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Abstract

Plasmonic sensors are established as an effective, label-free technique for many applications.
This thesis focuses on localised surface plasmon resonance (LSPR) sensors and how to
optimise them for sensing applications. Although there are examples of lithographically-
defined nanostructures being deployed in biosensing applications, few of these studies make
attempts to use nanostructures optimised for sensing performance. For this reason, in this
thesis we examine different ways of optimising plasmonic nanostructures with the aim of

improving their performance in biosensing applications.

We first focus on the properties and sensing abilities of different nanostructure geometries
including experimentally assessing both the bulk and localised refractive index sensitivity
of different nanostructure arrays. This includes a discussion of the merits of different
nanostructure geometries for different applications and the important role which resonance

wavelength plays in a sensors refractive index sensing capability.

Next, we focus on the optimisation of nanostructure arrays using annealing techniques.
There are few studies on the effect of annealing on the sensing performance of nanostructure
arrays and this chapter serves as a discussion as to the benefits and drawbacks of thermal
annealing for plasmonic nanostructure sensing arrays. As well as discussing the positive
effects of annealing, remedies to the main drawback of annealing, structure deformation, are
investigated. Structure deformation results in a reduced electromagnetic field concentration,
resulting in diminished sensing performance. To mitigate these issues, we explore the use of
a protective layer during annealing to prevent deformation as well as the use of a

femtosecond laser as an alternative method for annealing.

Finally, we present work towards a cross-reactive method of sensing proteins. This begins
by presenting different methods of making the plasmonic sensors reusable after proteins
have adhered to the surface including optimising a cleaning protocol and investigating
different surface chemistries that may allow for temporary protein interactions. This
culminates in initial testing of a cross-reactive system which shows some success in

discriminating between different proteins in solution without the need for specific receptors.
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Chapter 1 — Introduction

Plasmonics is the study of electron resonances at a metal/dielectric interface. This field
encompasses both surface plasmon resonance and localised surface plasmon resonance. This
chapter will discuss the theory behind both of these resonances and will explain the
differences between the two. Following on from this, the different types of plasmonic sensors
will be examined including different surface plasmon resonance setups as well as the
different kind of localised surface plasmon resonance sensors, namely colloidal sensors,
pinned nanoparticle sensors and lithographically-defined sensors. In addition to this, ways
in which the design of localised surface plasmon resonance sensors can be adapted to
optimise sensing performance is discussed including post-fabrication techniques such as
annealing and the implementation of metal-insulator-metal sensors. Finally, the current state
of plasmonic biosensing is reviewed including the applications seen with all different types
of plasmonic sensors and how sensing performance has been improved with signal

amplifiers or microfluidic systems.

1.1. Surface Plasmon Resonance

1.1.1. Conditions for Surface Plasmon Resonance

A plasmon is the oscillation of free electrons around a positively charged metal core. Surface
plasmon resonance (SPR) occurs when the momentum of this plasmon in a thin sheet of
metal is matched to that of incoming light at a metal/dielectric interface. This creates a

surface plasmon polariton (SPP) whose momentum can be described with Equation 1.1.

€mé&d
€mt+E&q

kspp =Kk (1.1)

where: kspp is the wavevector of a surface plasmon, ko is the wavevector in free-space, &4 is
the dielectric constant of the dielectric material at the resonance interface, and &em is the

dielectric constant of the metal.

13



KFme Space

Frequency (w)

Wavevector (k)

Figure 1.1 - The dispersion relation of light compared to that of surface plasmon polaritons depending
on refractive index of the media (Dashed line represents the surface plasma frequency of the metal. Above
this frequency the metal is unable to form a surface plasmon (1))

Figure 1.1 demonstrates that regardless of frequency, the wavevector of light in free space
is never matches that of a surface plasmon resonance mode. This is because the momentum
of light in a medium is a function of the refractive index of its environment (Eqn 1.2, Eqgn
1.3) (2).

ky = 28 (1.2)
0 — A .
k, = konsin(8) (1.3)

where: ko is the wavevector of light in a vacuum, Kk is the wavevector of light parallel to the
dielectric interface, n is the refractive index of the environment, 6 is the angle of the incident

light and A is the wavelength of light.

As air has a lower refractive index than a thin film plane, the momentum indicated by this
equation will never match that of the SPP at any given wavelength (Eqn 1.1). However, as
this momentum is reliant on refractive index, by increasing the refractive index (or
permittivity as e=n?) of the surrounding medium, we can increase the momentum of the light

and cause coupling. Different setups used to accomplish this are displayed in Figure 1.2 (3).
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Figure 1.2 - Different setups used to measure SPR. (a) Kretshmann Setup, (b) Otto configuration and (c)
using a grating coupler.

Prisms are fabricated out of high refractive index material, which increases the magnitude
of the wavevector (Eqgn. 1.2) causing coupling to occur indicated by the wavevectors of an

SPP and light in a prism and intersecting in Figure 1.1.

u).
Kine = ;“C .n (1.2)

where: winc IS the frequency of incident light, n is the refractive index of the media, c is the
speed of light and kinc is the wavevector of the incident light.

The most common setups used to excite SPR using a prism are the Kretshmann configuration
and the Otto Configuration. In the Kretshmann configuration, a metal layer is directly
applied to the surface of a coupling prism to create the conditions for SPR (Fig. 1.2(a)). In
the Otto configuration, (Fig 1.2(b)) the SPP is contained within a gap between the metal and

the glass prism.

Another method for coupling light to a surface plasmon is to use a grating. The grating splits
the light into its constituent modes, and when the condition in Eqgn. 1.3 is met, resonance
will occur (Fig. 1.2(c)) (2).

: A
Kspp = Ny sin(0) + m =~ (1.3)
where: na is the refractive index of the analyte layer, 0 is the angle of incident light, m is an
integer, A is the incident light wavelength and A is the pitch of the grating.

While a grating allows SPR resonance without the need for a bulky prism, it does come with
the drawback of requiring the grating to be on the same side of the metal interface as the
analyte. This means that for opaque mixtures, a grating technique is not suitable (2,4).

Gratings also require precise fabrication techniques unlike prism-coupled setups.
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1.1.2. Methods of Sensing using SPR

SPR is sensitive to changes in the refractive index of the surrounding medium and can be
detected by monitoring four different variables: wavelength, angle, intensity, or phase (5,6).
Wavelength-based and angle-based SPR detection are the most popular choice for SPR-
based sensors (Fig. 1.3). Wavelength-based detection requires the sensor to be interrogated
with polychromatic light which allows a full absorbance spectrum to be obtained. The peak
absorbance can then be monitored to detect any refractive index change. Angle-based
detection only requires monochromatic light whose incident angle on the sensor must be
adjusted to find the angle of maximum absorbance as the refractive index changes. Intensity
interrogation also uses a monochromatic light source, but instead of searching for the point
of maximum adsorption, it monitors the change of reflected light intensity at a set
wavelength. Finally, phase-based SPR sensors monitor the change in phase of reflected light
at an SPR interface (7). Phase-based SPR offers higher sensitivity but requires significantly
more complex optical setups and hence is much less common than the methods previously

described.

—
—-_—
-~

Intensity

(a) Intensity
changes at
a set point

/
N\ (b) Shift in Resonance
L1 wavelength/Angle

Wavelength/Angle

Figure 1.3 - The different methods of measuring shifts in SPR resonance. The dashed line represents an
arbitrary increase in refractive index and the shift as measured by (a) wavelength/angle interrogation or (b)
angle interrogation.

By applying these principles, SPR can be used as a sensing mechanism for biological

molecules as will be discussed in Section 1.4.

1.2. Localised Surface Plasmon Resonance

1.2.1. Fundamentals of Localised Surface Plasmon Resonance

Localised surface plasmon resonance (LSPR) occurs when light encounters noble metal
nanoparticles which are smaller than the wavelength of light. Due to the small size of the
resonating structures compared to the wavelength of light, all the free electrons in the
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structure resonate in response to incident light as shown in Figure 1.4. This resonance mode

does not require a coupling mechanism as is needed for SPR.

Electromagnetic
/ field

% =,
Resonating w

electron cloud

Figure 1.4 - LSPR occurs when all the free electrons of the particle resonate around the positive core.
The resonance wavelength of the metal nanoparticles is dependent on many factors such as
the nanoparticle shape, size, material and, crucially, the refractive index surrounding the
nanoparticle. As a representative, idealised example, the quasi-static approximation for the
resonance of a spherical particle is shown in Equation 1.4 (8).

5 Re[e(w)m] — &g

= 4
& T Rele(@)m] + 2e4

(1.4)

where: a is polarizability, a is the radius of the sphere, &4 is the dielectric constant of the
surroundings and () is the dielectric function of the material with both real and imaginary

parts as shown in Equation 1.5.
e(w) = g(w) +ig, (w) (1.5)

From Eqgn. 1.4 and 1.5, we can draw two conclusions. First, the resonance wavelength of an
idealised particle is dictated by its dielectric function and geometry. This means that material
choice and any process affecting the material properties or geometry will affect the
resonance. Second, the polarizability of the particle will dramatically increase as the
denominator approaches zero. This will occur when the Frohlich condition occurs (Eqgn. 1.6).

Re[e(w) ] = —2¢4 (1.6)

This also leads us to the conclusion that as the dielectric constant (g4) surrounding the
nanosphere increases, the resonance wavelength will increase. This concept is the basis of
the biosensing applications that will be discussed in Section 1.4. By attracting analytes to
the surface of a resonating structure, the resonance wavelength increases allowing the

detection of different biomarkers (Fig. 1.5).
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Figure 1.5 - Biosensing using LSPR sensors.

The detection mode for LSPR sensors is the same as the wavelength-based interrogation
used in SPR sensors. By monitoring the transmission spectra of nanostructures as the
refractive index of their surroundings changes, we can monitor events such as analyte

binding.

1.2.2. LSPR Resonances

For LSPR, there are a range of different resonance types that can be created including:
surface lattice resonance, fano resonance, and extraordinary optical transmission. The type
of resonance created is controlled by the exact type and placement of nanostructures. This
section will briefly describe these different resonances.

1.2.2.1. Surface Lattice Resonance

Surface lattice resonance (SLR) comes from the periodic arrangement of nanoparticles
which under the right circumstances can result in far field coupling of the nanoparticles. This
can occur when the spacing of the nanoparticles is approximately the same as their resonance
wavelength, as this can create a constructive interference between the resonance of the single
nanoparticle and the nanoparticles surrounding it (9,10). This results in a very narrow
absorbance peak with a full-width half max (FWHM) as low as 1-2 nm.

1.2.2.2. Fano Resonance

Fano resonance is a resonance characterised by an asymmetrical spectral profile and occurs
when a narrow, discrete mode and a broad, continuous mode interact with each other (11,12).
In this context, a discrete mode is normally the result of the resonance of a single
nanostructure whereas the continuous mode is often the resonance mode that is produced by
a collection of nanostructures in an array or cluster. In plasmonic nanostructures this most
often requires two different resonating structures. Examples of these resonating structures
can be two nanoparticles held a defined distance apart or an array of nanoparticles lifted off
a continuous metal sheet by a dielectric spacer (12,13). Regardless of how the two modes
are created, for a fano resonance to occur, they interfere with each other in such a way that

results in a very narrow resonance spectra which in turn will increase sensing performance.
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1.2.2.3. Extraordinary Optical Transmission

According to conventional optical theory, the transmission of light through nanoholes
diminishes proportionally to the fourth power of both the wavelength of the light and the
radius of the hole (Fig. 1.6) (14).
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Figure 1.6 - The relation between light wavelength and transmission through a nanoaperture as defined
by Bethe (14).

Transmission

However, when the light is incident to an array of nanoholes in a plasmonic substrate, this
no longer applies. When light is incident on a nanohole or an array of nanoholes on a metal
sheet, there is a significant increase in the intensity of light transmitted at a particular
wavelength which cannot be explained by traditional wave theory. This is known as
Extraordinary optical transmission (EOT) (15). This enhanced transmission is a result of the
plasmonic properties of a nanohole array which has elements of both a SPR and a LSPR
(16-18). The way the light couples to the electrons in the metal material is by coupling as a
grating would for an SPR setup and these propagating surface waves in turn create a localised
resonance within the nanohole itself. This light within the nanohole is then transmitted at a
wavelength defined by the geometrical parameters of the nanohole array (16-18).

1.2.3. Fabricating LSPR Sensors

1.2.3.1. Choice of Plasmonic Material

LSPR can be supported by nanostructures made from many metals including copper,
aluminium, silver, and gold (19-21). In addition to being an economical choice, aluminium
is thought to be stable due to its oxide layer and its dielectric function allows for a degree of
tunability across the UV-Vis spectra (21,22). However, aluminium has significantly higher
losses when compared to silver or gold meaning its resonances are often of a lower quality
and it is not biocompatible making it unsuited for any in-vivo application. Silver has the best
resonance properties of the metals listed with minimal ohmic losses but it is unstable as a

result of being prone to degradation due to oxidation (23). Gold is stable, biocompatible, has
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low ohmic losses and is tuneable across a wide range of wavelengths. As a result, gold is by
far the most commonly used material for LSPR sensors (24,25). Each metal has its own

dielectric function which describes how its optical properties change with wavelength (26).
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Figure 1.7 — The dielectric functions of gold, copper, aluminium and silver as adapted from (26) (a) The
real component (b) The imaginary component.

The real part of the dielectric function dictates the ability of the metal to form a plasmon
resonance. If the real part of the dielectric function is below zero, a plasmonic resonance can
be formed whereas if it becomes positive the surface plasma frequency (Fig 1.X) has been
crossed and the metal starts to act more as a dielectric (26). The imaginary part of the
dielectric function dictates the losses and damping of the metal at this wavelength with a
smaller imaginary value indicating lower losses (26). We can see that losses are influenced
by interband transitions at different wavelengths. Fortunately, interband transitions are not a
factor for gold within the wavelengths used in this thesis. From this we can see that different

metals will form resonances with less losses at different wavelengths.

1.2.3.2. Colloidal Nanoparticle Sensors

Nanoparticles can be fabricated with different wet chemistry techniques. The most common
technique is the Turkevich method which gives a good degree of control of spherical
nanoparticles (27). In brief, gold hydrochlorate and sodium citrate are added to hot water,
the citrate acts as a reducing agent and a stabiliser, causing gold nanoparticles to form and
subsequently be protected by a citrate layer (27,28). By altering the temperature,
concentration of reactants and reaction time, different sizes of relatively monodisperse
nanoparticles can be fabricated (27,28). Other techniques are used to fabricate more complex
structures including nanocages and nanostars which give colloidal nanoparticle sensors

access to more complex plasmonic nanostructures (29,30).

One of the main advantages that colloidal sensors have is how inexpensive they are to create.
The methods mentioned above can be carried out in most chemistry laboratories without the
expense of cleanroom and lithography facilities. Drawbacks include the limited control of
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geometry and the difficulty in reproducibly fabricating nanoparticles from batch to batch.
Additionally, nanoparticle-based sensors are often not reusable due to the inability to unbind
analytes and remove them from solution. As will be further discussed in Section 1.4.2.1,
colloidal sensors are also not able to be easily integrated with microfluidics which limits
their use in industrial or portable settings.

1.2.3.3. Pinned Nanoparticle Sensors

To remedy some of the drawbacks seen with colloidal sensors, nanoparticles can be pinned
to a surface. Most often this occurs on a glass surface with molecules like (3-
Aminopropytriethoxysilane (APTES) and 3-aminopropyl trimethoxysilane (AMPTES).
Silane groups create a covalent bond with the glass substrate while the positively charged
amine groups anchor the metallic nanoparticles to the surface via electrostatic interactions
(Figure 1.7) (31-36).

Figure 1.8 - APTES molecules pinning gold nanorods to a glass surface.

This method retains the cost-effective nature of the colloidal sensors while allowing these
sensors to be integrated into microfluidic channels and opening the possibility of reusability.
These advantages mean that nanoparticles pinned to a substrate are commonly used as an
LSPR sensor in literature (33-39).

However, the stochastic nature of the pinning process results in nanoparticles coupling in
undefined groups leading to significant broadening of the resonance of the sensor, negatively
effecting sensing performance. These drawbacks can be negated if nanostructures are

defined lithographically.
1.2.3.4. Lithographically Defined Structures

Lithographic techniques used to fabricate plasmonic sensors include nanosphere lithography
(NSL), electron beam lithography (EBL), photolithography, focused ion-beam (FIB)
lithography among others. In almost all cases, these fabrication techniques present a trade-

off whereby increased resolution comes with increased fabrication time and cost.
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The most cost-effective of these techniques is NSL because the process only requires a metal
evaporator with the rest of the fabrication able to be done on a benchtop (40-48). In brief,
the first step for NSL involves adhering polystyrene beads onto a substrate and then
evaporating on a metal layer before removing the remaining polystyrene beads. By altering
the conditions under which the spheres are immobilised, there is a limited degree of control
over the structure’s shape. The most commonly reported shapes made with NSL are

triangles, nanoholes, and rings (48-50).

EBL and FIB, on the other hand, provide more control over the shape of the structure. Both
EBL and FIB are direct write techniques meaning they expose each nanostructure
individually. FIB accomplishes this by projecting a high energy stream of ions onto a
material to etch it with a defined pattern. Long write times are a particularly pertinent issue
with FIB as in addition to deflecting a beam to write each individual structure, FIB must
allow time for the ions to etch through the material at each point (51-53). EBL utilises
magnetic lenses to precisely control beams of electrons to expose resists in a defined pattern.
By doing so, structures with features sizes below 10 nm can be repeatedly and reliably
achieved. The unprecedented control EBL provides allows almost any geometry of
nanoparticle to be investigated. In addition to this, by changing the tone of the resist used,
EBL can be used to fabricate either positive or negative structures making it flexible as well
as precise. These advantages do come at a price however, EBL is extremely expensive as it
requires specialised equipment and dedicated fabrication facilities. In addition to this, EBL
is difficult to scale to an industrial level of production as due to the direct-write nature of the

fabrication process, each sample requires a significant period to write.

1.3. Methods of Improving LSPR Sensor Performance

1.3.1. Quantifying Sensor Performance

When defining the quality of a LSPR-based sensor there are two main variables that need to
be considered: sensitivity and full width at half maximum (FWHM). Sensitivity in relation
to a LSPR sensor is a measure of how much the resonance wavelength shifts with refractive
index and as a result is measured in nanometres per refractive index unit (nm/RIU) (Eq. 1.6).
FWHM is another important variable in determining sensor performance, generally,
narrower peaks can be tracked with a greater degree of accuracy leading to better sensing
performance. Often these two variables are combined into a number called Figure of Merit
(FoM) (Eq. 1.8) (54-62).
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where AL is change in resonance wavelength and An is change in refractive index.

Sensitivity and FoM are useful metrics but for many biosensing applications they are often

not fully indicative of how a sensor will perform.

When the electromagnetic (EM) field extends beyond the biomolecule interacting with the
sensor's surface and into the surrounding medium, a significant portion of the field remains
unaffected by the presence of the biomolecule. Consequently, this unaffected portion does
not contribute to the sensor's performance. In such scenarios, a sensor that generates a
stronger localized field may perform better compared to one with an extended field despite
the sensor with the extended field featuring a higher FoM. This concept is illustrated in

Figure 1.8.
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Figure 1.9 - The effect of field confinement on sensing. The more confined the field is to the surface of the
sensor, the greater the sensitivity to surface bound analytes.

The reason the distinction between localised and bulk sensitivity is often dismissed lies in
the difficulty to differentiate between the two. Some successful attempts to quantify localised
sensitivity include EM field mapping using scattering scanning nearfield optical microscopy
on gold nanostructures and functionalising gold nanostructures with monolayers of different
thicknesses and assessing the relationship between chain length and resonance shift (63,64).
Although these techniques are available, due to the time consuming and complex nature of
these techniques, they are rarely used when discussing the design of new plasmonic

structures.
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1.3.2. Designing Sensors to Increase Sensitivity

1.3.2.1. Single Plane Sensor Geometry
The geometry of the plasmonic sensing elements is by far the most common and extensively
explored method of increasing the sensitivity of LSPR sensors. The geometry is usually

altered to create ‘hotspots’ which are areas of highly concentrated EM fields.

The most common ways of creating these hotspots are either through the coupling of tightly
packed nanoparticles or by creating sharp vertices. Sharp vertices have been shown to
increase hotspot intensity in both nanoparticles in solution and lithographically defined
structures (65-76). For example, Jeon et al. compared the sensitivity of gold nanocubes and
gold nanospheres in solution and concluded that the sharp corners of the nanocubes resulted
in an increase in sensitivity (74). When looking at lithographically defined structures, bowtie
dimers are acommonly utilised structure that takes advantage of sharp corners to concentrate
an electromagnetic field (Fig 1.9(a)) (77-80). In addition to having sharp points, these
bowtie dimers also take advantage of the coupling that occurs between resonating structures.

