was purchased from StressMarq Biosciences and diluted ~1:1000 to a concentration of 1pg/ml
in 13mM PBS buffer at pH=7.4. Using a 1000uL sample loop, 1000uL of anti-HSP70 was injected into

the flowing stream of carrier solution and allowed to bind to the head groups of the 11-MUA. The binding
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process was monitored in real time and occurred for 200 minutes with the given flow rate and volume.
Note that a longer incubation time was used here as recommended by those experienced in HSP70
functionalization procedures. The system was then left overnight and was flushed with PBS buffer. The
following day, salmon HSP70 (Assay Designs/Enzo Life Sciences) was diluted in 13mM PBS buffer
(pH=7.4) to a concentration of 4.6pug/ml (69nM). Using the 1000uL sample loop, 1000uL of protein was
injected into the system at 0.005ml/min and allowed to bind to the anti-HSP70 capture layer. The binding
was monitored in real time and occurred for 200 minutes. Afterwards, the system was flushed with PBS,
and either disassembled for the next test or regenerated. The nature of the HSP70 antibody-antigen
interaction allows the protein to be unbound from the antibody using an appropriate regeneration buffer.
The buffer used here was a 100mM glycine-hydrochloric acid buffer with pH=2.0. 1000uL was injected
at a flow rate of 0.020ml/min, allowing for 50 minutes of reaction time. The system was flushed with PBS
and a second HSP70 binding test could be performed. After the testing was complete, the surface was
completely cleaned and regenerated via the UV-o0zone cleaning procedure.
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Figure 20. Schematic of the surface functionalization process for specific capture of HSP70 using
anti-HSP70. (i) The NP chip is cleaned using a UV-ozone procedure. (ii) The chip is incubated in a
solution of 11-MUA/1-OT to form a SAM on the gold NP surface. (iii) The 11-MUA head groups
are modified using an incubation in EDC/NHS. (iv) The chip is loaded into the flow cell assembly,
and anti-HSP70 is injected, reacting with the modified 11-MUA and binding to the surface. (v)
HSP70 is injected and binds to the NP surface through the anti-HSP70 molecule.
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4.2 Fabrication and Characterization Results and Discussion

In this section, the results of the morphological and optical characterization of the fabricated nanoparticles
are described. The size and shape of the nanoparticles are determined, along with the LSPR peak
properties. The LSPR bulk sensitivity and decay length of the nanoparticles are also determined and

discussed.

4.2.1 Morphological Characterization

Gold nanoparticles of 50nmx100nmx100nm were fabricated on glass substrates using electron beam
lithography (EBL). Optical images of the nanoparticle array show large scale uniformity with few defects
over the entire Immx1mm pattern (Figure 21a). Nanoparticles were characterized for their size, shape,
and quality using scanning electron microscopy (SEM) and atomic force microscopy (AFM). SEM
images (Figure 21b) confirm that the lateral dimensions of the NPs are very close to their designed values,
with average lateral dimensions of 101.4nmx102.5nm (+/-4.8nm) and periodicity of 302.0nm (+/-6.7nm).
From these images it is also clear that the corners are slightly rounded, due to the resolution limits of
EBL, but overall the nanoparticles are highly uniform and square in shape. Characterization of the NP
height by AFM (Figure 21c, d) reveals an average height of 57.1nm (+/-1.80nm), which is slightly larger

than the expected 52nm height (2nm of chromium was used for adhesion).
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Figure 21. (a) Optical microscope image of the LImmx1mm array of Au nanoparticles on glass,
fabricated by EBL, showing high uniformity. (b) SEM image of Au nanoparticle array. The lateral
dimensions and periodicity of the nanoparticles agree well with the designed dimensions. (c) Raw
AFM image (no post-processing) and (d) AFM line profile of the Au nanoparticle array. The height
of the nanoparticles is slightly larger than expected, at an average of 57.1nm. Please note that
lateral dimensions are inaccurate and do not correspond to those found from SEM images due to
AFM tip broadening and instrument drift.

4.2.2 Optical Characterization: Sensitivity and Decay Length

The optical properties of the Au NPs were determined using the UV-Vis spectroscopy system in
transmission mode. The LSPR peak is located at 591.3nm (+/-0.1nm) in air, with a height of 0.048 OD,
and full width half maximum (FWHM) of 85.0nm (Figure 22a). In water, the peak red shifts to 635.0nm
(+/-0.1nm), as is evident in Figure 22a. The bulk refractive index sensitivity (RIS) of the Au NPs is
159.26nm/RIU +/- 2.78nm/RIU (Figure 22b, c). This was determined by using various water-glycerol
solutions (0, 10, 20, 30, 40, 50, and 60%) inside the flow cell and measuring the peak position for each

solution. When compared to similar structures reported by other researchers, this RIS value is close to the
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typical value of 200nm/RIU [46], [134], [89]. This gives an overall LSPR figure of merit (FOM =
RIS/FWHM) of 1.87 for these gold NPs, which is similar to many other NPs that are often around 2.0
[46]. The decay length was determined to be 19.8nm +/-0.29nm (Figure 22d) through the use of
polyelectrolyte multilayer coatings. This is similar to other gold nanoparticles of comparable dimensions
[81], which were found to have decay lengths from 19-24nm. From the analysis in Chapter 3, this decay
length is far from the optimal decay length for HSP70 detection, which is 6.731nm. The sensitivity
determined using this technique was 157.5nm/RIU, which is very similar to the sensitivity found using

the glycerol-water solutions.
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Figure 22. (a) Typical spectra obtained with UV-Vis spectroscopy system in transmission mode of
square Au nanoparticle arrays in air and in water. The LSPR peak is visible at 591.3nm (+/-0.1nm)
in air and 635.0 (+/-0.1nm) in water. (b) Real time LSPR peak shift induced by solutions of different

RI made of water and glycerol. (c) Sensitivity of the LSPR peak position to changes in the bulk
refractive index. The RIS was found to be 159.26 nm/RIU by using linear regression. Error bars
indicate one standard deviation above and below the average, taken from four independent
measurements. (d) Shift in LSPR peak position due to formation of polyelectrolyte multilayers for
determination of decay length. The decay length was found to be 19.8nm +/-0.29nm.
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4.3 Biotin-Streptavidin Results and Discussion

In this section, the results of testing the LSPR sensor using the biotin—streptavidin system are outlined.
The dynamic range, LOD and repeatability are described, and a detailed analysis of the non-specific

binding and specificity of the sensor is given.

4.3.1 Dynamic Range, LOD, and Repeatability

The LSPR peak position was monitored in real time during the binding of biotin to the surface of the
nanoparticles via the 11-MUA SAM. The formation of this capture layer allowed subsequent detection of
the streptavidin protein. An example result of the sensor response for biotin binding and streptavidin
detection for a concentration of 4.15ug/ml (69nM) is shown below in Figure 23. In this case, the binding
of biotin results in a peak shift of 0.70nm, with a very small drop in peak position after the biotin has
exited the flow cell. This is likely due to the removal of some non-specifically bound biotin as well as a
small refractive index different between the carrier solution and biotin sample. After flushing the system,
the binding of streptavidin to the sensor surface results in a large peak shift of 2.9nm. Minimal reverse

binding is seen, which is expected due to the very strong bond between biotin and streptavidin.
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Figure 23. Real time LSPR sensor response for SA detection. (i) First, the surface is functionalized
for selective capture of SA by binding of biotin (1mM) to the surface of the Au NPs. (ii) After
thorough washing, SA (69nM) is injected, resulting in a large peak shift due to selective binding to
the biotin.
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The LSPR sensor was tested for seven different SA concentrations, from 10ng/ml to 500,000 ng/ml. Each
concentration was tested three times using the same procedure, except the highest concentration, which
was only performed once due to the large amount of sample needed. The LSPR peak shifts from each
experiment are summarized below, with the average and standard deviation for each calculated. For the
smallest concentration (10ng/ml), the peak shifts an average of 0.05nm, and for the highest concentration
(500,000ng/ml), the peak shifts an average of 5.53nm. These results demonstrate successful operation of
the real-time LSPR immunosensor and validate its ability to detect and quantify SA. The percentage error
typically lies within 10-40%, which is likely due to the variance in experimental conditions between
trials. To further support this, it was found that the LSPR peak shift due to biotin binding had a variation
of 27%, with an average of 0.59nm, over all the trials. This variation in biotin binding is likely due to
small changes in EDC/NHS concentration and incubation times, as well as small differences in biotin
concentration between trials. It is expected with more rigorously controlled procedures, this error would

be greatly reduced, thus reducing the error on the SA measurements.

Table 9. Experimental results from LSPR sensor for detection of SA at various concentrations.
Each concentration was repeated three times except for the highest concentration, which was only
performed once.

[SA] [SA] SA LSPR Peak Shifts (nm) St. Dev. | % St.
(ng/mi) (M) Trial 1 | Trial 2 | Trial 3 | Average Dev.
9.96 0.17 0.08 0.04 0.04 0.05 0.02 | 43.30%
99.59 1.66 0.08 0.08 0.04 0.07 0.02 | 34.64%
995.85 16.60 0.16 0.25 0.28 0.23 0.06 27.15%
4149.38 69.16 2.86 1.94 2.02 2.27 0.51 22.42%
9876.54 164.61 3.37 3.18 3.55 3.37 0.19 5.50%
100000.00 | 1666.67 | 5.37 4.82 4.05 4.75 0.66 13.97%
500000.00 | 8333.33 | 5.53 n/a n/a 5.53 n/a n/a

Using this data, a dose-response curve can be generated and fit with the Langmuir isotherm to determine
the maximum peak shift, Rya, and the association/dissociation constant, K, and Ky. Using MATLAB and
the least squares curve fitting function, this curve is generated and shown in Figure 24, along with the
experimental peak shifts and their standard error. From the fitting analysis, K, was estimated as 9.22x10°
M?, Ky was found to be 108.5nM, and Ry, Was found to be 5.39nm. This gives the following transfer

function for the SA sensor:
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_ Ryax x [SA]  5.39nm x [SA]
~ Kp+[SA]  108.5nM + [SA]

(21)

The peak to peak wavelength shift noise of the baseline in repetitive experiments was found to be +/-
0.01nm over 1 hour, and from this the LOD for the system was determined to be 0.80nM or
approximately 55ng/ml. This results in a wide dynamic detection range, from 55ng/ml to 500,000ng/ml,

which is almost four orders of magnitude.
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Figure 24. LSPR sensor response curve for various concentrations of SA binding to a biotinylated
Au nanoparticle surface. Error bars indicate one standard deviation above and below the average,
taken from three independent measurements. The solid line is the calculated value of R using
equation (1).