Coupling between nanostructures is also an established way to increase electromagnetic field
intensity and hence increase localised sensitivity. Nanorods are a common model for
discussing the effects of coupling with different variables being investigated such as the
dimensions of the rods, the distance between the rods and the shape of the gap between the
rods (66,68,81,82). The most crucial point emphasised by all these studies is that the closer
the resonating structures are, the higher the magnitude of the EM field. Plasmonic elements
with different geometries have been fabricated to take advantage of the high intensity
electromagnetic fields created by coupling nanostructures. Split rings consist of rings with a
varying number of breaks in the ring structure as displayed in Figure 1.9(b). This creates
multiple sub-sections of the rings which can couple with each other during resonance.
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Figure 1.9 - Different plasmonic geometries explored in literature. (a) Bowtie Dimers. (b) Split rings with
a varying number of splits. (c) A circle trimer.
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When the rings have either one or two splits, they are found to be polarisation dependant
with the polarisation dependence being almost entirely negated when the rings were tested
with three, four or five splits (83). Split rings constructed of both gold and silver have been
shown to be effective for concentrating the electromagnetic field (84—-86). Multiple papers
show the effectiveness of these rings for detecting deoxyribonucleic acid (DNA)
hybridisation using surface enhanced resonance raman spectroscopy however there is little
literature on the refractive index sensing capabilities of these rings (85,87). Other trimers
structures seen in literature include circle trimers (Fig. 1.9(c)). The plasmonic properties of
circle trimers have been experimentally examined when they have been fabricated out of
both gold and silver (88,89). One paper by Lin et al. examines the refractive index sensing
capabilities of gold circle trimers and saw that the infrared peak (~1200 nm resonance
wavelength in air) had a refractive index sensitivity of 373.9 nm/RIU (101) (88).

Hollow shapes are another way in which the geometry of plasmonic elements can be
manipulated to enhance EM field localisation. Hollow shapes couple with themselves within
the confines of their walls creating strong electromagnetic fields. The most common of these
hollow shapes are nanorings, which have been investigated as both standalone structures and
as a part of dimers or trimers of nanorings (49,64,90-92). Larsson et al. showed both the
bulk sensitivity and local sensitivity of nanorings was much higher than of solid nanodiscs

confirming the potential of hollow plasmonic structures for enhancing sensing abilities (64).

When considering the geometrical parameters that can be optimised for negative structures,
the literature is less extensive. Almost every study on nanohole arrays uses circular holes as
they are the least complex to fabricate using techniques such as FIB or NSL (93-108). The
one parameter that is often changed is the arrangement of circular holes into either a
hexagonal or square lattice pattern although there is no accepted conclusion as to if one
layout is superior to the other. An exception to the use of circular holes comes from Liu et
al. who created a nanohole structure consisting of three separated rectangular holes placed
to form a U-shape (109). This resulted in a refractive index sensitivity of 588 nm/RIU at a
resonance wavelength of approximately 1.6 um showing the potential of altering nanohole

geometry for increasing sensing performance.

1.3.2.2. Three-Dimensional Geometry - Metal-Insulator-Metal Structures
Metal-insulator-metal (MiM) nanostructures have been employed by several groups to
increase sensitivity. By holding two resonating metal structures apart with an insulator, their
resonances couple which creates a hotspot between the two metal structures which increases
sensitivity (13,56,65,110-121).
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Figure 1.10 - The basic structure of MiMs. (a) A plasmonic sensor coupled to a sheet of gold through a
dielectric spacer, (b) A plasmonic sensor coupled to an additional nanostructure through a dielectric spacer.

These structures have been investigated in detail and come in different forms with sensing
element geometry, insulator geometry, and insulator material all varying between sensors.
A particularly relevant example of the potential of MiM sensors comes from Chang et al.
who created MiM plasmonic sensors on a flexible polydimethylsiloxane substrate (56). In
doing so, they examined the sensitivity of three different types of MiM sensors defined by
the number of etched layers. A single layer sensor had only one material layer with a defined
geometry (Fig. 1.10(a)) whereas a tri-layer MiM sensor had all three constituent layers
etched (Fig. 1.10(b)). They show experimentally that the tri-layer MiM sensor had a
significantly larger sensitivity when compared to the single layer or bi-layer MiM sensors
(Single layer: 210 nm/RIU, Bi-layer:1330 nm/RIU, Tri-layer:1500 nm/RIU respectively)
(56). Other examples of MiM sensors combine the EM field focusing potential of previously
mentioned custom plasmonic geometries with MiM setups to further increase the intensity
of the EM field. Geometries that have been used in a MiM setup include bowtie dimers,

nanocrosses and gold nanorings (116,118,121).

1.3.2.3. Directed Binding of Analytes

As previously described, the distribution of the electric field around a plasmonic
nanostructure is not uniform with ‘hotspots’ forming at sharp points or between coupled
structures. To take advantage of this, different techniques have been developed to
specifically bind analytes of interest to these areas in order to allow for a larger shift per

molecule bound to the sensors surface (122-127).

One method to direct analytes to hotspots utilises the way in which the stabilising molecule
hexadecylcetyltrimethylammonium bromide (CTAB) is distributed around colloidal gold

nanorods. Due to the curvature at the ends of gold nanorods, CTAB is less densely packed
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at the ends of the rods where the plasmonic resonance is at its most intense. This means that
when surface modifications such as antibodies or molecularly imprinted polymers (MIPs)
are attached to these nanorods, they have a larger affinity for the areas at which the greatest
EM field occurs, increasing molecular sensitivity (123,126). There are also examples of
substrate bound LSPR sensors taking advantage of hotspots. Jo et al. passivized the top of
truncated gold cones using an SiO- to force the analyte of interest to bind nearer to the
plasmonic hotspots (124). By doing this, they were able to detect alpha fetoprotein (AFP)
with a 6-fold higher limit of detection (LoD) than for uncapped structures (124). Another
method of directing analyte binding to specific hotspots takes advantage of the different
attachment chemistries that can be used on gold, glass, and titanium. By passivizing the gold
and glass surfaces using polyethylene glycol (PEG), biomolecules can be directed to bind
onto a titanium surface (122,127). This active surface can then be placed between two
coupling structures which leads to a much higher shift per molecule bound as opposed to

allowing biomolecules to bind over the entire structures (122,127).

A critique of these kind of techniques would be that the absolute magnitude of the plasmonic
shift at the same concentration of analyte is much larger when the biomolecules are simply
allowed to bind to the entire gold structures without the use of a specified active binding site.
This means that unless there is a very low concentration of analyte or a very small sample

volume, the benefit of these techniques may be limited.

1.3.3. Annealing

Annealing plasmonic nanostructures is an established method to increase their FOM. When
metals are heated past their recrystallisation temperature, their constituent grains recrystalise
resulting in bigger grains with fewer grain boundaries and a smoother surface (128). It has
been shown that by reducing the number of grain boundaries and creating a smoother
surface, the imaginary portion of the dielectric function (Eqgn. 1.5) is reduced as there are
less collision sites for resonating electrons. This causes the resonance peak to blue-shift and
decreases the FWHM which increases the FoM of the sensors (129-133). This effect can be
modelled with the Drude-Lorentz equation (Eqn 1.9) (134).
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where g(w) is the dielectric function of the gold, wp is the plasmon frequency, ® is the
wavelength of incident light, I is the damping constant, fm is the weighting of each resonance

mode and om is the resonance wavelength of each mode. The Drude component (1% term) of
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the equation accounts for freely resonating electrons while the Lorentz component (2" term)
accounts for interband effects. By combining these two terms, we can make accurate
predictions about both the resonance wavelength and resonance peak width of a metallic
nanostructure. By annealing structures, the damping constant (I') that appears in both terms
of the equation can be reduced, resulting in a narrower peak. Although many studies have
observed this narrowing effect, very few discuss the effect annealing has on sensor

performance in terms of localised or bulk sensing ability.

One of the main drawbacks to annealing plasmonic structures is deformation of the structures
after annealing (128-131,133,135-137). As discussed in Section 1.3.2.1, geometry is an
important factor in determining the sensitivity of plasmonic nanostructures. To try to
maintain geometry, encapsulation layers, such as HSQ or aluminium oxide, can be used to
encase the nanostructure and prevent deformation upon the partial melting of the metal
(133,135,137). For example, Bosman et al. demonstrated a 40% increase in quality factor
(Q-factor) upon annealing of single gold nanorods while using a HSQ layer to decrease the
deformation experienced by the nanorods (135). Here, the Q-factor is a measure related to
the bandwidth of the peak and hence an increased Q-factor indicates a narrower peak and
hence better sensing performance. In a similar manner, Higashino et al. also used an
encapsulation method on a silver nanoparticle array (137). Using atomic layer deposition,
they deposited a layer of Al.Oz on an array of silver nanoparticles and observed a notable
increase in Q-factor when the annealing temperature exceeded the melting point of silver
while simultaneously maintaining the geometry of the nanostructures. Neither of these
studies examine the effects this encapsulated annealing had on either localised or bulk

sensitivity and so it is experimentally examined in Chapter 4.

In addition to geometry deformation, annealing changes the surface roughness of
nanostructures, which can have knock-on effects to the desired ligand-binding and anchoring
via self-assembled monolayer (SAM) formation on that structure (138-143). For example,
gold nanostructures used in biosensing applications (Section 1.4) rely on the formation of
SAMs through thiolation. The reduction in surface roughness brought about by annealing is
regularly discussed in literature as a factor effecting the conformity of thiol monolayers
(138-143). However, there is disagreement as to whether smooth surfaces improve or
degrade the quality of SAMs. The most up to date study on the matter by Green et al. offers
some indications as to why this disagreement may exist. Green et al. found that when
examining the formation of decanethiol monolayers on gold, the defects on smooth and

rough gold surfaces formed in different ways (139). The smooth gold surfaces in general had
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a denser thiol layer but the voids in the layer were much larger on average than the ones on
the rough surface which had a greater number of small voids. The larger voids on the smooth
surface may have more potential to be a problem in biosensing applications when SAMs are

often used as anti-fouling layers. This issue will be explored experimentally in Chapter 4.

1.4. Biosensing Applications of Plasmonic Sensors

An accurate, early diagnosis of a disease is crucial to improved health outcomes in almost
all cases. Plasmonic sensors are a quick, label-free way of sensing important analytes and
quantifying their concentration. This section will explore the current state of plasmonic
sensors in the field of biosensing.

1.4.1. Applications of SPR Biosensors

In the early 1990’s, it was demonstrated that the concentrations and binding characteristics
of biological analytes in solution could be quantified using SPR (144-147). Since then, SPR
sensors have been used to detect and monitor the behaviour of many different biomarkers at
increasingly low concentrations. This is normally facilitated by a receptor with specificity
for the analyte of interest such as an antibody or DNA aptamer. Direct detection is the
simplest form of SPR sensing whereby the binding of an analyte to the surface of the SPR
sensor causes a shift in resonance wavelength that can then be detected (148-150). Direct
detection is particularly effective for large analytes or analytes at a high concentration. For
example, Calvo-Lozano et al. created a SPR sensor for detecting repeatedly severe acute
respiratory syndrome coronavirus 2 (SARS-COV-2) antibodies in clinical samples which
reached a LoD as low as 21.1 ng/mL using specific SARS-COV-2 antigens (150).

For some analytes, getting a specific biological receptor can be a hurdle to detection.
Molecularly imprinted polymers (MIPs) offer a solution to this problem. MIPs are synthetic
polymers with imprinted cavities that are specific to a molecule of interest. By attaching
these polymers to plasmonic sensors, they can obtain a high level of selectivity without the
need for a biological receptor (151-153). Choudhary and Altintas recently published work
showing how the cardiovascular disease biomarker cardiac troponin | (cTnl) could be
detected down to a level of 0.52 ng/mL with a high level of specificity using a custom-made
MIP (151). Despite their promise to allow for the detection of almost any molecule, MIPs
still have room to improve in terms of sensitivity and robustness, for example many MIPs
are affected by changes in pH which can negate their use for detecting biomarkers in certain

conditions (154-156). In addition, MIPs are currently made in academic laboratories for
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specific applications and hence with current production methods would not be scalable for

real-world use (156).

Plasmonic sensors are not as effective when the analyte has a small mass or is at a very low
concentration as the change in refractive index created by the binding of the analyte alone
may be too small to be detected. A signal multiplier is a way of increasing the refractive
index change created by a small analyte by attaching a larger particle to it. This aids in
increasing the LoD for molecules that may otherwise be hard to detect (Fig. 1.11).

Figure 1.10 - The use of a signal multiplier to increase LoD.

These signal multipliers come in many forms including quantum dots, secondary metallic
nanoparticles, or larger biological molecules which further increase the refractive index
surrounding the sensor (157-162). The amplifiers can be applied to the analyte either before
or after capture on the sensor surface. Amplification after the analyte is captured on the
sensors surface is generally preferred as it ensures there is no alteration to the structure or
behaviour of the analyte prior to capture. For example, Law et al. used gold nanorods coated
in specific antibodies as a signal multiplier when detecting tumour necrosis factor alpha
resulting in a 40-fold increase in sensor response after the signal amplifier binds (159).
Although signal amplifiers increase the time and resources required for a biosensor, they can
allow for the detection of either very small analytes or analytes at low concentrations

meaning they can be worth the extra resources in some situations.

Traditional SPR is fundamentally limited by low throughput as only one analyte can be
detected at a time. Surface Plasmon Resonance Imaging (SPRi) offers a solution to this
limitation. SPRi uses a camera to monitor large areas so many different spots on the sensor
can be tracked at once vastly increasing throughput. This allows for the simultaneous
observation of multiple analytes by simultaneously monitoring many points on the same

sensor. This kind of system can significantly reduce the time it takes to obtain binding kinetic
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information when compared to running many separate experiments with traditional SPR or
allow different analytes to be monitored simultaneously on the same chip (163-167). For
example, Zeidan et al. used SPRi to monitor two biomarkers indicating renal and liver failure
simultaneously down to a clinically relevant LoD of 5 pg/mL with the aid of a sandwich
style signal enhancer (165). Despite the clear advantages of SPRi as a technique, it is limited
by its lower sensitivity when compared to traditional SPR sensing. This loss in sensitivity is
due to a few factors, one of the main ones being that SPRi sensing is normally carried out
using the intensity mode of SPR sensing due to limitations of the camera monitoring the
sensing array. In this mode, the noise in the excitation light source limits the ability of the
sensor to detect small shifts in resonance frequency. Despite this loss of sensitivity, SPRI

has the potential to be used as a quick, high-throughput diagnostic system.

1.4.2. Applications of LSPR Biosensors

LSPR is different from SPR in several crucial aspects which have the potential to improve
its biosensing performance. Firstly, LSPR sensors do not require the bulky equipment
needed for SPR sensing as no coupling mechanisms are required to induce plasmon
resonance. Additionally, LSPR creates an EM field with a higher degree of confinement to
the surface of the metallic nanoparticles. While this causes a significant reduction in bulk
refractive index sensitivity, it also results in an increased sensitivity to molecular interactions
close to the surface of the sensor, making it adept at detecting binding events at the surface

of the nanostructure.

1.4.2.1. Colloidal LSPR Sensors

Many LSPR-based sensors utilise metal nanoparticles in a colloidal solution. As with SPR
sensors, the simplest variety of these sensors take advantage of the refractive index
dependence of LSPR by attracting target analytes to the surface of the nanoparticle, resulting
in a shift of the plasmon resonance. In relation to biosensing, this is generally accomplished
by bonding an antigen that will specifically bind to of a target analyte such as with an
antibody or a DNA aptamer (168-174). Tang and Casas used this specific recognition to
quantify the concentrations of different cardiac biomarkers using gold nanorods with
immobilised antibodies. This approach was able to determine the concentration of
myoglobin and cTnl in solution with a very high specificity and the ability to detect ng/mL
concentrations of analyte (172). Alternatively, direct sensing can be accomplished with less
specific recognition systems as displayed by hydrogel coated nanoparticles which are able
to distinguish between protein lysozyme and lactoferrin via electrostatic interactions with

the hydrogel (173). Although this non-specific sensing comes with the benefits of removing
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the need for a specific receptor and the ability to detect more than one biomarker, it is limited
by a significant reduction in sensitivity and LoD as well as increased interference from

complex solutions.

An alternative sensing mechanism for colloidal-based LSPR sensors is nanoparticle
aggregation. Aggregation sensors capitalise on the fact that the LSPR spectral profile and
resonance wavelength are both dependent on nanoparticle geometry. Larger nanoparticles,
or nanoparticle aggregates will resonate at longer wavelengths. Taking advantage of this,
researchers have utilised a variety of methods to increase the effective size of nanoparticles
upon interaction with analytes. In aggregation assays, the analyte can cause aggregation by
either displacing the capping agent responsible for nanoparticle stability or by changing the
environment in a way that encourages nanoparticle aggregation. This aggregation then
results in larger red-shifts or the collapse of the plasmonic spectra allowing for analyte
detection (175-180). Sun et al. utilised this approach to identify 12 different proteins with
various modified nanoparticles showing different levels of aggregation depending on the
specific protein that was introduced (181). In addition to sensors where the nanoparticles
aggregate, systems can also work on the principle of anti-aggregation whereby analytes
cause the dispersion of nanoparticle aggregates resulting in a blue-shift although these

sensors are much less common (182,183).

RI-based sensors and aggregation assays are the most numerous among colloidal sensing
methods, but other approaches exist. Monitoring nanoparticle growth in the presence of
analytes is an alternative method for biomarker sensing which takes advantage of the fact
that the mass of metal reduced onto the nanoparticle surface can be affected by
environmental conditions (179,184-186). The reduction of metal ions can be caused directly
by analytes as in the work published by Jafarinejad et al. wherein neurotransmitters acted as
reduction agents to grow a silver nanoshell onto a gold seed (185). As the silver shell grows,
the adsorption peak on the LSPR spectra shifts, indicating the presence of neurotransmitters.
The effect of the analyte on the reduction reaction can also be indirect as shown by Guo et
al. when detecting alkaline phosphatase (ALP) (186). As ALP is an enzyme, its
concentration in solution determines the amount of ascorbic acid 2-phosphate which will be
converted to ascorbic acid. The ascorbic acid in turn then causes reduction of silver ions onto
a gold nanoparticle template in a concentration dependant manner giving an indirect

guantification of the ALP concentration in solution (186).

Although useful in a laboratory setting, solution-based sensors can be limited. Generally,
colloidal plasmonic sensors are not reusable with a non-reversible colour change used for
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detection. It is also challenging to integrate solution-based sensors into fluidic setups
whether in an industrial setting or in a medical laboratory as they are not attached to a
surface. To overcome these limitations, many plasmonic sensors are based on nanoparticles

tethered to a substrate.

1.4.2.2. Substrate-based Biosensing

Nanoparticle arrays can be fabricated on a substrate using a variety of different techniques
as discussed in Section 1.2.3. Using a substrate-based system gives sensors the ability to be
integrated with microfluidic systems which gives them more potential to become modular,

user-friendly, portable sensors for many different applications.
1.4.2.2.1. Pinned Nanoparticles

One way to create a LSPR-based sensor on a substrate is to simply pin nanoparticles to the
surface as described in Sections 1.2.3.3 and 1.2.3.4 this allows sensors to be created without
the expense of lithographically defined nanofabrication. Nanoparticles can be pinned in a
few different ways, the most common is via electrostatic interactions on chemically modified

glass but they may also be imbedded in a polymer.

Sensors fabricated in this manner have been used to detect many different biomarkers
including proteins and DNA (33-39). For example, a multiplexed DNA sensor was created
using islands of gold nanoparticles pinned to a substrate using APTES (Fig. 1.7). Each island
was modified with a unique DNA capture strand resulting in the sensor being able to detect
five different gold nanoparticle labelled DNA strands down to a concentration of 60 nM
(34). This enabled the sensors to detect five different gold nanoparticle labelled DNA strands
down to an LoD of approximately 60 nM. Other studies utilising pinned nanoparticles have
increased sensor performance in interesting ways. This includes pinning the nanoparticles to
a surface using an alternative method such as imbedding the nanoparticles into a polymer
matrix for better nanoparticle distribution and the utilisation of different sandwich style

amplifiers including silver nanoparticles and secondary antibodies (35,36,187).

However, sensors based on pinned nanoparticles have their limitations. The stochastic nature
of the pinning limits the reproducibility of the sensors in addition to reducing sensing
performance due to spectral broadening originating from both particle inhomogeneity and

random coupling of particles.
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1.4.2.2.2. Lithographically Defined Structures

Lithographically-defined plasmonic structures negate the limitations of sensors constructed
of pinned nanoparticles. With the ability to write arbitrary patterns both the geometry of each
individual nanostructure and the packing of these nanostructures can be precisely controlled.
This gives lithographically designed LSPR sensors the potential of enhanced sensing

performance when compared to nanoparticles (Section 1.3.2.1).

Due to its relative affordability, NSL is widely utilised for biosensing in the literature. NSL
structures are fabricated of gold or silver and often create triangular nanostructures in a
distinctive pattern due to the nanosphere packing (40—48). Structures fabricated using NSL
have been used to sense DNA hybridisation as well as the presence of entire cells. Hu et al.
used a sandwich setup to anchor a biotinylated DNA sequence to a sensing surface (46). As
this DNA aptamer was specific to a surface marker on Pseudomonas Aeruginosa bacteria,
there was a large degree of specificity to the recognition of these cells which could be
detected even in small numbers (46). Although NSL fabricated sensors have been seen to
have a good ability to sense a variety of biomarkers, they are limited in terms of structure
flexibility. The pattern set out on the substrate by the nanospheres can only be manipulated
so much meaning it is only able to create a few different plasmonic geometries, often with
limited control of the exact outcome.