The use of the biotin-streptavidin system for sensor characterization is useful as it allows straight forward
comparison with many other studies reported in the literature. Investigating the kinetic constants, in one
study using Ag nanostructured films, the K, for the interaction of immobilized biotin and streptavidin on
an LSPR sensor was estimated to be 3.0x10° M™ [107], which is on the same order of magnitude as the K,
found for the LSPR sensor response curve shown above. Compared to other studies, however, these K,
values are in general low. Using Au nanocylinder sensors functionalized with a 100% 11-MUA SAM, the

surface binding affinity was 6.1x10° M™ for the binding between biotin and SA, and the LOD was
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determined to be 7pM [56]. Better yet, using triangular Ag nanoparticles (100nm wide and 50nm high),
and similar functionalization methods, a sensor was developed with a LOD less than 1pM, and a K, found
to be 10 M™ [100]. These K, values are higher but still correspond to much smaller surface binding
constants than those found for biotin-SA in solution, which are 10*3-10*°> M [56], [100], [107].

There have been many reports of the biotin-SA interaction by LSPR assays and detection limits range
from picomolar to micromolar concentrations [46]. The broadly varying performance arises largely due to
the variations seen in the equilibrium constants of the dose-response curves [46]. It is unexpected that
these constants have been found to vary by that many orders of magnitude [46], because although
experimental conditions and the noise of a system do have an impact, LOD is critically dependent on the
K, of the protein pair [100]. The LOD will improve for higher binding affinities and worsen for lower
binding affinities [100]. K, is responsible for shifting the response curve left (to lower concentrations) and
right (to higher concentrations). A higher K, will result in the response curve shifting to the left. This
means that the system will reach its saturation point at lower concentrations, and in turn that the LOD will

be lowered and therefore improved.

The binding constant of biotin-SA in solution would lead in principle to LODs in the femtomolar range
[46]. It is clear however not only in this study, but in multiple other developments of LSPR biosensors,
that a greatly reduced affinity is observed, and this can be attributed to the effects of the conjugation of
biotin to the nanoparticle surface via a molecular tether. These effects include steric hindrance and limited
mobility [46]. There are varying degrees of freedom for the movement of biotin molecules once
immobilized onto the sensor surface and it is suggested that this restricted movement reduces the affinity
for binding to SA [107]. If the length of the biotin arm or tether is increased, then the binding space
between the biotin and SA can be enlarged and the binding constant increased [135]. Therefore,
lengthening the biotin tether can strengthen the binding between the biotin-SA pair [135], and it is

anticipated that the surface binding constant will approach that for the solution phase [100].

Overall, the LSPR biosensor was characterized to have a LOD less than 1nM, and a surface binding
affinity constant in the 10°-10" M range. This value is low, but has been displayed by other studies in
literature. Literature values for LOD and K, have a large variance due to differences in biotin tether
lengths, which restricts movement of immobilized biotin to varying degrees and reduces binding affinity
to SA. The current LSPR sensor can detect a wide range of SA concentrations in real-time with high

sensitivity. However, numerous improvements could be made to the design, through optimizing the NP
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shape/size for SA detection, lengthening the biotin tether to improve binding affinity and minimizing

noise in the system.

4.3.2 Selectivity and Specificity

The ability of the label-free sensor to discriminate between the target analyte and other interfering
components is essential to ensuring correct results. The LSPR sensor was characterized for its specificity
to streptavidin through a variety of different tests. These tests are outlined in Figure 25, the results of
which will now be discussed. The first test, shown in (i), was used to determine if SA would bind to the
sensor surface without the presence of biotin. A SAM was formed on the NPs with 11-MUA/1-OT in the
usual manner, but no further functionalization was performed. Instead, the chip was loaded into the flow
cell and SA injected at 69nM. An example of the results are shown below in Figure 26, and resulted in an
LSPR shift of 0.95nm +/-0.31nm upon exposure to the SA (over 3 trials). This indicates non-specific
adsorption of SA to the surface of the sensor. This indicates non-specific binding because if SA was only
binding to biotin, than this test should have resulted in no change in peak position. This may not be a
surprising result, as other LSPR sensors have been demonstrated to exhibit a non-specific response [50],
[90], [100], [136], [137]. One mechanism for the non-specific binding is electrostatic binding to the
surface of the SAM layer, which has been shown in literature for proteins such as IgG on CHj; surfaces
[138], and which likely applies to SA as well. Another mechanism is binding to exposed gold or the
chrome adhesion layer, which has also been shown in literature for Ag LSPR sensors with a chrome
adhesion layers [50]. This result indicates that even when the surface is functionalized with biotin, there is
likely some level of non-specific binding of the protein to the CH3 groups or the metal surfaces, which is
the process shown in (iii). This is undesirable since complex solutions with large concentrations of

background proteins will cause false positive signals due to non-specific adsorption.
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Figure 25. Illustration showing the various tests performed to examine the selectivity and specificity
of the LSPR sensor.
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Figure 26. Real time binding results of SA binding to an 11-MUA/1-OT SAM functionalized gold
NP surface. As no biotin was present, this is evidence of non-specific binding.
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In order to examine methods to block non-specific binding to the sensor surface, a 1% BSA solution was
used to block the CHj sites, as well as any other potential sites for non-specific binding, such as exposed
metal. The first test that was performed is shown in (ii), and aimed to determine if BSA could
successfully block the non-specific sites in which SA was adsorbing, as was seen in test (i). For this test,
the NP surface was coated in 11-MUA/1-OT SAMSs and exposed to 1% BSA for 50 minutes. A large
signal change of 4.82nm +/-1.15nm was seen, indicating that the BSA was coating the SAM surface
(result shown in Figure 27a). A large signal change from BSA is not surprising due to the large size of
BSA. Next, SA was introduced, and no significant signal change was observed. This demonstrates that
the BSA successfully blocked non-specific SA adsorption to the surface of the sensor.