As discussed in Section 1.2.3.4, EBL provides a very high resolution and is versatile in the
patterns it can create but is very expensive. Despite the costs, there are plenty of example of
direct-write methods being used to create plasmonic sensors for biosensing applications
(96,98,100,102,188-196). The limits of detection for these applications vary significantly
depending on the analyte but can be as low as the pM range. Bringing together the
complimentary fields of microfluidics and plasmonic sensing, Li et al. recently showed a
novel application of a nanohole plasmonic sensor (99). By culturing cells inside a
microfluidic chamber, they could monitor their output of a specific growth factor in real time
as the effluent from the cell culture flowed over the sensing region (99). In another show of
the potential of microfluidics and EBL, Yavas et al. created a microfluidic system featuring
micromechanical valves to allow for 3 different solutions to be introduced to the system in
a systematic manner (196). This system allowed first for four different antibodies to be
captured on separate rows of sensors, then a mix of analytes to be introduced to each different
sensing region and then an amplifying step to take place in the form of more antibodies being
introduced to bind to any bound analyte in a sandwich format (196). By doing this, four
different breast cancer markers could be detected down to the ng/mL level, but this system
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could easily be altered to utilise antibodies for any disease due to the use of microfluidics to
modify the sensors (196).

Despite the successes of lithographically defined plasmonic sensors in biosensing
applications, the potential of the fine resolution and high degree of control provided by direct
write methods is yet to be fully explored. By utilising plasmonic geometries, the sensing

performance of LSPR sensors could be further optimised.

1.5. Research Work Describe Herein

The work in this thesis is split into three main chapters. The first results chapter (Chapter 3)
will discuss the properties of different plasmonic structures and how these properties may
affect their sensing performance. This includes geometries that have been previously
fabricated such as split rings and trimers but gives a more in-depth look at the role size plays
in their properties as well as quantifying both their bulk and local sensing properties. In
addition to these previously fabricated geometries, entirely novel geometries such as
triangular trimers are investigated which combine the benefits of sharp points as well as
coupling for enhancing the electromagnetic field. Nanohole arrays with unique plasmonic
geometries are also experimentally investigated including square and triangular nanoholes
on both square and hexagonal grids. This provides new insights into the geometric effects
present when designing negative structures and the effects these parameters have on sensing
performance. As all the structures investigated in Chapter 3 are annealed, it also serves as
one of the only investigations into the properties of different plasmonic nanostructures after

annealing.

Chapter 4 further compares annealed geometries to non-annealed ones, including many of
the geometries discussed in Chapter 3. The benefits and drawbacks of annealing are also
discussed including the effect of annealing on nanoparticle geometry and the effect of
changing surface properties on the formation of SAMs. Utilising a technique similar to that
presented in literature, an attempt is made to minimise the deformation associated with
annealing to investigate if this can positively benefit the sensing abilities of different
plasmonic geometries. Following this, an alternative method of annealing, laser excitation

is compared to the more standard process of annealing using a rapid thermal annealer.

The final results chapter (Chapter 5) investigates the use of these plasmonic sensors for
biosensing applications. In this case, the aim is to create a novel cross-reactive sensor for the
discrimination of proteins. Towards this goal, the ability of SAMs to promote the reversable

interaction of proteins with plasmonic sensors is investigated. After validating a microfluidic
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system utilising a more traditional specific protein interaction, the ability of an array of
modified LSPR sensors to discriminate between different protein solutions is then

investigated.
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Chapter 2 — Materials and Methods

2.1. Introduction

This chapter will detail the different fabrication and characterisation methods employed in
this thesis. This will include a brief explanation of the working principles of the different
tools used and descriptions of the fabrication processes utilised to create the plasmonic
sensors that were the basis for this thesis. In addition, descriptions and discussions of
different experimental setups will be presented. The manner in which the data was analysed

will also be explained and simulation parameters will be disclosed.

2.2. Simulations

Finite-Difference Time-Domain (FDTD) simulations deconstruct a simulation space into a
three-dimensional grid constructed of cells with a defined size. The electric and magnetic
fields within each cell of the simulation are calculated using Maxwell’s equations using the
neighbouring cells as inputs (1). By carrying out these calculations, the response of
plasmonic structures to a pulse of light can be calculated and the behaviour of these

structures can be approximated.

All simulations in this work were carried out using Ansys Lumerical. The structures were
all simulated as 50 nm pillars of gold with a 2 nm titanium adhesion layer as this is a
necessary component for attaching nanostructures to a glass substrate which unfortunately
causes dampening of the plasmonic resonance (2—4). As an aqueous solution is the most
common use case for these plasmonic nanostructures, all simulations were carried out with
a background refractive index of 1.333 to match water. Gold and titanium dielectric data

were obtained from the CRC library and the glass data came from the Palik library (5,6).

The grid size was set at 3 nm and the light source was polarised in the y-direction from below
the glass substrate to replicate the direction of incident light in the experimental setup
(Section 2.6.2). The boundaries in the XZ and YZ planes surrounding each simulation space
were set to be periodic in order to replicate a metamaterial of repeating elements. Boundaries
parallel to the XZ plane were perfectly matched layers to prevent reflection of transmitted
light. Electromagnetic fields were recorded at the surface of each structure in the XY plane
at z =52 nm as well as being recorded through the centre of the structure along the XZ plane.
All figures displayed in this thesis are from the XY plane at z = 52 nm. The magnitude of
the electromagnetic fields was recorded as the absolute value without normalisation. Figure

2.1 shows a picture of the simulation setup.
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Figure 2.1 - The simulation setup. (a) An isometric view including coordinate system (b) XZ plane (c) XY
plane (d) YZ plane. Light in polarised in the x-direction.

For some more complex geometries, GDSII files were imported directly from L-Edit

(Siemens) to ensure an accurate replication of the structure’s geometry.

2.3. Fabrication Tools and Theory

2.3.1. Electron Beam Lithography

Electron beam lithography (EBL) tools use magnetic or electrostatic lenses to focus electrons
onto a substrate. These lenses allow the electron beam to be very precisely controlled to
write patterns with sub-10 nm resolution onto electron beam resists. Electron beam resists
come in two types, positive and negative resists. Positive resists are weakened when exposed
to an electron beam as their polymer chains are broken up into shorter pieces (7). The
weakened section can then be selectively removed leaving behind a hole in the resist layer
creating a mask for the fabrication of nanostructures. In this thesis, polymethylmethacrylate
(PMMA) is used as a positive electron beam resist. Negative resists on the other hand, cross-
link when exposed to electrons meaning that exposed areas are not removed during
development. Examples include Hydrogen Silsesquioxane (HSQ) and Ma-N series resists.
This is useful when creating arrays of nanoholes (Section 2.4.3). Different parameters effect
the patterns written using EBL. These factors include the dose, beam current and beam step
size. The electron beam dose defines the amount of energy that is to be delivered to each
area (measured in pC/cm?) and hence, the exposure of the resist. The beam current defines
how quickly this dose can be delivered to the sample with larger beam currents writing

patterns significantly faster. This faster writing time can compromise pattern resolution as

47



beams with a larger current also have a larger spot size. This intrinsic trade-off of resolution
versus write time is also controlled by beam step size with a smaller step between adjacent
beam exposures allowing for a finer resolution while increasing write time. To determine
the correct dose for writing with a given set of parameters, a dose test is carried out. This
involves exposing multiple regions with incrementally increasing doses and measuring the

average size of each shape against the designed shape.

Another important feature of EBL is that it requires a conductive substrate. Without the
substrate grounding incoming electrons, charge will build up on the surface of the substrate

causing deflection of incoming electrons which will result in a distorted pattern (Fig. 2.2).
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Figure 2.2 - The effect of substrate conductivity on electron beam lithography. (a) Deflection occurring
without a conduction layer. (b) Electrons being conducted away through a conduction layer.

For non-conductive substrates such as glass, this issue can be overcome by applying a
conductive layer such as a layer of aluminium (Fig. 2.2(b)). Another phenomenon that must
be considered when using EBL is electron backscattering. Backscattered electrons elastically
scatter within the substrate resulting in a larger area of the resist being exposed than initially
designed. The effect of backscattered electrons can be corrected using proximity effect
correction (PEC). PEC varies the dose across the extent of a pattern resulting in the centre
of the pattern receiving a lower dose due to its increased exposure to backscattered electrons
and the edges of the pattern receiving a larger dose. The result of the proximity effect can
vary depending on the resist stack with some not requiring PEC to write consistent arrays

and other resist stacks becoming almost unusable without it.

2.3.2. Metal Evaporation

In many nanofabrication processes, it is important to be able to deposit thin layers of metal
onto the sample. This was accomplished using metal evaporation tools (Plassys MEB 5508,
Plassys MEB 400S). The working principle of these evaporators is that by applying high
currents to metal within a crucible, the metal will become molten and then a vapour. Metals

are deposited under very high vacuum conditions (1x10® mbar) as some more reactive
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metals, such as aluminium or silver, will react with any remaining gas molecules to create
oxides which reduce the purity of the deposited metal. Even for relatively unreactive metals
such as gold, remaining gas molecules can interact with the substate and freshly deposited
metal to pin grain boundaries which decreases sensor performance (8). The rate of metal
deposition is monitored by a quartz crystal microbalance which allows precise control of
both deposition rate and the layer thickness by closing a shutter between the sample and the

metal source as soon as the desired thickness has been deposited.

2.3.3. Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) was used to increase the quality of plasmonic sensors after
fabrication by changing the grain structure of the gold (Jipelec JetFirst RTA). Using infrared
halogen lamps, the RTA precisely controls both the heating rate of the devices as well as
giving very accurate temperature control. In addition to this, it allows for annealing under a

nitrogen atmosphere as opposed to annealing in air.

2.3.4. Oxygen Plasma Treatment

Oxygen plasma can be used to clean samples or create functional groups on the surface of a
substrate (Asher PlasmaFab RF 505). Due to the high reactivity of the oxygen radicles
created in the plasma, they react with and destroy any organic matter within the chamber.
This can be used to clean substrates before fabrication or to clean fabricated nanostructures.
In addition to this, as shown and discussed in Section 2.4.3.1, oxygen plasma can change the

surface properties of a substrate which can be useful for fabrication purposes.

2.3.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to characterise the fabricated nanostructures
(Hitachi SU8240, Hitachi SU8230). Within an SEM, electrons are created using a cold field
emission source and these electrons are focused onto the sample using electrostatic or
magnetic lenses. The electrons then either scatter elastically (back-scattered electrons) or
inelastically (secondary electrons) within the sample. Either type of scattered electron can
be detected and used to form an image although secondary electrons are generally used for
high resolution images as they are generated close to the surface of the material. Due to the
use of electrons in this imaging technique, samples must be conductive for the same reasons
explained in Figure 2.2. In this thesis, samples were either coated in aluminium (Plassys
MEB 5508, Plassys MEB 400S) or gold/palladium to prevent charge accumulation (Agar
Auto Sputter Coater). The voltage for each SEM is listed in all provided figures however the

amperage was always set at 10 pA.
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2.4. Fabrication of Plasmonic Sensors

2.4.1. Fabrication Design

The first step of nanostructure design is to define the pattern using L-Edit IC (Siemens).
Within L-Edit the dimensions and geometries of nanostructures can be defined including the
periodicity of the nanostructure arrays. These patterns are exported as a GDS file for the next

step of the design process.

The next software used was Genisys Beamer where patterns are fractured to be readable by
the EBL tool. Fracturing consists of breaking up patterns into simpler shapes with a fracture
algorithm. In this thesis, the Large Rectangles Fine Trapezoids (LRFT) fracturing algorithm
was used which fills the shape first with as many large rectangles as possible and then fills
the gaps with trapezoids. In addition to fracturing the shapes, writing parameters are defined
in Beamer including the beam step size, mainfield resolution and subfield resolution.
Following this, a GFP file is then exported containing fractured shapes and beam placement

information.

Finally, Raith Cjob is used to arrange structures onto the wafer as well as defining beam
dose and beam current. This software is also where alignment parameters can be set if the

job needs to be aligned to a previously fabricated layer.

2.4.2. Fabricating Positive Structures

2.4.2.1. Fabricating Positive Shapes with a PMMA Mask

Borosilicate glass wafers were cleaned by sonication in methanol, acetone and isopropyl
alcohol (IPA) for 5 minutes each. A bilayer of resist was then spun onto the wafer (Layer 1:
200K molecular weight, 1% PMMA dissolved in anisole, Layer 2: 950K molecular weight,
2% PMMA dissolved in ethyl lactate. Both resists sourced from AllResist). Both layers were
spun on at 4000 rpm for 60 seconds before being baked at 180 °C for 3 minutes to give a
PMMA layer approximately 150 nm thick. Following resist deposition, a 20 nm layer of
aluminium was evaporated onto the sample using a metal evaporation tool (Plassys MEB
550S, Plassys MEB 400S) to act as a conduction layer for EBL.
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Table 2.1 - Parameters used for fracturing and exposure of EBL patterns.

Parameter Setting
Resolution (writing position grid) 1nm
Beam step size (writing grid position) 2 nm
Resolution (mainfield settings) 1nm
Resolution (subfield settings) 0.5 nm
Fracturing (Beamer) LRFT — high resolution
Beam size (CJob) 2nA
Theoretical Beam Spot Size 6 nm
Dose (CJob) 800 uC/cm?

EBL used the parameters summarised in Table 2.1. Following electron beam exposure, the
aluminium conduction layer was removed using 2.5% tetramethylammonium hydroxide
(TMAH) (Microposit MF CD-26 developer, Shipley). The resist, which was weakened by
the electron beam exposure, was then removed from the wafer using a solution of methyl
isobutyl ketone (MIBK, Merck Chemicals) and IPA (2.5:1) for 1 minute before rinsing with
IPA. Following resist development, a 2 nm titanium / 50 nm gold layer was evaporated onto
the wafer. Finally, the wafer was immersed in acetone and placed in a 50 °C water bath for
an hour. With gentle circulation of acetone, the excess PMMA was then removed leaving

behind the fabricated sensor. This process is summarised in Figure 2.3.
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Figure 2.3 - Schematic of the fabrication of positive structures (a) Two layers of PMMA with different
molecular weights (MW) are spun onto the borosilicate substrate and an aluminium layer is deposited to
facilitate charge conduction. (b) EBL is used to selectively expose the PMMA resist creating weakened areas
of resist. (¢) The aluminium layer is removed with CD26 and MIBK is used to develop the weakened resist
revealing an undercut profile. (d) A metallic bilayer of titanium and gold is deposited. (e) The excess gold and
resist layers are removed by dissolving the remaining PMMA in acetone.

2.4.2.2. Annealing with a HSQ Encapsulation Layer

In an effort to mitigate the negative side effects of annealing some nanostructures were
annealed with a protective HSQ (Dupont) layer (9). This was created by spinning a 1:1
HSQ:MIBK solution onto a sensor at 4000 rpm for 60 seconds and then baking it at 90 “C

for 2 minutes. The sensor was then annealed at 500 °C for 10 minutes (Section 2.3.3) and
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the HSQ layer then removed using 10:1 hydrofluoric (HF) acid. This process is summarised

in Figure 2.4.
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Figure 2.4 - The use of a HSQ encapsulation layer for preventing nanostructure deformation. (a)
Nanostructures are fabricated as described in Section 2.3.2 (b,c) Non-encapsulated nanostructures are annealed
at 500 °C for 10 minutes causing deformation. (d) The nanostructures are encapsulated with a HSQ layer and
are annealed at 500 °C for 10 minutes. () The HSQ layer is removed using HF acid.

2.4.3. Fabricating Negative Arrays
2.4.3.1. Fabricating Nanoholes using a HSQ Mask

Initial work to fabricate nanoholes attempted to replicate a method shown in literature
(10,11). First, the borosilicate glass (500 pum thickness, Pi-Kem) was cleaned by sonication
in acetone and then in IPA for 5 minutes each before drying with nitrogen. A PMMA resist
(AllResist — 600K molecular weight 4% in ethyl lactate) was then spun onto the substrate at
4000 rpm for 60 seconds and baked at 180 °C for 3 minutes. Following this, a 50:50 mixture
of HSQ:MIBK was spun onto the sample and baked for 3 minutes at 90 °C. A 20 nm
aluminium conduction layer was deposited (Plassys MEB 550S, Plassys MEB 400S) and the
sample was exposed with EBL. To develop the HSQ, the sample was immersed in 25%
TMAMH for 30 seconds to initially removed the aluminium conduction layer and subsequently
develop the HSQ layer. The sample was then exposed to oxygen plasma (RIE 80+, Oz 20
sscm, 100 W, 60 s, 50 mTorr) to remove the excess PMMA. Finally, a 2 nm titanium / 50
nm gold metallic bilayer was deposited and any excess PMMA removed by submersion in

acetone at 50 °C resulting in an array of nanoholes (Fig. 2.5).
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Figure 2.5 - Fabrication of nanoholes using HSQ as a mask and PMMA as a sacrificial layer. (a) Electron
beam exposure on the resist stack. (b) A portion of the HSQ is cross-linked. (¢) The HSQ is developed using
25% TMAH. (d) Excess PMMA is removed using directional oxygen plasma. () A metallic bilayer (2 nm
titanium / 50 nm gold) is deposited using a metal evaporator. (f) The PMMA pillar is removed with acetone to
give a nanohole.

Using the protocol previously described, nanoholes were fabricated with electron beam
doses ranging from 600 to 2350 uC/cm? (Fig. 2.6).
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Figure 2.6 - The proximity effect causing mis-fabrication of nanohole arrays. (a) A 600x magnification
SEM of a sensor region at 900 puC/cm? (Scale bar: 50 um). (b) A magnified image (3.5K x) of the edge of the
sensing region at 1200 uC/cm? (Scale bar: 10 pm)

Regardless of the applied dose, the initial trials showed a clear pattern of the proximity effect

with the centre being overdosed and the edges being underdosed.

Monte Carlo simulations were performed (GenlSys TRACER) to adjust the dose radially to
account for the backscattering of electrons and create a dose profile to correct for the
proximity effect. The following trials showed improvement with larger regions of

successfully fabricated nanoholes, but the same proximity effect issues persisted (Fig. 2.7).
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Figure 2.7 - Improvement in the HSQ fabrication process when PEC is applied. (Scale bar: 10 um)

In addition to the persistent issues with the proximity effect, Figure 2.7 shows the difficulty
with lifting off the HSQ. Often after the PMMA dissolved, the remaining gold and HSQ
would remain adhered to the surface. The aforementioned problems with this fabrication
technique resulted in it being discarded as, despite the quoted resolution being higher than
that of a traditional negative resist, the persistent issues with the proximity effect make it

unsuitable for writing negative arrays of discrete features.

2.4.3.2. Fabricating Nanoholes using Ma-N Series Resist

To fabricate nanoholes using Ma-N series resists (Microresist Technology), borosilicate
glass (500 pm thickness, Pi-Kem) was first cleaned in an ultrasonic bath for 5 minutes in
acetone followed by 5 minutes in IPA. The glass was then exposed to oxygen plasma at 150
W for 3 minutes. This served the double purpose of both ensuring the glass is clean and
promoting adhesion by creating hydroxyl groups on the surface of the glass giving it
hydrophilic properties. Without the exposure to oxygen plasma, the Ma-N 2401/2403 resist
would not adhere to the substrate. After oxygen plasma, the resist was spun on at 3000 rpm
for 30 seconds and baked at 90 °C for 3 minutes. The sample was then coated in 20 nm of
aluminium to act as a charge conduction layer before being exposed using EBL. The EBL
parameters used were identical to Table 2.1, except the dose which was increased from 800
nC/cm? to 1200 puC/cm?. Following exposure, the sample which was immersed in 2.5%
TMAMH solution (Microposit MF-319, Shipley) for 4.5 minutes. The first 90 seconds of
TMAH exposure removed the aluminium conduction layer with the remaining 3 minutes
developing the resist. The sample was coated with a metal bilayer of 2 nm of titanium and
50 nm of gold with the excess resist being removed using an N-Methyl-2-pyrrolidone (NMP)
based developer for 2 hours (Microposit Remover 1165, Shipley) in a 50 °C water bath. A
summary of this process and a completed nanohole array can be seen in Figure 2.8.
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Figure 2.8 - Summary of the fabrication process using Ma-N Series resist to create nanohole arrays. (a)
Glass is cleaned/activated with oxygen plasma. (b) The resist is exposed with EBL. (c) The resist cross-linked
by the electron beam remains after development in Microposit MF-319. (d) A metallic bilayer (2 nm titanium
/50 nm gold) is deposited using a metal evaporator. (€) Removal of the remaining Ma-N resist with Microposit
Remover 1165 to create a nanohole array. (f) An SEM image of a resulting nanohole array (Scale bar: 1 um)

2.5. Sensor Modification

2.5.1. Thiol Modifications of Gold Sensors

Creating self-assembled monolayers on gold nanostructures relies on the coordination bond
that forms between sulphur and gold atoms. This bond means that thiols will bind to and
arrange themselves as a monolayer on gold surfaces (12-16). To create a monolayer, sensors
are immersed in 10 mM thiol solutions with either an aqueous or ethanolic solvent. The gold
nanostructures are then left for approximately 8 hours in the thiol solution to allow thiols to

bind to the surface and rearrange to form a monolayer.