The next test, shown in (iv) aimed to determine if BSA blocking inhibited binding of the SA to a biotin
functionalized surface. The NP chip was coated in a SAM, followed by functionalization with EDC/NHS
and biotin. Then, the non-specific sites were blocked using 1% BSA for 50 minutes. A large signal
change of 2.94nm +/-0.45nm was again seen, indicating the BSA was blocking sites on the sensor chip.
Next, SA was injected, and a peak shift of 0.80nm was observed. This indicates that while BSA blocks
the non-specific sites, it does not block the biotin sites. This allows SA to bind specifically to the biotin

without any non-specific binding effects. The result is shown in Figure 27b.
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Figure 27. (a) Sensor response to binding of BSA to the SAM coated surface of the gold NPs.
Subsequently, SA is injected, and no peak shift is seen, indicating BSA blocks all non-specific sites
on the surface. (b) Blocking of a biotin-functionalized surface using BSA. Following BSA blocking,

SA is injected, and a peak shift is observed, indicating BSA is not blocking the biotin sites.
A final test was run to determine the ability of the BSA to block other potential proteins that might be

present in the solution. This test is essentially the same as that shown in (iv), except there is an
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intermediate injection of biotinylated-SA between the BSA and SA injections. First, the NP chip was
coated in SAMS, followed by functionalization with EDC/NHS and biotin. Then, the non-specific sites
were blocked using 1% BSA for 50 minutes. A large signal change of 2.94nm +/-0.45nm was seen,
indicating the BSA was blocking sites on the sensor chip. Next, a mixture of prebiotinylated streptavidin
was prepared using a 1:10 concentration ratio of SA to biotin (where [SA] = 69nM and [biotin] =
690nM), to ensure that all of SA’s four available binding sites were blocked by biotin molecules. Then,
this solution was injected into the sensor system for 50 minutes. No significant peak shift was observed,
which indicates that the BSA adequately blocks the sensor against non-specific protein adsorption.
Finally, a 69nM SA solution was injected, and a peak shift of 0.93nm +/-0.54nm was observed, indicating
the SA was binding only to the biotin capture sites. This test was repeated three times, and the average
peak shift due to non-specific binding of prebiotinylated-SA was 0.05nm+/-0.02nm. This is termed the
non-specific response. The average peak shift for specific SA binding was found to be 0.93nm +/-0.54nm

from the three trials. This is termed the specific response. The results are shown in Figure 28.
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Figure 28. Real time binding results showing the use of BSA to block non-specific binding sites.
After blocking the surface minimal response is seen when a biotin-saturated SA sample is injected,
indicating minimal non-specific binding. Injection of a pure SA sample results in significant
binding, indicating that BSA is able to block non-specific binding without interfering with the
specific binding.
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The results above demonstrate that in order to ensure the LSPR sensor is responding only to the target
analyte, non-specific binding sites must be blocked. In this case, the use of BSA blocked essentially all of
the non-specific binding sites that were present on the chip. To examine the significance of blocking the
non-specific sites, we compare to the previous results in which no blocking was used, from Section 4.3.1.
For the same SA concentration (69nM), an average peak shift of 2.27nm +/-0.51nm was observed without
BSA blocking. From the results of the non-specific tests, this peak shift is due to both specific and non-
specific binding of SA. The specific response to SA was found to be 0.93nm, which indicates through
subtraction that 1.34nm of the peak shift was due to non-specific binding, or approximately 60%. With
the use of BSA blocking, we find that that non-specific response is reduced to 0.05nm or 5% of the
response, a reduction of over 96%. These results are summarized in Table 10, and indicate that the use of
BSA is essential for ensuring that the response of the LSPR sensor is only due to the target analyte.
However, it should also be noted that non-specific binding may not be as significant for other types of
capture layers. Biotin is a very small molecule, leaving a large amount of open space on the SAM surface
which facilitates non-specific binding. Larger antibodies will likely block more of the surface and reduce

non-specific binding.

Table 10. Summary of specificity test results with and without BSA blocking for 69nM SA binding

to biotin.
Type of Binding Average Peak
Shift (nm),
[SA]=69nM
Non-Specific + 2.27
Specific
Specific only 0.93
Non-specific 1.34
(w/out BSA block)
Non-specific 0.05
(W/BSA block)

4.4 HSP70 Results and Discussion

Validation that the LSPR sensor could detect HSP70 was performed using purified salmon HSP70 and its
antibody as the capture layer. Experiments to determine whether or not the capture layer could be
regenerated using a regeneration buffer were also conducted. The results of these experiments are detailed

below.
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4.4.1 Initial HSP70 Results

The LSPR peak position was monitored during the formation of the capture layer made of salmon HSP70
antibody and during the subsequent binding of HSP70 to the capture layer. The results are shown below
in Figure 29 for the detection of 4.6ug/ml of HSP70 in PBS. The binding of anti-HSP70 results in an
LSPR peak shift of 3.4nm. As the sensor is rinsed, the peak drops slightly, which is likely due to the
removal of physically bound or non-specifically adsorbed antibody on the surface of the sensor. The
binding of 4.6ug/ml of HSP70 to the capture layer results in a peak shift of 0.44nm, which also begins to
drop after the rinsing step begins. This is likely due to a combination of non-specifically adsorbed HSP70

being removed as well as a slow unbinding of the HSP70 from its antibody.
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Figure 29. Real time LSPR sensor response showing (a) binding of anti-HSP70 to the SAM
functionalized gold NP surface, and (b) binding of HSP70 to the NP surface via the anti-HSP70
capture probe.