2.5.2. Silane Modification of Glass Substrates

Silane monolayers on glass substrates were created using gas-phase deposition (17,18). This
was accomplished by placing the sensors inside a desiccator along with a small volume of
the desired silane and then pumping the setup down to a low pressure causing the silane to
become a vapour. This setup is then left for approximately 8 hours and the gas phase silane
forms a monolayer on the glass substrate. Before use, the substrate is rinsed with methanol

to remove any excess silane.

2.5.3. Modification with a Non-Contact Liquid Dispenser
For some experiments, many different modifications were required to be placed on the same
substrate. One way to accomplish this is to use a non-contact liquid dispenser (Dispendix
I.DOT). The printer was programmatically used to dispense 100 nL droplets onto precise
locations on a microscope slide. In this case, 20 mM thiol solutions were printed onto each
sensor with either an aqueous solvent or a solvent consisting of an 80/20 ratio of ethanol to
ethylene glycol. To prevent these nanodroplets from mixing, a fluorous silane background
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((heptadecafluoro-1,1,2,2-tetranydrodecyl) trichlorisilane) is deposited around each sensing
region using a photoresist mask. The mask consists of photoresist pillars created using S1818
resist which was exposed with a dose of 90 mJ/cm? and developed in a solution of 50:50
reverse osmosis water and Microposit developer for 2 minutes before silane deposition (Suss
MAS8 Mask Aligner). After silane monolayer formation, the remaining photoresist is stripped
with 50 °C acetone. With the thiol droplets now pinned to the sensing regions, they were
then incubated on the sensor overnight at 4 °C in a humid environment to minimise
evaporation. After modification, the sensors were rinsed with ethanol to remove any excess
thiol. Figure 2.9 depicts this process visually.
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Figure 2.9 - Summary of the process used for pinning thiol droplets onto sensing regions. (a) The sensing
regions are coated with S1818 photoresist. (b) The resist is exposed using a mask aligner. (c) The resist is
developed using Microposit developer and a fluorous silane is deposited via gas-phase modification. (d) The
thiol solutions are printed onto each sensing region and left for approximately 8 hours to create a monolayer.
(e) The remaining thiol is rinsed off using ethanol leaving behind a thiol monolayer. (f) A schematic of the
microscope slide with its 50 sensing regions.

2.6. Measuring Plasmonic Resonance

2.6.1. Spectrometers

Optical spectrometers separate light into its constituent wavelengths and quantify the
intensity of each wavelength. They accomplish this by first directing light onto a diffraction
grating. This grating will split light into different wavelengths with the groove density of the
grating defining the dispersion of the light and hence limiting the resolution of the
spectrometer. The split light is then directed to a detector made of many individual charge
coupled devices which act as individual pixels whose response will vary depending on the
intensity of light at a given wavelength. By combining the responses of all these sensors, the
spectral profile of the light can be calculated (Fig. 2.10).
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Figure 2.10 - Schematic of an optical spectrometer.

In this work, the majority of measurements were taken using a spectrometer with a 350 nm-
1150 nm range and a resolution of 0.5 nm (StellarNet Blue Wave, VIS 25). Each reading
obtained from this spectrometer was an automated average of 3 readings. A second
spectrometer was used for a small number of readings (Optosky ATP3304) which had a
smaller range (457-731 nm) but a finer resolution equal to 0.27 nm. For both spectrometers,
the integration time was set to be the maximum duration without detector saturation. This
was established before each experiment and remained consistent throughout each individual

experiment.

2.6.2. Spectrometer Setup

A schematic of the microscope setup is given in Figure 2.11. The setup consists of a light
source (Stellanet SL1) from which an optical fibre carries light to a condenser lens which
focuses the light onto the sensor. The transmitted light is then focused by an objective lens
onto a second optical fibre which guides the light to a spectrometer. The spectrometer then

outputs this data for analysis.
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Figure 2.11 - Schematic of the setup used to record plasmonic spectra.
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If relevant to the experiment at hand, the microscope could be augmented with a Peltier stage
(Linkam Scientific, PE120) to precisely control the temperature of the stage. By applying a
current to a semi-conductor, the Peltier stage could hold the sample at any temperature
between -20 °C and 120 °C.

2.7. Data Analysis

2.7.1. Calculating the Resonance Wavelength of Plasmonic Spectra

Raw data from the spectrometer was analysed using a custom python script. Before finding
the spectral minima, the raw data was subjected to a boxcar averaging function with a width
of three to remove any high frequency noise. The data was then cropped around the absolute
minima of the data by finding the inflection points of a high order polynomial fitted to the
spectra. The cropped section of data was then smoothed with a 30-point wide boxcar
averaging function and the minima of this smoothed section taken as the minima of the
spectra. The data for each minima in the dataset was then output into a CSV file to be used

for any further analysis or visualisation.

2.7.2. Calculating Full Width at Half Maximum of Spectra

To calculate the full width at half maximum (FWHM) of each spectra, the first 100 points
of the spectra are averaged, and this point is taken as the baseline of the spectra. This baseline
is then compared to the position of the minima of the spectra to find the half maximum
position. The two points at which the spectra crosses the half maximum transmission value
are then recorded and the difference between them is calculated as the FWHM. Missing data
relates to a scenario under which the full spectra was not within the range of the spectrometer
and hence, the FWHM could not be calculated. In this scenario, the data can be fitted with a
Lorentzian to give an approximation of the FWHM. Erroneous data refers to a scenario
where the automated code finds the FWHM of a secondary peak that is not of interest. In
this scenario the data can be cropped in order to remove peaks that are not of interest. This
is particularly relevant for negative structures where the bulk metal normally has a weak

spectral peak of its own which is not related to the plasmonic properties of the surface.

2.7.3. Principle Component Analysis

Principle component analysis (PCA) is a method used to reduce the dimensionality of data
while keeping as much of the original information as possible (19,20). PCA is an
unsupervised classification technique meaning that unlike techniques such as linear

discriminant analysis it does not require a set of data to be trained on.
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PCA relies on maximising the variance in a given multidimensional dataset to find trends in
the data that are not immediately obvious without dimensional reduction. PCA identifies the
best fit line for all the data in the n dimensional space (n being the number of variables we
are considering — in this case the number of sensing regions) (20,21). This is the first
principle component (PC1). The second principal component will be perpendicular to PC1
and the third will be perpendicular to PC1 and PC2 with this trend continuing for all principle
components (20,21). After identifying the principal components in this dimensionally
reduced data is plotted along these new principle component axes. This will create clusters
of datapoints with similar responses behaviour which can allow for the discrimination of
different samples (Fig. 2.12 (a)) (20,21). The amount of variance each principal component
is responsible for is displayed in a scree plot as shown in Figure 2.12 (b). Ideally, the
maximum amount of variance is captured in the first two or three principal components to

allow the clusters to be visually separated.

In the case of this thesis, PCA is applied to an array of plasmonic sensors, each with its own
surface property. By monitoring the change in resonance wavelength each sensor has when
interacting with a specific protein we can then create an array of values onto which PCA can
be applied. This means that in the case of a successful experiment, the resulting clusters will
represent the interaction of our plasmonic sensors with different proteins. If, however, there
is not a sufficiently different response for each protein to the sensor array, the clusters will
begin to overlap and may become indistinguishable.
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Figure 2.12 - An illustration of PCA discriminating example data (a) A PCA plot showing the groupings

of two distinct samples (b) A Scree plot displaying the weighting of each principal component.

PCA is very commonly used in analyses involving cross-reactive sensors since it does not
require training and minimises the data lost when combining the data received from many
different sensing elements (22—37). In this thesis, PCA was carried out with JMP17 software.
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2.7.4. Linear Discriminant Analysis

Linear discriminant analysis (LDA) works on similar principles to PCA whereby it works to
maximise the variance in the presented data. The key difference between PCA and LDA is
that LDA is a supervised technique meaning it requires the classes to be labelled before
analysis can be carried out. Although this means data has to be pre-classified for the model
to be created, the model is often more effective as it is now working to maximise inter-class
variance as opposed to the variance between each individual datapoint (38,39). Often LDA
is validated using a leave one out cross validation technique (LOOCV). LOOCYV is a method
of assessing the ability of a model to predict which the class of novel data (40). In the case
of this thesis, this is determining if the model can accurately categorise protein solutions. To
accomplish this, LOOCV splits the dataset into a defined number of subsets, in this case,
each datapoint is individually tested. All but one of the datapoints is then used to create a
model into which this remaining datapoint is inserted, by repeating this process for every
datapoint we can then determine how often the data is accurately categorised. The LDA
model can then be assigned a percentage value as to how many datapoints were correctly
allocated.

2.8. Sensitivity Measurements

2.8.1. Bulk Sensitivity

The bulk sensitivity of plasmonic sensors quantifies their ability to detect refractive index
changes to the macro environment around them. Experimentally, this is quantified by
measuring the resonance wavelength of the sensors in solutions with varying refractive
indices. These varying refractive indices are created using glycerol solutions of different
concentrations. In this case, water, 10%, 20% and 30% (w/w) glycerol solutions were used
to create a refractive index gradient. The refractive index of these solutions was measured
with a refractometer (Kern ABBE Refractometer ORT 1RS) to ensure accuracy. This was
particularly important when measuring glycerol solutions, as due to its viscosity, glycerol is
challenging to precisely measure. The refractive indices of the glycerol solutions were
always approximately as seen in Table 2.2 however between different batches of glycerol
solution this refractive index would change slightly (in the 3™ and 4" decimal place) and

hence this table only representative of the values.

Table 2.2 - The measured values of refractive index for glycerol solutions of different concentrations (n=3).

Solution 10% Glycerol (w/w) 20% Glycerol (w/w) | 30% Glycerol (w/w)
Measured 1.3446 (+/- 0.0003) 1.3545 (+/- 0.0001) | 1.3623 (+/- 0.0002)
Refractive Index
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After taking five readings in each of these solutions, a graph of refractive index and
resonance wavelength is plotted, and a linear best fit line used to find the sensitivity of the
sensor in nanometres per refractive index unit (nm/RIU). Figure 2.13 shows an example
sensitivity plot using simulated data of how a plasmonic sensor responds to changing

refractive index in an idealised environment.
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Figure 2.13 - Example of simulated sensitivity calculations.

It should be noted that the refractive index of aqueous solutions is dependent on wavelength.
In this thesis, the sensors resonate between 600 and 850 nm. This means that for water at
room temperature, there is a 0.08 shift in the refractive index for water at room temperature
between the two extremes of this range (41). This same principle will also apply to glycerol
solutions, although this would take its own independent study to verify, as the solutions are
mostly water, it can be assumed that they this refractive index shift will be of approximately

the same magnitude.

2.8.2. Localised Sensitivity

In contrast to bulk sensitivity, localised sensitivity is a measure of how sensitive a plasmonic
sensor is to the environment very close to the surface of the sensor. Due to this, quantifying
localised sensitivity requires changing the refractive index close to the surface of the sensor.

This can be accomplished in a few different ways.

2.8.2.1. Thiolation
The first method used to measure localised sensitivity is by forming a thiol monolayer on
the gold nanostructures. In this case, the thiol 11-mercaptodecanoic acid (Sigma-Aldrich)
was used, which can be approximated as being 2 nm long. The sensors were left to modify
in a 10 mM ethanolic solution of 11-mercaptodecanoic acid (Sigma-Aldrich) overnight. By
taking five readings of the sensor before and after these modifications the shift in response
to a thin local layer can be quantified. This method is beneficial as it creates a thin layer over
the entire sensing surface making it analogous to an analyte binding to the sensors surface.
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Although this method is useful for describing the local sensitivity of different plasmonic
sensors, the density and conformity of the thin thiol films can be affected by many factors
including thiol purity, solvent purity and temperature. For this reason, a second method can

be used to confirm the differences in local sensitivity between sensors.

2.8.2.2. Aluminium Oxide Layer

As described in Section 2.3.2, very thin metal layers can be deposited using metal
evaporators. Applying a 1 nm layer of aluminium on a sensor will give a coating which will
quickly convert into aluminium oxide when exposed to atmospheric conditions (42—46). As
with the thiol layer, readings before and after layer deposition allow quantification of the
local sensitivity of sensors. Similar to the aforementioned, there are some drawbacks to this
method. The aluminium oxide will only be present on top of the individual sensors and on
the surrounding glass, but will not coat the sides of the sensor due to the directionality of the
application method. In addition, there will always be slight variations in the thickness of the
deposited layer depending on the exact deposition rate, although these differences should be
negligible. In an extra measure to ensure these variations did not have a major effect on the
results, in the majority of cases samples that were to be directly compared had aluminium
deposited within the same run ensuring they had the same thickness of Al>O3 applied.

2.9. Biosensing Methods

2.9.1. Sensing Proteins in a Static System

Initial experiments used to detect proteins were conducted in a static setup. For data that did
not require a time series, the sensors were simply immersed in the relevant solution and
readings were taken using the setup described in Section 2.6.2. If time series data was
required, a different methodology was used. This methodology consisted of initially
recording a baseline reading in phosphate buffered saline (PBS, Sigma-Aldrich) before
injecting proteins into the static solution and monitoring the progression of the sensor’s
resonance peak with time. To prevent increasing the volume of the solution when the
proteins were injected, an identical volume of PBS was removed immediately before the
protein solution was added. A summary of this setup is given in Figure 2.14.
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Figure 2.14 - The static system used to detect proteins (a) Readings begin while the sensor is immersed in
PBS. (b) A calculated volume of PBS is removed so the volume of the protein solution remains constant. (c)
The proteins are added to the solution increasing the volume back to its initial value. (d) Proteins diffuse
towards the sensors and interact with its surface. (e) Proteins settle on the sensors surface.

Despite this setup allowing for limited, analysis of the interactions between proteins and
sensors, it comes with several associated limitations. Firstly, the rate of the proteins
associating with the sensor will be, almost entirely, dictated by diffusion. Additionally, the
duration the proteins require before settling on the sensor will change depending on where
exactly the sensors are injected into the solution as well as the velocity at which they are
injected. Furthermore, when injecting the proteins, it is easily possible to slightly move the
sensor. This can be due to the inflow of the protein solution or by knocking the containing
dish itself. If this happens, it requires the sensor to be repositioned which may result in errors
or changes in baseline. This setup also results in a prolonged interaction time between the
sensor and the proteins, leading to more significant irreversible interactions and diminishes

the ability of anti-fouling layers to prevent non-specific interactions.

2.9.2. Measuring Proteins Under Flow

A utilising flow creates a means of precisely controlling the mass transfer of proteins in
solution as well as allowing multiple solutions to be introduced onto a sensing region in
succession without interspersed drying steps. This creates a more robust and reliable system
for characterising protein interactions while not allowing proteins to settle onto the surface
of the sensor. The microfluidic devices used in this work consisted of 16 parallel channels
(Microfluidic Chip Shop, Fluidic 152, 1 mm channel width, Topas polymer). The
microfluidic system was adhered to a borosilicate glass microscope slide, placed across the
short axis of the microscope slide, with plasmonic sensors fabricated to be contained within
each channel (Schott Minifab, Nexterion borofloat 33 Microscope slides, 1 mm thickness).

This system, utilising a syringe pump (New Era Pump Systems, NE4000) for solution
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injection at a flow rate of 200 pL/min, provided a controlled environment for protein
detection. Between each protein injection, sensors were rinsed by flowing PBS through the

channel and over the sensor to remove any unbound proteins.

Microfluidics are useful for quantifying the specific ‘lock and key’ style bond that exists
between antibodies and antigens. The most common model system for a specific interaction
between two proteins is biotin-streptavidin. These proteins have a bond strength that is one
of the strongest in nature (kg = 4x10* M) (47). To test the specificity of the sensor, the
system was first modified with 1 mM thiolated PEG-biotin (TebuBio) in PBS solution
overnight. Bovine serum albumin (Sigma-Aldrich) was used as a control protein and the
interactions between biotin modified sensors and neutravidin (ThermoFisher Scientific)
could then be examined. As before, the flow rate of proteins was maintained at 200 pL/min.
For most readings in the microfluidic setup, the time between readings was set to 750 ms.
However, due to the spectrometer averaging three readings per single output reading, each
of which with an integration time, the total duration between readings was often longer than

it was set to be — approximately 1.5 seconds.

2.9.3. Calculating the Limit of Detection

Limit of detection (LoD) is a measure used to assess the smallest concentration of a given
analyte a sensor can detect. In the case of plasmonic sensors, this is accomplished by
determining what the smallest possible change in resonance wavelength can be confidently
detected (48). For plasmonic sensors, LoD ranges from the femtomolar to nanomolar range
although whether or not a given LoD is sufficient is highly dependent on the application at
hand (49,50). It should be noted however that a lower LoD is always preferable as it will
allow for both very small concentrations and higher concentrations of relevant analytes to
be detected.

To calculate the LoD of plasmonic sensors, the sensor response to analytes at different
concentrations is measured. The response versus concentration is then plotted. A linear
regression is then fitted to these points and is used to obtain the standard error of the fit (o)
and the slope of the fit (m). These parameters can then be inserted into Equation 2.1 to obtain
the LoD.

o
LoD = 3.3— (2.1)
m

Ideally, this LoD is calculated using as many datapoints as possible as well as having

multiple repeats of the same experiment.
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2.10. Conclusion

This chapter details the different fabrication protocols used to produce the sensors utilised
throughout this thesis in addition to discussing the operating mechanisms of the tools used
for sensor fabrication and characterisation. In addition to fabrication protocols, the methods
used to gather and analyse different forms of data are detailed and the parameters used for
both EBL and FDTD simulations are disclosed.
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Chapter 3 — Optimisation of Plasmonic Nanostructures
for Biosensing Applications

3.1. Introduction

In this chapter, the properties of different nanoplasmonic sensors were investigated to better

understand the effect geometric parameters have on resonance and sensitivity. By examining
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different parameters such as periodicity, structure size and structure shape we can determine

what parameters can be altered to improve sensor performance.

The structures described in this chapter are split into different categories, monomeric
positive structures, monomeric negative structures, and trimeric positive structures.
Monomeric structures consist of arrays of single gold structures which collectively resonate
to produce a plasmonic response. Trimeric structures, instead of consisting of elements made
up of a single nanostructure, consist of elements constructed of three resonating subunits.
These resonating subunits, due to their proximity to each other, couple creating a much
stronger localised electromagnetic (EM) field. Positive structures are created of free-
standing lithographically shaped pillars of gold whereas negative structures are created by
shaped holes within a gold film. Arrays of negative structures also create a plasmonic
resonance with both propagating waves between holes and local resonances within holes
combining to create a resonance mode. Due to this plasmonic resonance, negative structures

can also be used to detect the refractive index of the environment.

To better understand the effect of these geometrical parameters, the sensitivity of different
sensors is considered for both bulk and localised refractive index changes. Bulk refractive
index sensitivity is the response of the sensor to a change in its bulk environment that
envelopes the entire sensing volume of the sensor. Localised sensitivity on the other hand is
defined as the sensitivity of a sensor to changes in refractive index very close to the sensors
surface. The importance of field confinement for sensing applications varies depending on
analyte size. Small analytes such as deoxyribonucleic acid (DNA) benefit from greater field
confinement whereas larger analytes, such as proteins, may be better suited to larger sensing
fields.

It should be noted that all structures discussed in this section are annealed. Chapter 4 will
discuss the effects of annealing plasmonic nanostructures.

3.2. Experimental

3.2.1. Simulations

Finite-Difference Time-Domain (FDTD) simulations of different plasmonic geometries
were carried out using Ansys Lumerical. The mesh resolution was set to 3 nm and light
was projected from below the glass substrate to mimic the experimental setup. Metal
dielectric data from the CRC library was used and the dielectric data for glass came from
the Palik library (1,2).
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3.2.2. Fabrication of Positive Structures

Borosilicate glass (Pi-Kem, 500 um thick) was cleaned in an ultrasonic bath for 3 minutes
in acetone followed by 3 minutes in isopropyl alcohol (IPA). A dual layer of resist was spun
onto the sample with each layer being spun at 4000 rpm for 60 seconds and baked at 180 °C
for 3 minutes per layer. A 20 nm aluminium layer was then deposited (Plassys MEB 550S,
Plassys MEB 400S), and the sample exposed using electron beam lithography (EBL) (Raith
EBPG 5200, 800 uC/cm?, 2 nA beam). Following exposure, the aluminium layer was
removed using 2.5% tetramethylammonium hydroxide (TMAH) solution (Microposit MF
CD-26 developer) for approximately 90 seconds and the resist developed in 2.5:1 IPA:
Methyl isobutyl ketone (MIBK) solution for 1 minute. A 2 nm titanium / 50 nm gold layer
was deposited (Plassys MEB 550S, Plassys MEB 400S), and the excess metal was removed
by dissolving the remaining polymethyl methacrylate (PMMA) in acetone leaving behind

the array of positive nanostructures.