This experiment was repeated multiple times using the same conditions, and the LSPR peak shifts for the
antibody and protein binding steps have been summarized below in Figure 30. Over the four trials, the
antibody shift ranged from 2.54nm to 3.40nm, giving an average of 3.08nm +/-0.28nm. The protein shift
ranged from 0.24nm to 0.52nm, with an average of 0.39nm +/-0.12nm. This results in a variation of ~30%
over the four trials, which is similar to the error seen with the SA detection and the error reported by the
QCM HSP70 sensor [39]. This peak shift is much smaller than the typical peak shift seen with
streptavidin binding at a similar concentration (2.27nm at 4.2ug/ml), and is most likely due to the very
large size of the HSP70 antibody compared to biotin. This is evident in the very large peak shift due to
anti-HSP70 binding compared to biotin binding. The large size of the anti-HSP70 causes the HSP70 to
bind at a large distance from the NP surface, where it is less sensitive, causing a smaller peak shift. This

highlights the importance of optimal nanoparticle design for each biomolecule of interest. The decay
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length of these nanoparticles (19.8nm) is significantly longer than the optimal decay length of 6.731nm,

so large improvements can be expected when using the optimal nanoparticle geometry for HSP70.

A linear relationship is seen between antibody and protein shift, indicating that the amount of protein
binding is closely related to the number of available capture sites. This also explains much of the error
seen in the protein binding step, as it is likely caused by variance in the number of binding sites available.
The variance in the number of binding sites likely comes from the EDC/NHS modification step. This
reaction is known to have a short half-life, so any changes in processing times or concentration will lead
to changes in the number of binding sites produced. Therefore, the functionalization process should be
optimized and made more consistent in order to reduce this error and facilitate more in-depth testing in
the future. However, the results here show that LSPR can be used to successfully detect HSP70. With
more development in the functionalization process and the use of the optimized sensor design, this
technique has the potential to detect HSP70 at clinically relevant levels with high sensitivity and

specificity.
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Figure 30. Summary of the LSPR peak shifts from four identical experiments done with anti-
HSP70 and HSP70. A linear relationship is seen, indicating that the number of available capture
sites determines the amount of HSP70 binding.

4.4.2 Surface regeneration

A protocol using glycine-HCI buffer was also developed to allow in-situ regeneration of the capture layer,
so that the protein could be removed without compromising the activity of the antibody. The results of
using this buffer to regenerate the surface are shown in Figure 31. Following antibody binding (results not
shown), HSP70 was injected at 4.6ug/ml, causing the peak to shift up by 0.52nm to a final position of

629.92nm. After the binding was complete, the glycine-HCI buffer was injected at a concentration of
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100mM and a pH of 2.0 for 50 minutes. The peak position dropped almost immediately, from 629.92nm
to 629.04nm (0.88nm). Once the glycine buffer exits the flow cell and buffer enters, the peak shifts back
up by 0.28nm, resulting in a net drop of 0.60nm. This is very close to the peak shift due to protein binding
(0.52nm), indicating that all of the bound protein was removed from the surface without removing the
antibody. The additional 0.28nm drop that is seen prior to the glycine buffer exiting the flow cell is likely
caused by a small refractive index difference between the glycine buffer and PBS carrier solution. To
ensure the antibodies were still active, the flow cell was flushed with PBS and another HSP70 sample
injected at the same conditions as the first injection. The binding of HSP70 to the regenerated surface
resulted in a peak shift of 0.43nm, which is similar to the peak shift seen in the first injection. This
confirms that the glycine-HCI buffer is capable of regenerating the surface without a significant loss of
antibody activity. The use of surface regeneration allows more efficient testing and characterizing of the
device, since multiple tests can be run without needing to do the entire functionalization process again. It
would also allow for a lower final cost per chip, as the same chip could be used multiple times by a

simple regeneration step.
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Figure 31. Regeneration of the HSP70 LSPR sensor using a glycine-HCI buffer. After protein
binding to the anti-HSP70 capture layer, an injection of glycine-HCI results in the removal of the
protein from the capture probe. Subsequent injection of HSP70 results in similar binding,
indicating the capture layer is still active after the regeneration treatment.
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Chapter 5

Conclusions and Future Work

In this work, a label-free HSP70 sensor based on the LSPR of gold nanoparticle was designed and tested.
Optical simulations using CST MWS were used to determine optimal nanoparticle size/shape. From these
simulations, the optimal NP geometry for detection of HSP70 was found to be 50nmx5nm gold
nanotriangles, which exhibited a sensitivity of 489.8nm/RIU and a decay length of 6.952nm. COMSOL
simulations were developed to model the binding of protein to the sensor surface in a microchannel filled
with flowing fluid. After investigating the effect of different sensor array sizes and microchannel sizes,
the optimal sensor size was found to be 100umx100um in a microchannel 100pm in width and 100um in
height. Using the optimized design, the response of the HSP70 sensor was simulated over a wide range of
concentrations for a 100uL sample and a sensing time of 30 minutes. The performance of the optimized
sensor met or exceeded the design requirements, with a dynamic range from 0.92ng/ml-4000ng/ml, a low
end sensitivity of 0.014nm/ng/ml and resolution of 1.1ng/ml. The results of these simulations show that
with the optimal design, an LSPR sensor can meet or exceed the necessary performance specifications for

label-free detection of HSP70 in a low cost, portable, and rapid format.

The LSPR biosensor was experimentally tested using both the model protein system of biotin-streptavidin
and salmon HSP70 and its synthetic antibody. For this purpose, gold nanoparticles of
100nmx100nmx50nm were fabricated on glass using electron beam lithography. A UV-Vis spectroscopy
system was built and MATLADB code developed to enable real time tracking of the LSPR peak. A PDMS
flow cell was designed and fabricated and interfaced to a flow injection analysis system powered by a
syringe pump. The bulk sensitivity was characterized using glycerol-water solutions and found to be
159nm/RIU, with an LSPR peak position at 591nm in air with a FWHM of 85nm, giving a FOM of 1.87.
The decay length was found to be 19.8nm +/-0.29nm through the use of layer-by-layer assembly of
PSS/PAH polyelectrolytes on the surface of the nanoparticles.

A surface functionalization protocol was developed using alkanethiols of 11-MUA/1-OT with EDC/NHS
coupling chemistry for antibody attachment. The response of the sensor to streptavidin was investigated
by attaching biotin to the surface of the NPs. Detection of purified streptavidin in real time over the range
55-500,000ng/ml was demonstrated for 50 minutes of sensing time from 500uL samples, which resulted
in peaks shifts from 0.07-5.53nm. Using these results an equilibrium binding constant of 9.22x10° M

was determined. This binding constant is comparable to some studies but is also much lower than other
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reported values, which may be due to steric hindrance caused by closely packed biotin molecules. These
results demonstrate the ability of the LSPR sensor to detect and quantify streptavidin over a wide range
(over 4 orders of magnitude) with a low detection limit of 55ng/ml. The specificity of the sensor was
investigated with BSA, and it was found that without the use of BSA to block non-specific binding, the
sensor would suffer from approximately 60% non-specific binding in its response. However, BSA
blocking was shown to reduce non-specific binding by 96%, to around 5% of the response. These results

demonstrate that highly specific protein detection is possible when BSA blocking is employed.

Detection of purified salmon HSP70 was shown through attaching its synthetic antibody to the NP
surface. Real time detection of HSP70 was shown for a concentration of 4.6pug/ml, which resulted in a
LSPR peak shift of 0.39nm +/- 0.12nm. Numerous trials demonstrated that variability in the density of
antibody binding sites caused a proportional variation in the LSPR sensor response. It is hypothesized that
slight differences in the reaction time and concentration of the EDC/NHS coupling step is the cause of
these variations, and it is recommended that this process be refined to reduce the variation observed. The
HSP70 sensor could be regenerated by a pH 2.0 100mM glycine-HCI buffer. The protein could be
removed without adversely affecting the antibody capture layer, so that the sensor could be easily reused.
A UV-0Ozone cleaning process was also developed to completely remove the capture layer from the
nanoparticles, and through analysis with XPS it showed to be highly successful at returning the gold

substrates to their original state. This allowed the sensor chips to be reused for over 50 tests.

In summary, an optimized LSPR sensor was designed to meet the performance specifications needed for
label-free detection of HSP70 in point-of-care and remote applications. A proof of concept LSPR sensor
was experimentally shown to detect streptavidin over a wide concentration range with high sensitivity and
specificity when using BSA blocking. The LSPR sensor was also shown to detect salmon HSP70 in real
time. The many benefits of LSPR sensors, including high sensitivity, ease of use, simple and low cost
hardware, and low noise make it an excellent technique for the development of point-of-care HSP70

biosensors.

Future work requires further testing and characterization with HSP70 samples. This includes testing over
a range of concentrations to determine the operating range and LOD, and testing non-purified samples
(i.e. serum) to evaluate non-specific binding further. Future work also needs to refine the
functionalization procedure, specifically the EDC/NHS step, to make it more repeatable to reduce the
variation in LSPR peak shifts. To reach the required detection limits experimentally, the optimized

nanoparticles should be fabricated, characterized, and tested. Prior to this, AFM should be used to
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experimentally determine the thickness of the capture layer and the protein. This will allow more accurate
optimization of the decay length compared to relying on thickness values for similar biomolecules
reported in literature. Also, new PDMS flow cell molds should be made according to the optimized

microchannel dimensions to improve the performance of the sensor further.
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Appendix A

Decay Length Determination

In order to characterize the decay length using polyelectrolyte multilayers, the thickness of the PAH and
PSS layers needed to be determined. This was accomplished using ellipsometry. PAH/PSS multilayers
were assembled on planar gold substrates. The substrates were cleaned via Piranha solution. Two
polyelectrolyte solutions were prepared at concentrations of 1mM in a 0.1M sodium chloride solution in
water. A salt solution was prepared for rinsing, consisting of 0.1M sodium chloride in water. Gold
substrates were placed into the PAH solution for 15 minutes, followed by 30 seconds of rinsing with the
salt solution and 30 seconds of incubation in a beaker of the salt solution. The substrates were then placed
into the PSS solution for 15 minutes, followed by the same rinsing procedure. This process was repeated
to obtain substrates with various numbers of bilayers (4, 8, 12, 16, and 20 bilayers). Two sets of substrates
with each bilayer number were made (trial 1 and trial 2), and the thickness measured using ellipsometry.
The results are shown in Figure 32. Plotting the layer thickness vs. bilayer number and performing linear
regression allows for determination of the thickness of any number of layers. This is then be used to
determine the decay length when performing the same experiment on the nanoparticle substrate and
tracking the peak position. A similar procedure was used to assemble the polyelectrolyte layers on the
gold nanoparticles, except the PAH /PSS solutions were injected into the PDMS flow cell using syringes

and the peak shift tracked in real time. Rinsing was done via purging the flow cell with the salt solution.
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Figure 32. Characterization of thickness of PSS/PAH multilayers on planar gold substrates using
ellipsometry. Linear regression was used to fit the data.
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Appendix B
MATLAB Code for LSPR Sensor DAQ