3.2.3. Fabrication of Negative Arrays

Following ultrasonic cleaning in acetone for 3 minutes and 3 minutes in IPA, borosilicate
glass was then exposed to oxygen plasma for 3 minutes at 150 W. The resist (Microresist
Technology Ma-N 2041/2403) was then spun on at 3000 rpm for 30 seconds and baked at
90 °C for 3 minutes. An aluminium layer (20 nm) was evaporated on top of the resist (Plassys
MEB 550S, Plassys MEB 400S) which was exposed using EBL (Raith EBPG 5200, 1200
nC/cm?, 2 nA beam). The sample was then developed in 2.5% TMAH solution (Microposit
MF-319) for 4.5 minutes. A metallic bilayer (2 nm Ti /50 nm Au) was evaporated onto the
developed pattern resist (Plassys MEB 550S, Plassys MEB 400S) with the excess resist
removed in N-Methyl-2-pyrrolidone (NMP) based developer for 2 hours (Microposit
Remover 1165).

3.2.4. Imaging Nanostructures

Nanostructures were imaged using a scanning electron microscope (SEM, Hitachi SU8240,
Hitachi SU8230). Either an approximately 10 nm layer of aluminium or gold/palladium was
used as a charge conduction layer for these samples. The voltage for each SEM is listed in
all provided figures however the amperage was always set at 10 pA.

3.2.5. Measuring Bulk Refractive Index Sensitivity
Specific quantities of glycerol (Table 3.1) were weighed and mixed in deionised (DI) water
to yield 0%, 10%, 20% and 30% w/w solutions. The refractive index (RI) of these solutions

was measured using a Kern ABBE Refractometer ORT 1RS. The sensors were immersed in
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3 mL of each of these solutions in a 35 mm disposable petri dish and the transmission spectra
was recorded five times. The resonance wavelength (transmission minima) was plotted
against refractive index and the points linearly fitted using MATLAB. The gradient of this
fit represents the sensitivity of the sensor in nanometres per refractive index unit (nm/RIU).

Table 3.1 - Glycerol solutions used for measuring bulk refractive index sensitivity.

10% w/w | 20% wiw | 30% w/w
Deionised Water (ml) 100 100 100
Glycerol (9) 10 20 30

3.2.6. Measuring Localised Refractive Index Sensitivity

Local sensitivity was measured by the change in the transmission spectra minima position
before and after the formation of a thiolated self-assembled monolayer (SAM) and
deposition of 1 nm layer of aluminium (Plassys MEB 550S, Plassys MEB 400S). Five
readings were taken in air before and after the application of each layer to calculate the

resonance shift.

3.3. Results And Discussion

3.3.1. Monomeric Shapes

In this section, properties of nanoplasmonic arrays with square or disc elements are
investigated. Due to the lack of multiple subunits in each resonating structure, these
structures are designated as monomeric. Monomeric structures are faster to fabricate and
have a higher tolerance to fabrication errors compared to trimeric shapes which will be

discussed in Section 3.3.3

3.3.1.1. Discs

Discs are one of the most common shapes used in LSPR sensors as they lend themselves to
quick and easy fabrication. The lower resolution required to write discs means they can be
quickly fabricated with direct write methods and are also easily fabricated with more

economical techniques such as nanoimprint lithography or nanosphere lithography (3-7).
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Figure 3.1 - An SEM of disc nanostructures (Scale bar: 500 nm).
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Figure 3.2 - Spectra of disc plasmonic structures in water. (a) FDTD simulations (b) Experimental data
(period 235 nm edge-edge in both cases).

Figure 3.2. demonstrates the general trend of resonance wavelength changing with element
size. Additionally, the magnitude of the transmission minima increases with size. This can
be explained by the increased proportion of the sensing area filled with gold nanostructures

given the constant edge-edge spacing of the structures.

When comparing the simulated structures (Fig. 3.2(a)) to the real structures (Fig. 3.2(b))
there are several differences. Firstly, the resonance wavelengths of the simulated structures
are at higher wavelengths than those of the real structures. This is likely due to the inevitable
variation in the dielectric equation used to calculate the response of the nanostructures in the
simulation versus the dielectric equation of the annealed gold used for the real
nanostructures. The sensitivity and figure of merit (FOM) of the disc nanostructures are
displayed in Table 3.2.
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Table 3.2 - Experimental sensitivity and FoM of disc nanostructures (period defined as centre-centre).
Resonance wavelength taken at transmission minima.

Structure Period Sensitivity Resonance Wavelength in | FoM
Size (nm) (nm) (nm/RI1U) Water (nm)
100 335 129.80 616.3 2.72
110 345 144.25 629.80 2.94
120 355 166.80 646.7 3.14
130 365 190.45 664.45 3.30
140 375 209.67 683.65 3.30

Table 3.2 shows the clear trend of sensitivity scaling with resonance wavelength. This trend
holds for all the geometries discussed in this thesis and will be examined in further detail in
Section 3.3.4. Using the simulations for the disc nanostructures, the peak EM field observed

for each structure was also examined.

Table 3.3 — Maximum simulated absolute value of the electric field intensity of disc nanostructures.

Structure Period | Maximum Electric Field Intensity
Size (nm) (nm) (VIm)

100 335 18.9

110 345 18.9

120 355 19.1

130 365 18.8

140 375 17.1

The maximum EM field seen for the discs stays approximately constant regardless of the
structure size. Conversely, the other shapes examined in this chapter typically show a trend
of the EM field either increasing or decreasing with size. This is one of the pieces of
information that leads us to the conclusion that field extent is a key factor in determining

bulk refractive index sensitivity as discussed in Section 3.3.4.

3.3.1.2. Squares

As with disc nanostructures, squares are relatively simple to fabricate and have a high
tolerance to fabrication inconsistency. Figure 3.3 shows an SEM of a fabricated
nanoplasmonic array of squares with Figure 3.4 comparing the simulated and experimental
data of squares of different sizes and periodicities.
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Figure 3.4 - Spectra of square plasmonic arrays. (a) Experimental and (b) simulated data of squares with a

constant 235 nm edge-edge period. (¢) Experimental and (d) simulated data of squares with a period 3x the
element size.

Figure 3.4(b) shows an interesting progression as element size increases. When the squares
increase from 110 nm to 120 nm, the 235 nm edge-edge period is no longer sufficient to
prevent significant coupling between adjacent structures. When these structures begin to
couple, an increase in the peak width and a red shift occurs. This effect is not as readily
observed in the fabricated structures; however, the effects of coupling are clear when
considering the full-width at half-maximum (FWHM) of the structures (Fig. 3.5).
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(a) Simulated Data — Effect of Periodicity (b) Experimental Data — Effect of Periodicity
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Figure 3.5 - The effect of periodicity of square nanostructures on plasmonic resonance (a) FDTD
simulations and (b) experimental data.

This increase in FWHM results in a significant difference in spectral shape between the 140
nm squares with a 420 nm period as compared to the 375 nm period results (Fig. 3.4(d)).
The increase in FWHM decreases the FoM from 3.50 for the squares with a 420 nm period
to 2.41 for squares with a 375 nm period (Table 3.4). This shows that for monomeric
structures, avoiding coupling between adjacent structures greatly enhances sensing

performance.

Table 3.4 - The sensitivity and FoM of square nanostructures. Resonance wavelength taken at
transmission minima.

Structure Period Sensitivity Resonance Wavelength in | FoM

Size (nm) (nm) (nm/RI1U) Water (nm)
100 335 150.09 636.35 2.81
110 345 156.29 656.45 2.63
120 355 189.24 677.45 2.84
130 365 208.87 699.10 2.74
140 375 208.91 721.35 241
100 300 135.06 629.00 2.30
110 330 164.61 652.45 2.61
120 360 191.92 678.95 2.96
130 390 209.72 709.70 3.17
140 420 239.86 743.55 3.50

The maximum simulated electromagnetic field for each plasmonic sensors with square

elements is shown in Table 3.5.
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Table 3.5 - Maximum absolute value of the electric field from simulated square nanostructures.

Structure Period Maximum Electric Field
Size (nm) (nm) Intensity (V/m)

100 335 54.5

110 345 48.6

120 355 27.6

130 365 311

140 375 22.6

100 300 47.2

110 330 18.3

120 360 18.0

130 390 32.1

140 420 25.6

Generally, square elements have a larger maximum EM field when compared to the
simulated disc nanoplasmonic arrays (Table 3.3). The source of these heightened EM fields
is the sharp corners of the squares which are known to focus EM fields (8—13). In addition,
there is a trend that the smaller shapes have a significantly larger maximum EM field which
is focused at the corners of the geometry. Literature suggests that the reason for this increased
EM field at lower wavelengths is due to phase related effects in smaller nanostructures.
Phase related effects may dampen the EM field intensity of larger nanostructures as their
electrons no longer resonate as one continuous wave but will be slightly out of phase across
the length of the nanostructure leading to some dampening (14-16). Katyal and Soni refer
to this effect as ‘phase retardation effect’ and explain it as coming from the fact that at a
certain size, the free electrons in the plasmonic structure are no longer displaced
simultaneously (14). Instead, there is a slight mismatch between the phase of the electrons
at opposing sides of the structure (14). This leads to multipolar resonances as well as a lesser
concentration of EM field in the structures as is seen in multiple simulation papers (14-16)
. It should be noted that the very high EM field for smaller shapes is incongruous with the
experimental data discussed in Section 3.3.5, which suggests that there is a slight trend

towards larger monomeric shapes having a higher sensitivity.

Although simulations indicate there is an extremely high EM field for the small squares, in
reality, the peak EM field decreases rapidly with even the slightest rounding of the corners
(Fig. 3.6).
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Figure 3.6 — Maximum simulated absolute value of the electric field for 100 nm squares with (a) idealised
sharp corners and (b) corners with a 5 nm radius curve.

As Figure 3.6 shows, by rounding the corners of the squares with a 5 nm radius, there is a
significant reduction in the maximum field intensity from 47.2 VV/m to 24.6 V/m (47.9%)
(17,18). This is particularly relevant when comparing the monomeric structures to trimer
structures (Section 3.3.3) and when considering the effects of annealing on different

plasmonic geometries (Chapter 4).

3.3.2. Negative Monomeric Shapes

As explained in Section 1.2.2.3, when excited by incident light, negative arrays exhibit a
phenomenon known as extraordinary optical transmission (EOT). EOT originates from the
combination of propagating waves between holes and localised resonances within holes (19—
26). The combination of these two resonant modes results in a significant increase in light
transmission through the array at the resonance wavelength. Due to the plasmonic origin of
this enhanced transmission, the resonance peak is shifted by changes in localised refractive
index meaning arrays of negative structures can act as sensors. In this section we characterise

negative arrays and examine their differences in comparison to positive arrays.

Figure 3.7 - Annealed square nanoholes (Scale bar: 2 um).
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3.3.2.1. Effect of Periodicity and Size

Negative arrays with varying element sizes and periodicity were fabricated and simulated

with the resulting transmission spectra displayed in Figure 3.8.

(a) Simulated Data (b) Experimental Data
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Figure 3.8 - Spectra of negative, square plasmonic structures in water. (a) FDTD simulations and (b)
experimental data.

As with positive monomeric structures, it is clear that the resonance wavelength increases
with structure size. The effect of periodicity is similar, with increasing periodicity resulting
in a longer resonance wavelength with a lower FWHM (Table 3.6). Another effect of
increasing periodicity is the reduction in transmission percentage due to reduced hole
density. These trends are mirrored in the simulations although the spectra themselves have
increased FWHMSs and reduced transmission when compared to their experimental
counterparts. This discrepancy can be explained by the effect of the titanium adhesion
layer due to the increase in surface area occupied by the adhesion layer in the simulations
being drastically increased (Appendix A.3.1). All the spectra for negative structures show a
resonance peak at approximately 500 nm. This peak comes from the transmission of light
through the thin gold film and therefore should be discounted (Appendix A.3.2) (27).
There is a secondary peak for the 115 nm squares when the period is increased to 400 nm,
which arises from coupling between the holes at 45° as opposed to the main spectral peak

that comes from coupling between the nanoholes that are closest to each other (90°) (Fig.
3.9(b)).
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Figure 3.9 - The different modes present in nanohole arrays (a) Schematic of the hexagonal lattice pattern
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Table 3.6 shows the sensitivity and FoM of these holes.

Table 3.6 - Sensitivity and FoM of different negative square arrays. Resonance wavelength taken at
transmission minima.

Sensor Size | Period | Resonance Peak in Water | Sensitivity | FOM
(nm) (nm) (nm) (nm/RIV)

90 270 653.7 162.52 1.33

100 300 677.01 158.36 1.43

115 350 722.91 197.56 1.98

115 400 762.53 240.10 3.11

The FoM’s of the negative arrays listed in Table 3.6 can be compared to the FoM’s of the
positive arrays listed in Tables 3.2 and 3.4. In general, the positive arrays all have a higher
FoM than the negative arrays. The only exception to this is the 115 nm square holes with a
period of 400 nm which have a comparable FoM to that of monomeric positive arrays. The

maximum simulated EM fields of the negative structures are listed in Table 3.7.

Table 3.7 - Maximum simulated absolute value of the electric field of negative nanostructures.

Hole Size Period Maximum Electric Field
(nm) (nm) Intensity (V/m)
90 270 12.6
100 300 11.6
115 350 13.1
115 400 14.1
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Despite these structures being simulated with idealised conditions such as perfectly sharp
corners and no annealing related deformation, the maximum EM fields are the lowest of any
of the simulated shapes. This results in a low localised sensitivity as presented in Section
3.3.5.

Increasing periodicity between the negative structures results in a shift in the resonance
wavelength of 39.6 nm whereas for the positive structures it only causes a shift of 22.2 nm.
This is a result of the propagating resonances that occur between nanoholes which leads to
a larger influence of periodicity when designing nanohole arrays.

3.3.2.2. Effect of Lattice Pattern on Nanohole Properties

As the effect of periodicity is important for nanohole arrays, we can examine the effect of
different lattice patterns on the properties of EOT sensors (Fig. 3.10). Here we consider
square and hexagonal lattices.

(a) Simulated Data (b) Experimental Data
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Figure 3.10 - Transmission spectra and SEMs of nanohole arrays with different shapes and lattice
structures. (a) Simulated and (b) experimental transmission spectra, (c) 140 nm square holes on a square lattice
(d) 140 nm square holes on a hexagonal lattice (e) 140 nm triangular holes on a square lattice (f) 140 nm
triangular holes on a hexagonal lattice (Scale bars: 500 nm)

When testing the effect of lattice type, there is a significant mismatch between the
simulations and the experimental data, particularly when it comes the intensity of transmitted
light. As previously mentioned, this mismatch seems to be largely due to the simulation
software overestimating the effect of the 2 nm titanium adhesion layer due to the large area
of titanium under the holes (Appendix A.3.1).

Simulations in literature have shown a slim advantage for hexagonal lattices as opposed to
square lattices of circular holes in terms of FoM which was driven by their smaller simulated

FWHM (28). This is not replicated in either the experimental work or the simulations carried
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out here. The trends in the simulations are similar in some respects to the experimental results

with structures on a hexagonal lattice having higher FWHMs (Table 3.8).

Table 3.8 - FWHM of negative plasmonic structures with different lattice patterns.

Sensor FWHM - Simulated | FWHM — Experimental
Data (nm) Data (nm)
140 nm Squares — Square Lattice 60.49 165.7
140 nm Squares — Hexagonal Lattice 139.79 203.05
140 nm Triangles — Square Lattice 33.29 78.84
140 nm Triangles — Hexagonal Lattice 94.92 168.91

The disagreement of these results with literature could come from a few different sources,
firstly, the structures simulated by Eksioglu et al. were circular holes which may couple
differently in a manner as to not cause broadening (28). In addition to this, they used a finer
mesh size than was used for the simulations in this thesis and hence potentially more
accurately captured the plasmonic response. The counter to the mesh argument comes from
the experimental results where the trend of the hexagonal lattice increasing FWHM still
holds although it can be difficult to directly compare simulations with experimental data as
simulations cannot take into account factors such as inhomogeneous broadening and

rounded corners that are a factor for real structures.

When reflecting on the experimental data, the effect of the hexagonal lattice is consistent
with the simulations with a shift to shorter wavelengths being recorded in both cases (26.5
nm for triangular holes, 40.6 nm for square holes). In addition, the secondary peak caused
by coupling between holes at a 45° angle is almost entirely removed in the structures that are
placed on the hexagonal lattice (Fig. 3.9). This confirms the previous point that this peak is
due to the difference in spacing as in the hexagonal lattice all holes are the same distance
apart. Table 3.9 shows how the sensitivity of the nanoholes vary with geometry and lattice

structure.

Table 3.9 - Effect of lattice layout on the properties of negative arrays. Resonance wavelength taken at
transmission minima.

Sensor Resonance Peak | Sensitivity FoM

in Water (nm) (nm/RIU)
140 nm Squares — Square Lattice 831.95 2114 1.28
140 nm Squares — Hexagonal Lattice 791.35 329.19 1.62
140 nm Triangles — Square Lattice 784.23 253.86 3.22
140 nm Triangles — Hexagonal Lattice 757.69 251.55 2.65

The data in Table 3.9 shows no clear trend as to if the hexagonal lattice is beneficial. For the
square holes, the hexagonal lattice shows a significant increase in sensitivity accompanied

by a slight increase in FOM. For the triangular holes, the sensitivity stays approximately
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constant regardless of lattice, but the hexagonal lattice has a lower FoM due to its increased
FWHM. However, the triangular holes do perform consistently better when compared to the
square holes with FoM’s approximately double that of the squares. With no data on the
efficacy of triangular nanoholes for sensing applications in literature, this is an area that may
benefit from further investigation.

3.3.3. Trimers

Trimeric structures such as split rings, disc trimers and triangle trimers take advantage of the
plasmonic coupling that occurs between separate elements in a resonating structure. This
coupling causes a significant increase in the intensity of the EM field close to the structure,

resulting in an increased sensitivity to analytes that are close to the sensor surface.

3.3.3.1. Packing Density of Trimer Structures

When optimising trimers, a greater packing density was required when compared to
monomeric shapes to create a plasmon with sufficient intensity. Figure 3.11 shows how the
trimers spectra compares when having a 1 pm spacing compared to having a 235 nm edge-
edge spacing.
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Figure 3.11 - The effect of periodicity on the resonance of triangle trimers (spectra in water).

These values are in agreement with the literature where it is shown that resonances for
trimers with a period of 1 um attenuate light by at least an order of magnitude less when
compared to trimers packed more closely (29,30). For this reason, a constant inter-trimer

spacing of 235 nm (edge-edge) was used when designing the trimers described in this thesis.

3.3.3.2. Disc Trimers
Disc trimers take advantage of the coupling that occurs between closely packed resonating

structures while retaining the simplicity of fabricating discs.
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Figure 3.12 - SEM of disc trimer nanostructures (Scale bar: 500 nm).

Disc trimers of different sizes with a 25 nm gap between structures and a 235 nm edge-edge
period were investigated both experimentally and with FDTD simulations (Fig. 3.13). It

should be noted that each structure is labelled by the size of one of its sub-elements.

(a) Experimental Data (b) Simulated Data
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Figure 3.13 - The properties of disc trimer nanostructures. (a) Experimental and (b) simulated transmission
spectra with (c) the resonance mode of a 110 nm circle trimer at 781 nm and (d) the resonance mode of a 110
nm disc trimer at 704 nm.

Both the simulated and fabricated structures show a clear trend of an increased resonance
wavelength with increased size. In addition to this, they both show two peaks whose modes
are displayed in Figure 3.13(c,d). The longer wavelength mode comes from the coupling
between each element resulting in a much more localised field. The shorter wavelength mode
on the other hand arises from the coupling between trimers and is less localised when
compared to the longer resonance wavelength. Due to this, for sensing purposes we are more
interested in the inter-element (higher wavelength) peak for these structures. The
experimentally measured bulk refractive index and FoM of these structures is shown in Table
3.10.

82



Table 3.10 - The sensitivity and FoM of disc trimer sensors. Resonance wavelength taken at transmission
minima.

Structure Sensitivity Resonance Wavelength in | FoM
Size (nm) (nm/R1V) Water (nm)
80 153.46 638.40 2.86
90 222.61 667.30 3.97
100 281.37 699.35 4.21
110 200.77 727.60 2.66

As with all the structures presented in this thesis, there is a clear trend of sensitivity
increasing with the size of the structures. In this dataset however, there is an outlier whereby
the sensitivity and FWHM of the disc trimer sensors drops significantly for the 110 nm
trimer. This anomaly does not align with theory, or the trend discussed in Section 3.3.4 and
as a result is most likely the result of experimental error. When comparing the FoM for these
trimeric structures to the monomeric structures, discounting the 110 nm trimer, the disc
trimers have a higher FOM than the majority of the monomeric structures. The simulations

also allow us to examine how the maximum EM field scale with structure size.

Table 3.11 - Maximum simulated absolute value of the electric field of disc trimer nanostructures.

Disc Trimer Size (nm) Maximum Electric Field Intensity (V/m)
80 325
90 29.2
100 28.0
110 29.5

There is a slight trend towards larger structures having a lower maximum EM field although
the change is minimal, with the maximum EM field increasing from 100 nm to 110 nm disc
trimers. Compared to their monomeric disc counterparts, there is a significant increase in
EM field with an average increase of 37.7%, indicating disc trimers will have a higher

localised sensitivity as a result of intra-structure coupling (Table 3.3).

3.3.3.2. Split Rings

Split ring sensors consist of three separate segments of a ring separated by small gaps to
cause a magnification of the local electromagnetic field. The split rings examined here have
a split size of 25 nm, a wall thickness of 33 nm and an edge-edge periodicity of 235 nm. An

SEM of these structures can be seen in Figure 3.14.
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Figure 3.14 — An SEM of split ring structures (Scale bar: 500 nm).

The simulated and experimental spectra of these rings follows a similar pattern to the rest of

the structures whereby a larger size results in a longer wavelength resonance (Fig. 3.15 a,b).
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Figure 3.15 - The properties of split ring nanostructures. (a) Experimental and (b) simulated transmission
spectra. (c) The resonance mode of a 220 nm split ring at 985 nm and (d) the resonance mode of a 220 nm split
ring at 700 nm.

Although much weaker than for the disc trimers, the split rings also show a longer and shorter
wavelength peak although this is only visible for the largest split rings in the experimental
data. As before, the shorter wavelength peak corresponds to the inter-ring coupling whereas
the longer wavelength mode comes from coupling between the resonating structures. The
experimental data in Figure 3.15(a) does not show a trend as linear as the simulated data.
This could be due to annealing causing deformation or a change in dielectric properties. The

FoM and bulk refractive index sensitivity data for these sensors is collated in Table 3.12.
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Table 3.12 - The sensitivity and FoM of split ring nanostructures. Resonance wavelength taken at
transmission minima.

Structure Sensitivity Resonance Wavelength in | FoM
Size (nm) (nm/R1V) Water (nm)
180 237.95 713.90 3.88
190 262.17 743.45 3.81
200 306.91 753.55 4.02
210 334.27 813.80 4.07
220 354.61 848.05 4.09

In this case, although the sensitivity increases with wavelength, the FoM does not change
considerably throughout. This is due to the FWHM of the split ring structure increasing
significantly as they get larger, negating any increases in sensitivity. Despite this, even the
ring structure with the lowest FoM still outperforms all of the monomeric structures (Tables
3.2,3.4).

Table 3.13 - The maximum simulated absolute value of the electric field of split ring sensors.

Split Ring Size (nm) Maximum Electric Field Intensity (V/m)
180 26.0
190 39.6
200 38.3
210 50.8
220 55.5

The maximum EM field intensity calculated for each of the split rings shows a very clear
trend of increasing with wavelength, unlike the disc trimers. This may result in larger rings

having a greater localised refractive index sensing capability.

3.3.3.3. Triangle Trimers

Triangle trimers combine two mechanisms that concentrate EM fields, sharp points and
coupling between tightly packed nanostructures. For these structures, the central points of
each triangle are placed 20 nm from each other, and the edge-edge periodicity is maintained
at 235 nm (Figure 3.16).
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Figure 3.16 - SEM of triangle trimers (Scale bar: 1 pm).
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The spectra and resonance modes of the triangle trimers are shown in Figure 3.17.
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Figure 3.17 - The properties of triangle trimer nanostructures. (a) Experimental and (b) simulated
transmission spectra. The resonance mode of (c) a 140 nm triangle trimer at 934 nm and (d) the resonance
mode of a 140 nm triangle trimer at 812 nm.

As with all the trimers, two clear resonance peaks are created by the triangle trimers. In this
case, the secondary shorter wavelength peak has higher intensity than for either the rings or
the disc trimers which is a result of stronger inter-trimer coupling. As with previous shapes,
the bulk refractive index sensitivity and FOM were calculated for the longer wavelength
peak.

Table 3.14 — Experimental sensitivity and FoM of triangle trimer nanostructures. Resonance wavelength
taken at transmission minima.

Structure Sensitivity Resonance Wavelengthin | FoM
Size (nm) (nm/RIU) Water (nm)
120 261.61 669.50 4.17
130 203.88 701.75 2.47
140 230.03 732.05 2.44

Unlike the rest of the shapes, triangle trimers do not show a trend of sensitivity with
resonance wavelength. The FoM’s of these shapes are also lower than those typically seen
for the trimer structures with the 130 nm and 140 nm structures being more comparable to

monomeric structures.

However, these structures were not designed to optimise bulk refractive index sensitivity,

they were fabricated to create the strongest possible local EM field (Table 3.15).
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Table 3.15 - Maximum simulated absolute value of the electric field of triangle trimer sensors.

Triangle Trimer Size (hm) | Maximum Electric Field Intensity (V/m)
120 64.1
130 67.8
140 71.8

As with the split rings, the triangle trimers show a clear trend of increasing EM field with
longer resonance wavelength. In addition to this, they also display the largest EM fields of
any structure simulated with a peak of 71.8 V/m. This should give them an excellent
localised refractive index sensitivity despite their slightly diminished bulk refractive index

sensitivity.

As previously mentioned, these simulations calculate the maximum EM field for an idealised
scenario where shapes are perfectly formed (Section 3.3.1.2). To examine the limitations of
simulation, a triangle trimer was given rounded corners with a radius of 5 nm. This is
particularly relevant when considering the geometrical effects that techniques such as
annealing can have (Chapter 4).
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Figure 3.18 - The effect of rounded corners on the EM field of triangle trimers. (a) Sharp corners at 871
nm. (b) Rounded corners at 826 nm.

From Figure 3.18, the maximum electromagnetic field drops from 64.1 VV/m to 50.3 V/m for
120 nm triangle trimers when the corners are rounded, a drop of 21.5% (17,18). When this
drop is compared to monomeric structures (47.9% drop, Section 3.3.1.1) we can see that the
effect is less dramatic. This is because the high intensity EM fields seen for trimeric
structures are less reliant on sharp points and more reliant on coupling between adjacent
structures which are not affected to the same extent by deformation. This makes trimers a
better option for reliably achieving high intensity EM fields for detecting small molecule

surface interactions.
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3.3.4. The Relationship between Resonance Wavelength and Bulk

Sensitivity
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Figure 3.19 - The relationship between resonance wavelength and bulk refractive index sensitivity (R? =

67.3%).

The gradient of the best fit line shown in Figure 3.19 indicate that for every nanometre

increase in resonance wavelength, on average the sensitivity of a sensor increases by 0.79

nm/RIU. One factor that can explain this relationship is the size of the electromagnetic field

since it scales with resonance wavelength (31-35). Figure 3.20 shows the difference in field

extent for a 100 nm square and a 140 nm square.
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Figure 3.20 - The expansion in field size as the size of the plasmonic element increases. (a) The field extent
of a 100 nm square (63 nm). (b) The field extent of a 140 nm square (107 nm).

The 100 nm square has a simulated field extent of 63 nm whereas the 140 nm square has a

field extent of 107 nm. This results in a simulated sensitivity (experimental) of 351.5
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nm/RIU (135.06 nm/RIU) for the 100 nm squares and 457.9 nm/RIU (239.86 nm/RIU) for
the 140 nm squares. For the monomeric shapes, this field expansion explains the increase in
sensitivity as despite the disc shapes having a simulated peak EM field that stays relatively
constant with size (Table 3.3), the sensitivity of the discs increases in a linear manner with
simulated field extent.

Although the disc and triangle trimers do not show a linear trend as opposed to the
monomeric structures, it is clear that resonance wavelength explains almost all of the bulk
sensitivity (R? = 67.3%). Much of the literature claims that particular nanostructure
geometries increase bulk sensitivity while negating to correct for resonance wavelength
(10,26,34-39). In this case, if the trimer’s ability to concentrate an electromagnetic field
truly increased their bulk sensitivity, we would see all split rings, disc trimers and triangle
trimers lying above the trendline in Figure 3.19 but instead they are distributed
approximately evenly around this line. This indicates that any deviation from this line is

most likely down to experimental error.

This strong wavelength dependency indicates that if bulk refractive index sensing or sensing
at a distance is required, simple monomeric structures will perform just as well if not better
than trimeric structures with a less error prone and faster fabrication process. This is
confirmed in simulations where an object was introduced 50 nm from the surface of the 100
nm and 140 nm squares depicted in Figure 3.20 causing a 0.74 nm and 1.93 nm shift
respectively (Appendix A.3.3). An example of where this conclusion can be used to practical
effect is discussed in Chapter 5 of this thesis whereby a polyethylene glycol linker spaces
the biotin receptor from the plasmonic surface. In this case, a larger sensing volume is

beneficial as it allows for more sensitive detection of these relatively distant binding events.

3.3.5. Local Refractive Index Sensitivity
For many sensing applications, analytes are bound very close to the plasmonic surface. In
this case, a greater localisation of the plasmonic field will result in a greater shift in response

to analytes that enter the area of concentrated EM field.

Techniques for measuring the bulk refractive index of plasmonic sensors are well established
and relatively straight-forward to carry out. However, measuring the localised refractive
index sensitivity is less straightforward. By drawing on techniques used in literature, the
localised refractive index sensitivity of the sensors listed in this chapter can be compared
(40,41).
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3.3.5.1. Thiolation

The first technique to measure localised sensitivity utilised thiol modifications as a method
of only changing the localised refractive index (Section 3.2.6). Sensors of different
geometries were measured before and after the formation of a thiol SAM (Refractive index
~ 1.33) and the resonance shift was measured (42) (Table 3.16).

Table 3.16 - The shift of different sensors with the addition of 11-mercaptoundecanoic acid. Quoted shifts
are the maximum shift for each geometry — 140 nm discs (period 375 nm), 120 nm squares (period 360 nm),
disc trimers 110 nm (20 nm gap size), 180 nm split rings (25 nm splits), 140 nm triangle trimers (20 nm gap)
and 100 nm square holes (period 300 nm). Full dataset available in Appendix A.3.4.

Geometry Resonance Before | Resonance After | Shift
Thiol (nm) Thiol (nm)
Discs 634.00 (+/- 0.16) 636.7 (+/- 0.19) 2.7
Squares 631.70 (+/- 0.19) 634.45 (+/- 0.10) 2.75
Disc Trimers 654.9 (+/- 0.41) 665.35 (+/- 0.41) | 10.45
Split Rings 660.30 (+/- 0.91) 666.05 (+/- 0.29) 5.75
Triangular Trimers | 674.10 (+/- 0.60) 678.6 (+/- 0.12) 4.5
Holes 640.85 (+/- 0.12) 643.15 (+/- 0.2) 2.3

Trimeric structures which focus the EM field close to the surface of the sensor mostly have
larger shifts than the monomeric structures indicating they may have a higher localised
sensitivity. This technique will give a realistic idea of how a sensor may perform in a real-
world sensing scenario given that often the analyte will only be binding to the gold as the
thiols did. However, thiolation can be inconsistent and dependent on many factors including
the crystalline structure of gold, defects in the gold structure, the cleanliness of samples and

modification solvent purity (43,44).

Figure 3.21 shows the resonance shift for all the shapes measured. The shifts approximately
correlate with the maximum recorded EM fields discussed in this chapter with trimer
structures generally having the largest shifts and negative structures having the smallest
shifts.
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Figure 3.21 - The effect of element shape on shift with thiolation.

3.3.5.2. Aluminium Oxide Layer

This thiolation result can be confirmed with the second technique which relies on depositing
1 nm of aluminium and measuring the shift in spectra upon the addition of this aluminium
layer. As these layers are so thin, they will oxidise fully meaning the layer will have the
refractive index of aluminium oxide (1.76) (45,46). Table 3.17 lists the resonance shifts with
the addition of an aluminium oxide layer for the best performing shape size of each

geometry.

Table 3.17 - The shifts of different geometries with the addition of 1 nm of aluminium. Quoted shifts are
the maximum for each geometry — 140 nm discs (period 375 nm), 140 nm squares (period 420 nm), disc trimers
110 nm (20 nm gap size), 220 nm split rings (25 nm splits) ,140 nm triangle trimers (20 nm gap) and 140 nm
square holes (period 420 nm — hexagonal grid). Full dataset available in Appendix A.3.5.

Geometry Resonance Before Resonance After Shift
Aluminium Layer (1nm) | Aluminium layer (1nm)

Discs 634.65 (+/- 0.25) 646.5 (+/- 0) 11.85

Squares 681.95 (+/- 0.29) 696.1 (+/- 0.1) 14.15

Disc Trimers 655.2 (+/- 0.37) 678.85 (+/- 0.25) 23.65

Rings 763.7 (+/- 2.8) 756.75 (+/- 2.3) 20.45

Triangular Trimers 684.65 (+/- 0.2) 704.6 (+/- 0.25) 19.95

Holes 717.55 (+/- 0.4) 726.3 (+/- 0.73) 8.75

Again, as with the thiolation method there is a general trend of trimeric structures showing
a greater shift when coated (Fig. 3.21). The negative nanostructures again show that they
have inferior sensing ability when compared to their positive counterparts due to their lower
EM field concentration. However, it is interesting to note that for both the triangle holes and
the square holes, the hexagonal grid had a significant advantage over the square grid. This
is most likely due to the single resonance mode displayed by the hexagonal structures as a

greater area of the surface is covered by this resonance when compared to the square grid.

91



25 L] L] L] L] T

B are
£ 20} Spln Rllngs

) [ Disc Trimers
ON o Triangle Trimers
< 15F Holes
£ -
c
-
= 10F -
=
ES
E st -
=
w

0 S
o e? (2 (2 e
Q¥ Q\).as “‘\6\0 \?.\(\ “‘\“\e o\
© 0\"9° Q\\ o \e

Figure 3.22 - Resonance wavelength shift with the addition of a 1 nm aluminium layer.

Due to the anisotropic nature of aluminium deposition, it does not cover the entirety of the
sensing structure as the thiolation method did. Despite the addition of the Al.Oz layer not
being as true to a real-world scenario as the addition of a thiol layer, if does give a very
reproducible, consistent measurement by which to measure the localised sensitivities
without the drawbacks of creating a thiol monolayer. By considering both results, we can
see that trimeric structures have a higher localised sensitivity when compared to monomeric
structures such as squares and discs with both techniques showing that in most cases, any

trimer structure has a higher localised sensitivity than a monomeric shape.

3.4. Conclusion

In this chapter we investigated the effect of different parameters on the sensitivity of
plasmonic structures. From this analysis, a few conclusions can be drawn. The most
important of these conclusions is that resonance wavelength is the key factor that defines
bulk sensitivity above everything else including the type of sensor and the geometry of the
sensing elements. When considering field enhancement and localised sensitivity, there is a
clear advantage for trimeric structures as the coupling between structures within each
element creates a very strong EM field. This advantage in localised sensitivity is further
enhanced due to the greater resilience trimers show to fabrication limitations such as slightly
rounded corners which significantly diminish the localised sensing ability of square
monomeric elements. Negative structures were shown to be generally inferior to positive
structures in sensing ability. However, it was shown that further work exploring novel
geometries for plasmonic nanoholes, such as the triangular holes shown in this chapter, may

lead to enhancement of their sensitivity and FOM.
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Chapter 4 - Annealing as a Method of Enhancing
Plasmonic Resonance

4.1. Introduction

Annealing is a method used to alter the properties of a material by raising its temperature
until the recrystallization point is surpassed. On a macroscopic level, this can soften a
material making it easier to reshape due to the changes to the crystal lattice of the material.
In the context of plasmonic sensing, annealing is most often used to create nano-scale
features on thin sheets of metal to achieve localised surface plasmon resonances (1-6). By
heating thin sheets of metal to high temperatures, solid-state dewetting occurs whereby the
high temperature allows face atoms of random defects in the sheet to become mobile,
resulting in many randomly shaped, isolated islands of metal. This approach can be used to
quickly fabricate large-scale plasmonic surfaces, however, due to the random nature of the
process, the resonances are generally of low quality as defined by the parameters discussed
in Section 1.3.1 (1,4-7). The effect of heat on the crystal lattice of nanostructures can be
very useful for improving the performance of lithographically defined plasmonic sensors (8—
13). By raising the temperature, gold grains in the nanostructures recrystalise, resulting in a
lower number of grain boundaries which reduces scattering losses during resonance. This
reduces the losses during resonance as dictated by the Drude-Lorentz model (Section 1.3.3,
Eqgn 1.9)

The narrower peak that results from this reduction in losses significantly increases the FoM

and reduces error resulting in increased sensing performance.

Although annealing is a quick and simple method for improving the sensing performance of
plasmonic sensors, it does come with drawbacks. As will be seen in this chapter, annealing
nanostructures can result in deformation of the structures, rounding the corners of the
structures and in turn, reducing their local sensitivities. To counter this limitation, there are
multiple examples in the literature of protective layers being used to prevent structure
deformation during annealing. Aluminium oxide has been used for this purpose both as a
natural protective layer for aluminium structures and as a layer deposited onto silver
structures (8,9). The drawback of using aluminium oxide for this purpose is that there is no
practical way to remove it after annealing without damaging the nanostructures. This
prevents it for being useful in applications where a SAM is required as well as reducing
sensitivity. An alternative method is to use HSQ as a protective layer. HSQ has been seen in

literature to prevent the deformation of gold nanostructures during thermal annealing and
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can then be removed with exposure to hydrofluoric acid (HF) (10). As well as protective
layers, this chapter also explores the use of a femtosecond laser for annealing gold
nanostructures in collaboration with researchers from Complutense University of Madrid
and Polytechnic University of Madrid with the aim of retaining nanostructure geometry and
hence, retaining the benefits of annealing nanostructures without the drawback of

deformation.

This chapter investigates the effect of annealing on lithographically fabricated plasmonic
nanostructures using with the aim of improving their plasmonic response. To achieve such
an aim, different methods of annealing nanostructures were tested and compared, paying

special attention to the effect on the morphology of the structures.

4.2. Methods
4.2.1. Measuring Spectral Data

Spectral data was recorded using a Stellarnet spectrometer using a custom microscope setup
unless specified otherwise. Further details of the setup for recording spectra are discussed in
Section 2.6.

4.2.2. Measuring Bulk Refractive Index Sensitivity

Specific quantities of glycerol were weighed and mixed in deionised (DI) water to yield 0%,
10%, 20% and 30% wi/w solutions. The refractive index of these solutions was measured
using a Kern ABBE Refractometer ORT 1RS. The sensors were immersed in 3 mL of each
of these solutions in a 35 mm disposable petri dish and the transmission spectra was recorded
five times. The resonance wavelength was plotted against refractive index and the points
linearly fitted using MATLAB. The gradient of this fit represents the sensitivity of the

sensor.

4.2.3. Measuring Localised Refractive Index Sensitivity

Local sensitivity was measured by the change in the transmission spectra minima position
before and after the formation of a thiolated self-assembled monolayer (SAM) and
deposition of 1 nm layer of aluminium (Plassys MEB 550S, Plassys MEB 400S). Five
readings were taken in air before and after the application of each layer to calculate the

resonance shift.

4.2.4. Annealing using a Chamber Furnace
Sensors were placed inside a chamber furnace (Carbolite RWF 1100) within a ceramic

crucible to prevent contamination. Sensors were annealed at a range of temperatures for 4
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hours under atmospheric conditions with a heating rate of 1.6 °C/s. For temperatures above
500 °C, the normal substrate of borosilicate glass (Pi-Kem, borofloat BF33, 3 wafers) was

replaced with fused silica (Microchemicals, JGS2, 3” wafers).

4.2.5. Annealing using a Rapid Thermal Annealer
Sensors were heated to 500 °C at 5 °C/s in a Rapid Thermal Annealer (Jipelec JetFirst RTA)
and held there for 10 minutes under a nitrogen atmosphere before being cooled to room

temperature.

4.2.6. Annealing with a Protective HSQ layer

A mixture of hydrogen silsesquioxane (HSQ) and methyl isobutyl ketone (MIBK) (50:50)
was spun at 4000 rpm for 60 seconds to create a 180 nm thick layer of HSQ. After spinning,
the sample was baked at 90 °C for 2 minutes on a hot plate. Following this, the sensors were
annealed using the RTA (Section 4.2.5). After annealing, the layer was removed using
hydrofluoric acid (HF) (10:1 Water:HF) for a range of times between 15 seconds and 60

seconds.

4.2.7. Annealing Using a Femtosecond Laser

Sensors were irradiated using a femtosecond Ti: Sapphire laser with 800 nm wavelength, a
pulse length of 50 fs and a frequency of 1 kHz for 60 minutes. The sensors were irradiated
with three different fluences: 8.9 J/m?, 12.7 J/m? and 15.3 J/m? corresponding to 700 mW,
1000 mW and 1200 mW. Simultaneously to the irradiation, the absorption of the sensors
was measured using a UV/vis spectrometer (QE6500, Ocean Optics Inc.). Irradiation
experiments were conducted at the Centre for Ultra-Fast Lasers (CLUR, Centro de Laseres

Ultrarrapidos) from the Complutense University of Madrid.

4.3. Results and Discussion

4.3.1. Annealing with a Chamber Furnace

Initial annealing experiments were carried out using a chamber furnace. Plasmonic
nanostructures (115 nm squares, period 350 nm) were annealed at various temperatures for
4 hours to determine the effect on the plasmonic resonance (Fig. 4.1). UV-vis spectra were

recorded before and after the annealing process, as summarised in Table 4.1.
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Figure 4.1 - The effect of annealing at different temperatures in a chamber furnace. Structures were 115
nm squares with a period of 350 nm (Spectra in air, Spectrometer used: Optosky).