$Program to calculate spectral data:
clc; clear; fclose('all');

foldername = 'June 24 2011';
PeakDensity = 3;

OutputFileName = 'June 24 HSP70 2.csv';
interval = 1;

infiniteIndex = 1;

counter = 1;
lastpoint = 2;

1LSPR point 665;

low = 350;

high = 800;

average window = 50; %the number of data points over which to average

outputFile = fopen (OutputFileName, 'a');

statistics{1l,1} = 'Signal';
statistics{1l,2} = 'Sample';
statistics{1,3} = 'Sample ID';
statistics{1l,4} = 'Setup';
statistics{1l,5} = 'Description';
statistics{l,6} = '"Interval';
statistics{1l,7} = 'Position';
statistics{1,8} = 'Height';
statistics{1,9} = 'Width';
statistics{1l,10} = 'Quality Factor';

statistics{1,11} ['Height at ' num2str (iLSPR point)];
statistics{1l,12} = 'Averaged Position';
fprintf (outputFile, '%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s,%s\n',statistics{1,:});
%1
for row = 2:counter
fprintf (outputFile,
'$s,%s,%s,%s,%s,%s,%d,%d, %d, %d, $d\n',statistics{row, : });
end
%}
while infiniteIndex ==
pause (interval) ;
$Prepare folder info and extract file names
filestruct = dir(foldername) ;
numFiles = size(filestruct);
for ii = 3:numFiles (1)
[one numChar] = size(filestruct(ii) .name);
file(ii-2) = textscan (filestruct (ii) .name, !
'delimiter', sprintf('-"));
end
for index = 2:numFiles(1l)-2
counter = counter + 1;
filename = file{index-1};
$Get Trial info from filename:

numChar,

o\
)]
~
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temp = textscan(filename{l}, '%s %s %s %s %s %s', 'delimiter',
sprintf (' "));
for ii = 1:6
statistics (counter,ii) = temp{ii};
end

%$Get useable matrix file from data:

data = fopen([foldername '/' filename{l}]);
holder = textscan(data, 'Sf %f');

[y x] = size(holder{1});

matrix = zeros(y,2);
matrix(:,1) = holder{l};
matrix(:,2) = holder{2};

%cleanup (delete used files)

fclose (data) ;

if index<numFiles (1) -4
delete([foldername '/' filename{1l}]);

end
%crop the function to include only 350 - 800 nm wavelengths:
ii = 1;
while matrix (ii,1)<low
ii = ii+1;
end
begin = ii;
ii = vy;
while matrix (ii,1)>high
ii = ii-1;
end
fin = ii;
while matrix (ii,1)>iLSPR point
ii = ii-1;
end

iLSPR = matrix(ii,2);

o\

Determine appropriate parameters for the findpeaks function;
The 4 adjustable parameters are:

o\

% SlopeThreshold - Slope of the smoothed third-derivative that is
taken

% to indicate a peak. Larger values will neglect small features.

% AmpThreshold - Any peaks with height less than AmpThreshold are
ignored.

% SmoothWidth - Width of smooth functions applied to data before
slope is

% measured. Larger values will neglect small features. A
reasonable value is

% about equal to 1/2 the width of the peaks.

% FitWwidth - The number of points around the "top part" of the
(unsmoothed)

% peak that are taken to determine the peak height, positions, and
width.

% A reasonable value is about equal to 1/2 the width of the peaks.

%based on ipeak.m function - determine parameters Dbased on peak
density:
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o\°

oo

arguments based on the peak density, PeakD

o©

if strcmp( statistics(counter,1) , 'T")

X = matrix(begin:fin,1);
Y = -matrix(begin:fin,2)+max( matrix (begin:
Y = Y-min(Y) ;
else
X = matrix(begin:fin,1);
Y = matrix(begin:fin,2);
Y = Y-min(Y) ;

end

WidthPoints=length (Y) /PeakDensity;
SlopeThreshold=WidthPoints"-2;
AmpThreshold=abs (min (Y)+0.02* (max (Y) -min(Y)));
SmoothWidth=round (WidthPoints/3);
FitWidth=round (WidthPoints/3);

% Find the peaks

°

Calculate values of peak detection parameters

Estimate approximate number of points in a peak half-width

fin,2) )

P=findpeaks (X,Y,SlopeThreshold, AmpThreshold, SmoothWidth, FitWidth) ;

Q P(:,2)./P(:,4);
DataTable (counter, 1:7) [P(end, :)
% average the peak position:
if counter>average window+2
DataTable (counter,
average window:counter, 2));
end
end
time

Q(end, :)

7)

l:counter-1;

time time*interval;

plot (time, DataTable(2:end,7));

%$Combine data and statistics into one structure:
$Write the data to file

if lastpoint ~= counter

outputFile = fopen (OutputFileName, 'a');
for row = lastpoint:counter
for col = 7:12
statistics{row,col} = DataTable(row,col-5);
end
end
for row = lastpoint+l:counter

fprintf (outputFile,

'$s,%s,%s, %s,%s, %s, %d, %d, %d, $d, $d, $d\n', statistics{row, :
end
fclose (outputFile);
end
lastpoint = counter;
counter = counter-3;

end
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Appendix C
PDMS Flow Cell Fabrication Procedure