Table 4.1 - The resonance wavelength and FWHM of 115 nm square sensors annealed at different
temperature in a convection oven.

Resonance Wavelength | FWHM | Change in FWHM
in Air (nm) (nm) (%)
Non-Annealed 641.74 114.60 n/a
Annealed at 100 °C 632.73 83.19 27.41
Annealed at 500 °C 608.61 61.69 46.17
Annealed at 900 °C 582.29 66.78 41.73

As can be seen from Figure 4.1 and Table 4.1, the resonance wavelength of the LSPR peak
shifts towards shorter wavelengths as the temperature increases. This is caused by the
squares becoming rounded and smoother - as the temperature increases, which results in a
blue shift of the LSPR wavelength.

Furthermore, we observe changes in the FWHM of the peaks, although this time the trend is
not linear. Up to 500 °C, the FWHM decreases up to a 46.17%. This decrease in FWHM is
a result of the changing grain size of the gold nanostructures. As the structure is heated,
grains recrystalise resulting in a larger average grain size. This significantly reduces losses
during the resonance of the nanostructures resulting in a narrower peak. However, the trend
of decreasing FWHM is reversed when the temperature is raised to 900 °C. This is due to an
interesting transformation that takes place when nanostructures are heated to this
temperature as discussed in Section 4.3.8 however this transformation also increases

inhomogeneity in the array accounting for the increase in FWHM.

4.3.2. Annealing with a Rapid Thermal Annealer
From the data presented in Section 4.3.1, it was concluded that 500 °C is the ideal

temperature for annealing as it provides the best compromise between the positive effect of
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increasing grain size and the negative effect caused by the loss of morphology. All the

experiments presented in this section were performed at this annealing temperature.

The same 115 nm squares used in the chamber furnace were subjected to RTA for
comparison. Additionally, some of the trimeric structures presented in Chapter 3 were also
studied. The sensors were characterised spectroscopically, and SEM images were taken

before and after the process, as shown in Figure 4.2.

100

Transmision (%)
Transmision (%)

=—Non-Annealed =Non-Annealed

0 " " M N " o —Annegled 0 " s " " N A o —Annegled
450 500 550 600 650 700 750 800 850 900 450 500 550 600 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)

3

=Non-Annealed

, —Anncgled

0 N " " " " N
450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 4.2 - Transmission spectra before (blue) and after (red) rapid thermal annealing of different
geometries in water. (a) Square sensors (115 nm squares, period 350 nm) with SEMs (b) before and (c) after
annealing. (d) Split rings (200 nm diameter, 25 nm gap, 335 nm period) with SEMs (e) before and (f) after
annealing. (g) Triangular trimers (120 nm Triangles, 20 nm Gap, period 365 nm) with SEMs (h) before and (i)
after annealing (Scale bars: 500 nm).

Table 4.2 - The change in resonance wavelength and FWHM caused by RTA at 500 °C for 10 minutes.

Sensor Resonance Wavelength (nm) FWHM (nm)
Before After Before After
115 nm Squares 654.63 640.38 108.20 67.30
200 nm Split rings 766.75 714.43 127.33 75.78
120 nm Triangle trimers 774.25 700.75 80.63 41.23
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As expected, even when the shape has multiple resonances in the vis/IR, all peaks blue-shift
after annealing due to the rounding of all the geometries (Fig. 4.2). These images also show
an additional benefit to annealing gold nanostructures. SEM images of non-annealed sensors
revealed the presence of excess gold surrounding some of the nanostructures. This can occur
during metal evaporations when pieces of gold attach beneath the PMMA undercut. Upon
annealing, this excess gold is resorbed into the structure which prevents it from dampening

the resonance (3).

When compared to the results obtained in a chamber furnace, annealing with the RTA
produced smaller shifts, indicating a better preservation of the original geometry. This
preservation can be attributed to the higher degree of environmental control provided by the
RTA with the rates of heating and cooling being much more tightly controlled. As will be
further discussed in Section 4.3.7, the heating and cooling time of the nanoparticles can
affect how much they deform during annealing (11). This is confirmed by the comparison
of square sensors annealed at 500 °C in the RTA to sensors annealed at 500 °C in the chamber
furnace as the sensors annealed in the chamber furnace show a larger degree of deformation
(Appendix A.4.1). In addition to the benefits the RTA provides in relation to control of
heating and cooling, the cleanroom environment provides protection from contamination.
When annealing using the chamber furnace, contamination was a persistent issue due to the
high levels of particulates that are present in the oven. Annealing in a cleanroom
environment removes the concern of contamination during annealing. Annealing using an
RTA also massively increases potential throughput, with entire wafers being annealed in 10
minutes as opposed to the many hours it takes for the chamber furnace to rise to the required

temperature and cool down again.

4.3.3. Negative Structures and Quantifying Grain Size Increase

So far, only positive structures have been discussed. However, negative arrays also undergo

significant spectral improvements when annealed (Fig. 4.3).
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Figure 4.3 - Transmission spectra before (blue) and after (red) annealing 115 nm square nanoholes in
an RTA.

In this example, as can be seen in Figure 4.3, the FWHM of the LSPR peak is dramatically

reduced to from 154.3 nm to 100.75 nm after annealing.

When considering negative arrays, the physical causes of this decreased FWHM can be
much more readily visualised due to the lack of a conduction layer required to image a gold
coated substrate (Section 2.3.1, Fig. 2.1). Due to this lack of conduction layer, the SEM
images in Figure 4.4 can show the effect of annealing on the grain size of gold surrounding

a negative array.
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SU8240 10.0kV 8.5mm x120k SE(U) SU8240 10.0kV 8.6mm x 120k SE(UL)

Figure 4.4 - The effect of annealing on negative arrays showing the expansion in average grain size. (a)
Before annealing (Scale bar: 400 nm). (b) After annealing (Scale bar: 400 nm). Structures are 115 nm squares
with a period of 400 nm.

In this case, the average grain area increases from approximately 1117 nm? to 13857 nm? -
an increase of 1141%. Figure 4.4 does however further highlight one of the main drawbacks
of annealing gold nanostructures. As previously discussed, during the annealing process,
there is clear deformation of the structures as the grains expand. In the case of negative
structures, this deformation is particularly prominent with inhomogeneity through the array
increasing significantly with annealing (Fig. 4.5 (b)). Introducing inhomogeneity into the
array means each structure will have a slightly different resonance compared to other
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structures in the array. In isolation, this will result in a degree of broadening for the
plasmonic resonance and is referred to as inhomogeneous broadening. However, despite this
negative side effect, the inhomogeneous broadening experienced by the array is outweighed
by the benefits of the expanding grain size resulting in a much narrower LSPR peak

following annealing.

4.3.4. The Effect of Annealing on Thiolation

Annealing significantly effects the surface properties of gold. Annealing reduces the surface
roughness of structures, as the gold atoms rearrange into a more energetically favourable
state. In addition to this, adatoms, which are thought to have an important role in thiol bond
formation, may be less available on an annealed metal surface when compared to a non-
annealed surface (15-18). For this reason, the effectiveness of thiol bonding to annealed and
non-annealed plasmonic structures was investigated. Sensors were left in a 1 mM 11-
mercaptoundecanoic acid solution overnight, and the shifts in their resonant frequencies was

compared (Table 4.3).

Table 4.3 - The shift upon thiol modification in annealed and non-annealed 150 nm squares with a period
of 450 nm.

Sensor LSPR minima before LSPR minima after LSPR
thiolation (nm) thiolation (nm) shift (nm)
Non-Annealed 768.75 (+/- 0.22) 771.60 (+/-1.07) 3.50
Annealed 740.25 (+/- 0) 742.80 (+/- 0.1) 2.55

Annealed sensors undergo a smaller resonance shift after thiolation when compared to non-
annealed sensors. This shift is indicative of less thiol binding to the sensor which in turn

indicates a less conformal layer.

The packing of the thiolated molecules on the surface of the sensor can be of varying
importance depending on the application, as will be discussed in more detail in Chapter 5.
For example, in cross-reactive sensing platforms, the surface of the sensing elements is
modified to provide a range of affinities for the analytes. In this case, the final output may
not be adversely affected by the monolayer being less densely packed, as long as it is enough
to alter the chemical properties of the surface enough to interact with the analytes differently
from other sensing elements. On the contrary, if the surface chemistry is required to have an
anti-fouling component, gaps in the monolayer may result in a significant drop in sensor
performance as fouling molecules may be able to penetrate the less densely packed
monolayer. This result creates a trade-off when it comes to annealing sensors. If a sensor is
annealed, it will have a well-defined resonance peak and a FoM but this may be at the cost
of densely formed SAMs. On the other hand, if sensors are non-annealed, their surface
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properties may be more amenable to dense SAM formation, but the quality of the peaks will

be reduced, resulting in larger errors and diminished sensing performance.

4.3.5. The Effect of Annealing on Bulk Refractive Index Sensitivity

As has been displayed in Figure 4.2, annealing influences both the spectra profiles of
plasmonic sensors as well as the geometry of their constituent nanostructures. As a result of
this it is important to assess how these changes affect the bulk refractive index sensitivity of
the sensors. The effect of annealing on the bulk refractive index sensitivity of a 100 nm

square sensor is displayed in Table 4.4.

Table 4.4 - The effect of annealing on the sensitivity and FWHM of annealed a non-annealed 100 nm
squares (n=3).

Sensor Resonance Wavelength Sensitivity FoM
in Water (nm) (nm/RIV)
Non-Annealed 665.60 (+/- 1.57) 117.60 (+/- 23.14) | 1.02 (+/- 0.22)
Annealed 638.25 (+/- 0.62) 130.74 (+/- 10.95) | 2.04 (+/- 0.18)

As can be seen in Table 4.4, there is not a significant difference between the bulk sensitivity
of the non-annealed structures and annealed structures. This is unexpected due to it breaking
the trend discussed in Section 3.3.4 whereby resonance wavelength is a significant
contributor to the bulk refractive index sensitivity of a sensor. This indicates that there may
be some factors such as surface roughness or crystallinity that have an effect on sensitivity
which would merit further investigation. Due to the sensitivities of the structures staying
relatively stable before and after annealing, the significantly reduced FWHM of the annealed
structures results in a FoM double that of the non-annealed structures, showing how

annealing is beneficial for bulk refractive index sensing capabilities.

In addition to the clear benefits of annealing on a sensors FoM, it also has a significant effect
on the ability to track the plasmonic resonance peak. By annealing, the error associated with

each reading decreases, as shown in Figure 4.5.
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Figure 4.5 - The effect of annealing on the spread of readings. (a) Annealed and (b) non-annealed 200 nm
split ring (gap size, 25 nm, period 335 nm) readings with time in a PBS solution.

By annealing the sensors, the spread of readings moves from 1.25 nm to 3.75 nm. This is
particularly relevant when using sensors for biosensing applications in Chapter 5, where the
trade-off between annealed sensors having narrower peaks and non-annealed sensors having
surface characteristics more suited to self-assembled monolayer formation is an important

factor.

4.3.6. Preventing Deformation of Nanostructures using a Protective
Annealing Layer

As mentioned previously, one of the main drawbacks of annealing is the deformation of the
nanostructures (Fig. 4.4). This is particularly important for retaining the localised sensing
abilities of different nanostructures. As discussed in Sections 3.3.1.2 and 3.3.3.3 rounding
the corners of nanostructures even slightly results in a significant reduction in EM field
enhancement for both monomeric and trimeric structures. This section explores the use of
protective layers during annealing as a method for preventing this deformation. The
capability of these protective layers to improve the properties of annealed plasmonic
nanostructures for sensing applications is assessed by examining to what extent this layer is

capable of retaining geometry and what effect this has on sensor sensitivity.

As an initial experiment, a HSQ layer was applied to triangle trimer sensors before annealing
inan RTA, as described in Section 4.2.5, and different exposures to HF were tested for HSQ
removal. Figure 4.6 shows annealed and non-annealed trimers as well as the effect of four

different HF exposure times on the triangle trimer sensors annealed under HSQ.
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Figure 4.6 - The optimisation of HF exposure time to remove the protective layer. (a) Non-annealed
triangle trimer (Scale bar: 200 nm) (b) Annealed trimer (Scale bar: 200 nm) compared to trimer annealed with
HSQ layer and exposed to HF for (c) 15 seconds (Scale bar: 300 nm) (d) 30 seconds (Scale bar: 200 nm) (e)
45 seconds (Scale bar: 200 nm) and (f) 60 seconds (Scale bar: 100 nm). Structures are 110 nm Triangle trimers.

The SEM images in Figure 4.6 show the potential of HSQ as a protective layer during
annealing to prevent structure deformation with the trimer in Figure 4.6(b) being more
rounded when compared to the trimers in Figure 4.6(d,e). When considering the HF exposure
time of the different trimers, with a 15 second exposure to HF, the image is noisy as the HSQ
layer, which is a negative tone electron beam resist, is still encapsulating the shape. At 30
seconds and 45 seconds, the shapes can be seen clearly, indicating the protective layer has
been fully removed. As both 30 seconds and 45 seconds fully remove the resist, the shorter
time is preferred as to minimise the potential damage HF could do to the nanostructures. At
60 seconds, we start to see how the HF begins to damage the metasurface as the gold
structures become dislodged. A comparison of the spectra of an unannealed triangular trimer,
an annealed triangular trimer without a protective layer and a triangular trimer annealed with

a protective layer is shown in Figure 4.7.
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Figure 4.7 - UV/vis transmission spectra showing the effect of a protective HSQ layer when annealing
triangle trimers in an RTA.

With the protective layer, the LSPR peaks are still blue shifted, however, it is to a lesser
degree than with the shapes without the layer. In addition, when the sensor is annealed
without the HSQ layer, there is a clear shoulder that appears in the primary peak at
approximately 685 nm. This shoulder is most likely the result of deformation creating a new,

weak resonance mode due to the deformation of the structures seen in Figure 4.6.

The spectral data and SEM images indicate, that the HSQ layer may be protecting the
geometry of the structure, preventing the rounding of the corners to some extent. This is a
desirable outcome for sensing applications since the retention of the sharper tips at the
corners results in stronger localised sensitivity. Furthermore, as discussed in Sections 3.3.1.2

and 3.3.3.4, nanostructures resonating at longer wavelengths present higher bulk sensitivity.

To prove this hypothesis, the same protocol was used to assess whether this technique could
increase either the bulk or local sensitivity. This time, the experiments were performed using

split rings and square sensors because of their ease of fabrication and high reproducibility.

Figure 4.8 shows the geometry of the structures as fabricated, after annealing and after

annealing with a HSQ layer.
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Figure 4.8 - The effect of different annealing conditions on plasmonic geometries (a) Non-annealed
squares. (b) Squares annealed without HSQ (c) Squares annealed with HSQ. (d) Non-annealed split rings. (e)
Split rings annealed without HSQ. (f) Split rings annealed with HSQ. Structures: 100 nm squares, period 300
nm; 200 nm split tings, 20 nm gap size, 335 nm period. (Scale bars: 500 nm)

As can be seen from Figure 4.8, there are not major differences in the geometry of the
structures annealed with and without the HSQ layer. However, the spectra in Figure 4.9
indicate that the structures have a slightly different response to this technique. The squares
annealed under HSQ resonate at a slightly shorter wavelength than their non-encapsulated
counterparts, whereas the encapsulated rings resonate at a wavelength closer to non-annealed
sensors, indicating they are slightly less deformed, although this difference is subtle and
cannot be identified by looking at SEM characterisation exclusively.

@ (b)

100

@
o
o
o
T

=2
o
T
@
o
T

B

=1
T
B
o

Transmision (%)
Transmision (%)

N
=

'—Non-Annealed
—Annealed
—Annealed under HSQ

]
o

[=Non-Annealed
—Annealed
0 —Annealed under HSQ

450 500 550 600 650 700 750 800 850 900 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

Figure 4.9 - The difference in spectra between non-annealed sensors, annealed sensors and sensors

annealed with a HSQ encapsulation layer. (a) 100nm square sensors with a 300 nm period (b) 200 nm split
rings with a 20 nm gap and a 335 nm period.
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To determine the effect this annealing method had on sensor performance, the bulk refractive
index sensitivity and FoM were measured by measuring their resonance wavelengths in

solutions with different refractive indices as described in Section 4.2.2 (Table 4.5).

Table 4.5 - The sensitivity and FoM of squares and split rings annealed with and without HSQ (n=3).
Structures: 100 nm squares, period 300 nm; 200 nm split tings, 20 nm gap size, 335 nm period.

Structures Resonance Sensitivity FoM
Wavelength in (nm/RI1U)
Water (nm)

Non-Annealed Squares 665.60 (+/- 1.39) 117.60 (+/- 23.14) | 1.02 (+/- 0.22)
Squares without HSQ 638.25 (+/- 0.62) 130.74 (+/- 10.95) | 2.04 (+/- 0.18)
Squares with HSQ 636.35 (+/- 0.57) 199.29 (+/- 7.45) | 2.83 (+/- 0.07)
Non-Annealed Split Rings 919.77 (+/- 0.75) 251.08 (+/- 34.48) | 2.54 (+/- 0.33)
Split Rings without HSQ 830.57 (+/- 2.04) 255.18 (+/-6.92) | 2.59 (+/- 0.09)
Split Rings with HSQ 840.78 (+/-2.31) 366.59 (+/- 28.07) | 3.78 (+/- 0.09)

As can be seen from Table 4.5, there is a significant increase in FOM and sensitivity for the
samples annealed with a HSQ layer versus the samples annealed without HSQ and the non-
annealed samples. Since both annealing with and without a protective layer resulted in
similar morphology and optical response, the presence of the HSQ layer cannot explain such
a difference in sensitivity. A hypothesis for this observation is that the HF used to remove
the HSQ layer could be etching the glass substrate supporting the gold nanostructures. If
there is partial etching of the glass substrate, the fields created by the bottom edges of the
shapes will also contribute to the refractive index sensitivity, whereas these fields are
normally adsorbed by the substrate.

To assess this theory, the nano-squares were simulated with and without substrate etching
(Fig. 4.10). In this simulation, the sensitivity of the structures increased from 221.2 nm/RI1U
to 232.9 nm/RIU when including a 5 nm etch on the substrate, confirming our hypothesis.
Since the increase in sensitivity is much larger in the experimental data, we can assume that

the etching of the glass substrate is more severe than the estimate used in the simulation.
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Figure 4.10 - The difference in field distribution of a 100 nm square sensor (period 300 nm) where the
substrate has been either (a) not etched or (b) etched. Black line indicates the profile of the glass substrate.

The effect of this process on localised sensitivity was also tested. To do this, a 1 nm layer of
aluminium oxide (Al=Os) was deposited on the sensor to record the magnitude of the spectral
shift (Table 4.6).

Table 4.6 - The localised sensitivity of nanostructures annealed with and without a HSQ encapsulation

layer. Experimental as described in Section 4.2.6. Structures: 100 nm squares, period 300 nm; 200 nm split
rings, 20 nm gap size, 335 nm period.

Sensors Shift with Thiolation Shift With 1 nm Al203
Non-Annealed Squares 15.93 (+/- 9.22) 28.85 (+/- 0.2)
Squares without HSQ 0.33 (+/-0.12) 8.93 (+/- 0.06)
Squares with HSQ 5.20 (+/- 0.12) 6.25 (+/- 0.12)
Non-Annealed Split Rings 16.58 (+/- 0.86) 24.67 (+/- 0.3)
Split Rings without HSQ 2.88 (+/- 0.47) 16.82 (+/- 0.51)
Split Rings with HSQ 9.70 (+/- 0.41) 12.40 (+/- 0.58)

The non-annealed samples show a greater localised sensitivity as measured by both
thiolation and Al.Oz deposition. Both these phenomena are related to the surface roughness
of the annealed structures when compared to the non-annealed ones. The rougher surface
displayed by the annealed samples has the potential to create many small, localised points
of EM field concentration resulting in a localised sensitivity (19-21). In addition, as
previously discussed, the thiol SAM has the potential to form more densely packed
monolayers on rougher surfaces due to more anchoring points being available for thiol
molecules (15-18). This helps explain the increased shift experienced by non-annealed
sensors after SAM formation.

Unexpectedly, samples annealed with a protective HSQ layer present a smaller shift upon
the deposition of the aluminium layer than those annealed without the HSQ layer. This result

may be explained by the same phenomenon depicted in Figure 4.10. As the glass is etched,
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the thin aluminium oxide layer moves further from the corners on the back side of the gold

structures, decreasing its influence on the resonance wavelength of the structure.

To confirm this hypothesis, the simulation shown in Figure 4.10 was then repeated with an
added a 1 nm aluminium oxide layer. Before etching, the resonance shift is 9.73 nm, and
after etching, it is 8.84 nm, in agreement with the observed experimental results.

However, the thiolation data shows a different trend (Table 4.6). As previously discussed,
thiolation on annealed nanostructures may be less reliable due to a reduction in surface
roughness and imperfections that may facilitate SAM formation. The lack of trend when
depositing an aluminium layer versus SAM formation indicates that the exposure to
hydrofluoric acid is creating these surface imperfections, allowing for a more conformal
thiol layer to be created. In this way, despite the lack of effectiveness of the HSQ layer for
protecting geometry, briefly exposing annealed nanostructures to hydrofluoric acid may
serve as a way to maintain the benefits of annealed nanostructures while reproducing the

desirable surface properties of a non-annealed nanostructure.