PDMS flow cells were molded from CNC machined aluminum templates. To prepare the PDMS, 10ml of
Sylgard 184 silicon elastomer base (Dow Corning) was combined with 1ml of Sylgard 184 silicon
elastomer (Dow Corning) curing agent in a plastic cup. The solution was mixed until it was full of
bubbles and uniform, then placed in a vacuum degasser for approximately 30 minutes or until all of the
bubbles had been removed. A hot plate was set to 90°C, and 1/16” PEEK tubing was inserted
horizontally into the holes drilled in the aluminum mold as place holders. Using a syringe, the PDMS
solution was carefully injected into the aluminum mold until it was filled completely. The mold was then
placed on the hot plate to cure for 5 minutes. After curing, the mold was placed into a cup of water to
cool. Tweezers were used to slowly and carefully remove the PEEK tubing from the mold. A scalpel was
used to trace around the outer edge of the mold to release the flow cell from the mold. The flow cell was

cleaned with acetone and isopropanol (IPA) and inspected under a microscope for any damage.
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Appendix D

UV-Ozone Cleaning Protocol and Analysis

Sensor Chip Cleaning Procedure

A procedure using UV-ozone cleaning and rigorous solvent washing was developed in order to regenerate
the nanoparticle samples in a non-destructive manner. Gloves were worn throughout the process to
prevent contamination. The NP sensor chip was first rinsed with ultrapure H,O, acetone, and isopropanol
(IPA), each for 1 minute, and then dried with an N, gun. Note — wet samples should never be put into the
UV-ozone cleaner. Next, the chip was placed in the center of the UV-ozone cleaner. The stage height was
set so that the chip was ~1cm from the lamp. The UV-ozone cleaner was run for 10 minutes, followed by
5 minutes of ozone elimination with the lamp off and the elimination pump on. The chip was then
removed and rinsed with ultrapure H,O for 2 minutes, followed by 30 seconds of acetone rinsing. Then,
the chip was placed into a clean 100ml beaker filled with 20ml of acetone, and allowed to incubate for 10
minutes. Afterwards, the chip was rinsed with acetone for 1 minute, ethanol for 2 minutes, and IPA for 30
seconds. Then, the chip was placed into 20ml of IPA in a 100ml beaker and allowed to incubate for 10
minutes. After, the chip was rinsed in IPA for 1 minute and dried with an N, gun. The chip was then
placed back into the UV-ozone cleaner. The cleaner was run for 10 minutes, followed by 5 minutes of
ozone elimination. The chip was removed and rinsed in ultrapure H,O for 2 minutes followed by acetone
for 1 minute, ethanol for 2 minutes, and IPA for 1 minute. The chip was dried with an N, gun and placed
in a chip container. The container was back filled with N, and placed into a plastic bag, which was also

filled with N, sealed, and placed in an N, desiccator until ready for use.
XPS Analysis of Cleaning Protocol

In order to evaluate whether the UV-ozone cleaning protocol was successful at removing the
biofunctional layers, x-ray photoelectron spectroscopy (XPS) was used. Glass substrates coated with 5nm
of gold and 2nm of Ti for adhesion (Platypus Technologies) were used as the substrates. Note that
nanoparticle chips could not be used since the substrates need to be conductive for XPS analysis. The
standard functionalization protocol was used to attach anti-HSP70 to the surface of the gold through the
use of a mixed SAM of 11-MUA/1-OT and EDC/NHS. Two identical samples were produced with a
layer of bound anti-HSP70. After functionalizing the samples, one sample was cleaned using the UV-
ozone cleaning procedure (“AB coated and cleaned”) while the other was stored in nitrogen (“AB

coated”). A third substrate was prepared fresh by cleaning with the UV-Ozone procedure — this sample
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served as the reference as it was never coated with antibody (“Pristine”). All three samples were analyzed
in an XPS instrument, located in WatLabs (University of Waterloo), for oxygen (1s), carbon (1s), and
nitrogen (1s). The resulting peaks are shown below in Figure 33. The peaks were analyzed using
CasaXPS software to determine the area under each peak. This data is summarized in Figure 34. For the
AB coated sample, large peaks were seen for oxygen, nitrogen, and carbon, indicating that a large
concentration of anti-HSP70 was present on the surface. The AB coated sample that was subsequently
cleaned with the UV-ozone procedure showed similar peak areas to the pristine sample, both of which
had significantly lower amounts of carbon, nitrogen, and oxygen present on the surface compared to the
AB coated sample. This indicates that the UV-ozone cleaning process is able to regenerate the gold
surface by removing all of the organic layers of 11-MUA/1-OT and anti-HSP70. The presence of some
oxygen and carbon on the cleaned surfaces is expected, since these impurities will quickly adsorb from
the air to a clean surface. The lack of any nitrogen peak in the clean samples is strongly indicative that the
capture layer was completely removed, as nitrogen is not a typical surface contaminant and would only be

present if there was anti-HSP70 remaining on the surface.

The use of this cleaning protocol on the NP samples also proved to be excellent at removing all
components of the capture layer from the surface. This was evident as the peak position regularly returned
to its nominal position after the cleaning process. The sensors could be regenerated and reused over 50

times without significant damage.
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Figure 33. Results from XPS analysis showing the (a) C 1s, (b) N 1s, and (c) O 1s peaks for the three
gold substrate samples. The large peak seen in the C, N, and O for the AB coated sample indicates
the presence of antibodies on the gold surface. The AB coated sample that was subsequently
cleaned with the UV-ozone process shows similar peak intensities as the pristine sample, indicating
all of the AB and the SAMSs were removed in the cleaning process.
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Figure 34. Summary of the area under each XPS peak for C, N, and O for each of the three samples
investigated.
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