4.3.7. Annealing using a Femtosecond Laser

Ultrafast lasers emit extremely short pulses of light, typically femtoseconds to picoseconds
in duration, enabling precise material processing. Their ultrashort pulses result in very fast
heating and cooling rates, producing minimal thermal damage as discussed in Section 4.3.2.
This makes laser irradiation a promising technique to anneal plasmonic sensors with minimal
deformation. The results discussed in this section were obtained in collaboration with Prof.
Andrés Guerrero-Martinez, from Complutense University of Madrid, and Prof. Ovidio Pefia-
Nieto, from Polytechnic University of Madrid. The laser irradiations were performed at the
Centre for Ultra-fast Lasers from the Complutense University of Madrid (Section 4.2.7).

The laser was set to a wavelength of 800 nm. Since the LSPR wavelength of the
nanostructures must match the excitation wavelength, square plasmonic nanostructures were
chosen for the preliminary experiments due to their ease of tuneability. These sensors (165
nm squares, period 495 nm) were exposed to laser pulses at 700, 1000 and 1200 mW for an
hour (Section 4.2.7), and spectra was collected before and after the irradiation (Fig. 4.11,
Table 4.7).
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Figure 4.11 - UV/vis spectra collected before and after laser irradiation of sensors with LSPR at 800 nm.
Graph with spectra before annealing available in Appendix A.4.2. Structure: 165 nm square; period 495 nm.

Table 4.7 - The peak position and FWHM of 165 nm squares with a period of 495 nm annealed with
different laser powers.

Laser | LSPR wavelength | LSPR wavelength Change in FWHM
Power before annealing after annealing resonance (nm)
(mW) (nm) (nm) wavelength (nm)

700 790.00 774.00 16 66.0
1000 798.00 767.00 31 65.5
1200 790.00 764.00 26 65.5

From the data presented in Figure 4.11 and Table 4.7 it can be observed that, as the power
increases, the LSPR peak shifts towards shorter wavelengths. As previously discussed, a
shift towards a shorter wavelength is indicative of a disruption in morphology characterised
by the rounding of the corners. However, at 700 mW the shift is much smaller while the

FWHM is close to that of the structures annealed at higher power.
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Figure 4.12 - Sensors from two separate batches being annealed using a 700 mW laser. (a) Batch 1 (b)
Batch 2 (c) A comparison between sensors from both batches after laser annealing.
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The same experiment was repeated with a new batch of sensors, fabricated several weeks
after the first one. As can be seen from Figure 4.12, the LSPR peak of the sensors in the first
batch is much broader and less intense than that of the second batch. This variation in as-
fabricated sensor quality is affected by the supplier of the deposited metal as well as the
parameters of metal deposition including the exact pressure under which deposition occurs
and the rate and stability of deposition rate which will vary between depositions (22).
However, despite these vastly different starting points, Figure 4.12 (c) shows how the LSPR
peaks after laser irradiation are much more similar than the initial ones. It must be noted
when considering this data that the variation between the position and width of the two peaks
can be partially accounted for by the readings being taken on two different optical setups
(Sections 4.21 and 4.27). Figure 4.13 shows a direct comparison of the effect of annealing

in the RTA versus annealing with a laser.
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Figure 4.13 - The effect of annealing using different methods (a) Annealing with an RTA at 500 °C. (b)
Annealing with a laser at 700 mW. (c) The difference between the resulting spectra from annealing with the
different methods.

By comparing the laser-annealed sensor to the RTA-annealed sensor, we can quantify the

difference between both methods. Table 4.8 shows the change in resonance wavelength in
the spectra shown in Figure 4.13 (a,b).

Table 4.8 - The shift in resonance wavelength and FWHM of 165 nm squares with a period of 495 nm
caused by annealing with the RTA and laser.

Sensor LSPR Wavelength LSPR Wavelength Change in
Before Annealing After Annealing LSPR
(nm) (nm) Wavelength
RTA-Annealed 806.22 774.85 31.38
Laser-Annealed 790.00 774.00 16.00
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The shift in resonance wavelength is smaller for the laser-annealed sample when compared
to the sample annealed with the RTA. This is because the deformation of the structures is
limited by the laser wavelength, since, once the grains recrystalise the resonance undergoes
an optical shift away from the wavelength of the laser, stopping the excitation and thus the
annealing process. Additionally, the FWHM of the annealed structures is significantly lower
for the laser annealed structures compared to the RTA annealed structures (63.50 nm vs
73.43 nm). This indicates that the structures are more homogeneous, another added
advantage of the laser-annealing method (11). A key benefit of the annealing using a laser
is the reduced deformation during the annealing process which results in sharper corners for

the nanostructures (Fig. 4.14).

Figure 4.14 - SEM images of structures annealed with different methods. (a) Before annealing (Scale bar:
1 um), (b) Annealed with the RTA (Scale bar: 500 nm) (c) Annealed using a laser (Scale bar: 500 nm).
Structures: 165 nm squares with a 495 nm period.

Figure 4.14 shows the ability of the laser to maintain structure geometry to a much larger
degree than the RTA with much sharper corners in addition to the improvement in the spectra
shown in Figure 4.13. In this manner, and as discussed previously, the structures should host

a stronger electromagnetic field and hence have a higher localised sensitivity.

A potential explanation for this phenomenon is the extremely fast heating and cooling rates
experienced by the gold nanostructures while being irradiated by the laser. When compared
to the hours or minutes the sensors take to go through the heating and cooling cycle with the
chamber furnace or RTA, the heating and cooling from each pulse of the laser is nearly
instantaneous. This may be giving the sensors enough energy to cause recrystallisation
without giving the gold structure time to move towards a more stable, rounded form. To
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confirm this hypothesis, more research is required to tease apart the effects that come from
structure rounding and recrystallisation during the annealing process. Current research on
the annealing of nanostructures does not comment on the effect of grain size on resonance
wavelength, with the general consensus being that increasing grain size is responsible for
the decreasing FWHM of a LSPR resonance whereas the rounding of the corners is
responsible for the blue shift (3,8,10,12,13,23). This is most likely due to the fact that
designing an experiment whereby internal grain size changes and geometry stays constant is
very difficult. Even when considering traditional surface plasmon resonance on planar films
of gold, the blue shift observed after annealing is attributed to a reduction in surface
roughness, with no comment on the effect the grain size has on this shift (24). Further
replicates of this study as well as designing experiments specifically to try and separate
structure geometry from grain size could help confirm the potential of laser annealing as a

way of optimising plasmonic nanostructures.

One of the key aspects of annealing with a laser such a is wavelength-specificity. This means
that, by tuning the laser wavelength, specific nanostructures can be annealed while others
remain entirely transparent to the laser. A use case for this is multi-metallic metasurfaces
which may be fabricated using metals with different oxidation properties and melting points.
For example, silver is prone to oxidation and cannot be annealed in an RTA. As a result,
once fabricated, silver nanostructures cannot benefit from annealing. By using a laser, it
would be possible to selectively anneal different elements of the array depending on their
resonance wavelength. Another interesting application would be to excite different modes
of a structure. For example, it may be possible to create interesting effects by annealing at
one resonance mode while leaving the other pristine. For a nanorod shaped structure, we
could potentially excite the mode corresponding to the shorter, less sensitive axis to cause

recrystallisation without the risk of deforming the more sensitive ends of the structure.

4.3.8 Transformation of Nanostructures through High Temperature
Annealing

When annealing at 900 °C in the chamber furnace, an interesting transformation to the
nanostructures occurs (Fig. 4.15). The plasmonic spectra of these structures is displayed in
Figure 4.1.
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Figure 4.15 - The effect of high temperature annealing on 115 nm square gold nanostructures. (a) Before
and (b) after annealing at 900 °C in a convection oven (Scale bars: 1000 uM).

Under extremely high temperatures, the square nanostructures are transformed into
inhomogeneous hexagons. These hexagonal shapes are a result of grain boundary migrations
causing each nanostructure to reach its lowest energy state. At temperatures as high as 900
°C, the grain boundaries move to the edges of the structure and rearrange themselves causing
this transformation (2). This phenomenon of sharp hexagonal shapes being created by
annealing gold at extremely high temperatures has been briefly discussed in literature when
considering the formation of nanostructures from planar gold films, however, this
transformation has not been discussed in lithographically defined structures or for plasmonic

sensing (2,25).

The bulk sensitivity and FoM of the non-annealed squares (Fig. 4.15 (a)) and the hexagonal
structures (Fig. 4.15 (b)) are compared in Table 4.9.

Table 4.9 - The bulk refractive index sensitivity of gold nanostructure before and after high temperature
annealing (115 nm squares, period 350 nm).

Sensor LSPR Wavelength in | Bulk Sensitivity | FoM

Water (nm) (nm/R1U)
Non-Annealed Squares 675.60 220.50 2.33
Annealed Hexagons 619.95 218.72 3.26

Despite their shorter resonance wavelength, the hexagonal sensors have a similar bulk
sensitivity to the non-annealed squares and a higher FOM. The trend seen in the bulk
sensitivity of these shapes does not match the trend described in Section 3.3.4 with the shapes
having approximately the same refractive index sensitivity despite the hexagonal shapes
resonating at a wavelength 55.65 nm shorter than the non-annealed squares. This could be
attributed to the unique crystallinity that forms upon such treatment, with the gold becoming
one singular crystal with no grain boundaries. The data in Table 4.3 suggests that this
crystallinity may have an impact on sensitivity as the annealed structure has approximately

the same bulk sensitivity as the non-annealed sensor despite the shorter resonance
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wavelength. It should be noted that this sensitivity and FoM are not as high as those seen in
the trimers discussed in Sections 3.3.3.2., 3.3.3.3 and 3.3.3.4.

The localised sensitivity of these structures was measured using the same techniques as

discussed in Section 3.3.5.

Table 4.10 - The local sensitivity of non-annealed 115 nm square sensors (period 350 nm) compared to
the hexagonal shapes created by annealing these squares at 900 °C.

Sensor Shift with Thiolation (nm) | Shift with Al2Os Layer (nm)
Non-Annealed 7.6 10.95
900 °C Annealed 2.25 8.00

Unexpectedly, this data shows that, despite the sharper corners in the hexagonal shapes, the
localised sensitivity is slightly lower. Section 4.3.4 discusses how annealing may affect the
thiolation, but in this case the aluminium layer also shows a smaller shift than the annealed
sample. As previously discussed, this is most likely due to the increased surface roughness
exhibited by non-annealed shapes which can create small hotspots on the surface of the
structure which will inevitably increase localised sensitivity (19-21). This effect will be
further enhanced with the aluminium oxide technique as the only the top, continuous plane
of the structure will be coated leading to a diminished response from the corners of the

hexagonal shape.

4.4 Conclusion

In this chapter, we have explored different methods to anneal LSPR-based gold sensors and
discussed the benefits and drawbacks of each technique. Overall, we can conclude that
annealing is highly beneficial to the plasmonic response of the sensors and acts as a method
to control the quality of the LSPR, even when there are inconsistencies in fabrication due to
the quality of the gold precursor. The downsides of traditional thermal annealing methods
are deformation and diminished SAM formation caused by the loss of surface roughness.
The use of protective layers, such as HSQ, has a minimal effect on geometry preservation.
However, further optimisation of this approach could provide better results by exploring
different composition of the protective layer. Despise not providing the expected results in
terms of preservation of morphology, during these experiments an improvement of
sensitivity was achieved thanks to the etching of the substrate caused by exposure to HF. A
secondary beneficial effect of HF exposure is its effect on the surface properties of the
nanostructures which seemed to create conditions that allowed for a more densely packed
monolayer to form. These two effects combined result in HF exposure being a quick way to

retain the positive effects of annealing on grain structure while negating the negative effect
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it has on SAM formation. The last section in this chapter shows how hexagonal structures
can be achieved by exposing nano squares to very high temperatures. These sharp corners
are beyond the ability of cutting-edge fabrication techniques such as electron beam
lithography, and as a result, this approach could be a cost-effective way of getting highly
sensitive nanostructures without the need for a high-resolution fabrication tool. The
preliminary study carried out into the benefits of annealing with a laser as opposed to a rapid
thermal annealer or chamber furnace also showed some interesting results. The results
showed the ability of the laser to create more homogeneous arrays when compared to other
forms of annealing due to its wavelength specific nature. This creates sensors with higher
FoM’s by reducing the broadening caused to the resonance peak due to inhomogeneity in
the array. In addition, this chapter has shown the potential of laser annealing to significantly
reduce the deformation experienced by structures, increasing the strength of their
electromagnetic fields during resonance and hence, increasing localised sensitivity. This
preliminary study leaves many avenues of research open including experimentally testing
both the bulk and localised sensitivity of nanostructures annealed with a femtosecond laser,
altering nanostructure geometry by annealing at different resonance modes and examining

the effect of annealing on more complex nanostructures.
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Chapter 5 — Plasmonic Metasurfaces for Protein
Detection

5.1 Introduction

Plasmonic sensors are well established as a method for the label-free detection of analytes
(1-4). This detection comes from receptors that can be attached to the sensors surface to
capture a specific analyte enabling low limits of detection (LoD). As described in Chapter
3, these LoDs can be further improved by engineering LSPR resonances through
advancements in nanostructure design. However, one of the main limitations of this method
is that it only allows for the detection of one analyte at a time (5-10). Although specific,
single-analyte LSPR sensors have proven to be very effective for various single analyte
biosensing applications, the diagnosis of many diseases requires the detection of two or more
biomarkers simultaneously (11-14). Cross-reactive sensing offers a promising solution to
this limitation, since it takes advantage of the great sensitivity of LSPR without the need to
use costly — and often single use — specific receptors, allowing for the development of
sensing platforms with multiplexing capability. Cross-reactive sensing relies on each
element within a sensing array being partially selective for different markers in a solution
(15-18). For example, positive biomarkers will be attracted to negative surfaces and
hydrophobic biomarkers will be attracted to hydrophobic surfaces. Then, by taking the
responses of all the sensing elements, multi-variant analysis is used to analyse trends in the
data. The multi-variant analysis can be “trained” to detect anomalies in these trends,

indicating signs of disease.

In this chapter, we examine different approaches for protein detection using some of the
LSPR platforms previously discussed in this thesis, including lock-in-key style and cross-
reactive approaches. Furthermore, we explore and compare methodologies to address protein
fouling, one of the main challenges in protein biosensing. Fouling, also referred to as non-
specific binding, occurs when biomolecules stick to a surface via a combination of
electrostatic and dispersion forces (19-23). To combat this limitation, we examine methods
for either cleaning proteins from surfaces or preventing their irreversible immobilization
onto sensors. Finally, following signs that we can create differential interactions between
proteins and an array of surface chemistries, the ability of a cross-reactive sensor to

discriminate between protein solutions is assessed.
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5.2. Experimental

5.2.1. Measuring Protein Interactions in a Static Setup

To measure the interaction of sensors with proteins in a static setup, sensors were immersed
in 3 mL of protein solution in a 35 mm disposable petri dish and measured using a UV/Vis
spectrometer (StellarNet Blue Wave, VIS 25).

5.2.2. Measuring Protein Interactions Under Flow

To measure the interactions of proteins with the sensor under flow, a disposable microfluidic
device with 16 channels was employed (Microfluidic Chip Shop, Fluidic 152, channel width:
1 mm, channel height, 200 um). A flow rate of 200 pL/min was used (New Era Pump
Systems, NE-4000) and spectra were acquired every 750 ms.

5.2.3. Removing Proteins from Fouled Sensors

The majority of experiments utilised Tween-20 (Sigma-Aldrich)/ Phosphate Buffer Serum
(PBS, Sigma-Aldrich) solutions. Sensors were agitated to different degrees using either a
shaker (Polymix, Vibrax) or an ultrasonic bath (Ultrasonic Cleaner, RS PRO) as described

below.

5.2.3.1. Cleaning Protocol using Solvents

Three readings were taken of each sensor in PBS before proteins attached to the surface.
After incubation in 1 mg/mL bovine serum albumin (BSA) for 15 minutes, three readings
were taken of each sensor. Sensors were then rinsed with the solvent before being incubated
in the solvent for a further 20 minutes. The sensors were then rinsed with water before 3

more readings were taken in PBS.

5.2.3.2. Detergent Cleaning Protocol 1

Before exposure to proteins, 5 readings were taken in PBS. In this case, the detergent
solution was either 1% Tween-20 or 1% Triton-X. Sensors were then incubated in 1 mg/mL
BSA solution for 15 minutes before being rinsed with the detergent solution, sonicated for 1
minute in the detergent solution, incubated in the detergent solution for 5 minutes, rinsed
with water and dried with N2. Measurements were taken in PBS after the washing protocol
to assess cleaning ability.
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5.2.3.3. Detergent Cleaning Protocol 2

The next washing protocol was as follows. Three readings were taken in PBS before protein
exposure. The sensor was then cleaned with water and ethanol before being incubated in a
BSA solution for 15 minutes and three readings were taken. Then the sensor was rinsed with
Tween-20 solution before being dip-rinsed with Tween-20 solution 50 times (24). The sensor
was then sonicated in Tween-20 solution for 60 seconds to aid in removing proteins before
being sonicated in PBS for a further 2 minutes. The sensor was then cleaned with water and

ethanol before three more readings were taken in PBS.

5.2.3.4. Detergent Cleaning Protocol 3

After protein exposure, the sensor was first agitated by continuously moving 5% Tween-20
solution over its surface using a pipette. The sensor was then dip-rinsed 50 times (24). The
sensor was then sonicated in Tween-20 solution for 60 seconds before being agitated using
the shaker for a further 5 minutes. Readings were taken in PBS before protein exposure, after

exposure to 1 mg/mL BSA solution and after cleaning.

5.2.3.5. Detergent Cleaning Protocol 4

After taking readings in PBS, the sensor had 5% Tween-20 solution continuously flowed
over each side of the sensor for 30 seconds. It was then agitated in Tween-20 solution for
either a further 5 minutes or approximately 8 hours on the shaker before being rinsed with
deionised (DI) water. For sections 5.3.3.2 and 5.3.3.3 when testing anti-fouling surface

chemistries, this protocol was used but the agitation step was missed.

5.2.4. Formation of Self-Assembled Monolayers on Individual Gold
Sensors

Glass chips supporting the sensing platforms were immersed in 10 mM of various thiol
solution with either an ethanolic or aqueous solvent and left undisturbed overnight, before
being rinsed thoroughly with the immaobilization solvent and dried with a N2 flow. To attach
thiolated PEG-Biotin to sensors, a 1 mM solution of the thiol in PBS was flowed over the
sensor using microfluidics and held there for approximately 8 hours before rinsing with PBS.
A list of the different chemistries in this chapter are listed in Table 5.1. It should be noted
that for the samples with the solvent ethylene glycol/ethanol (EG/EtOH) the ethylene glycol
is only used in the printing system (Section 5.2.7) and if the sensors are modified outside of

that system only pure ethanol is used.
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Table 5.1 - A list of thiol chemistries used in this chapter. EG/EtOH: Ethylene Glycol/Ethanol.

Chemistry Abbreviation | Printing Solvent
Phenylethyl mercaptan PEM EG/EtOH
12-Mercaptododecylphosphonic acid MDP EG/EtOH
1-dodecanethiol (DDE) DDE EG/EtOH
Thiolated PEG-Biotin n/a PBS Solution
Cysteine Cys Water
Glutathione Glu Water
Cysteamine CA EG/EtOH
Sodium 2-mercaptoethanesulfonate MES Water
11-mercaptoundecanoic acid MUA EG/EtOH
4-Nitrothiophenol NTP EG/EtOH
4-aminothiophenol ATP EG/EtOH
1-octanethiol oT EG/EtOH
1H,1H,2H,2H-Perfluorodecanethiol PFEDT EG/EtOH

5.2.5 Formation of Silane Monolayers on Glass Substrates

After fabrication, sensors were placed in a glass vacuum desiccator along with 200 uL of
(heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorisilane in a small watch glass. Following
this, the chamber was pumped and left under vacuum overnight for the SAM to form. SAM
formation was quickly tested by observing the hydrophobicity of the glass chip when

exposed to water, then the sensors were rinsed with methanol and dried with a flow of Na.

5.2.6. Functionalisation of Multiple Sensors on a Glass Slide using
Droplet Pinning

A droplet pinning layer was first created by using photolithography (Suss Mask Aligner,
MA®G) to block the desired functionalisation regions and then using a vacuum chamber to
coat the remaining glass with a fluorous silane ((heptadecafluoro-1,1,2,2-tetrahydrodecyl)
trichlorisilane). Following this, 10 mM solutions of each thiol in either an 80:20, ethanol:
ethylene glycol (Sigma-Aldrich) solution or an aqueous solution were printed onto each
sensor as 100 nL drops. These drops were left on the sensor surface in a humid environment
overnight to prevent evaporation. The sensor was then rinsed with ethanol and dried under a

N> flow. More detail of this process can be found in Section 2.5.3.

5.2.7. Cross-Reactive Sensors Sensing

After fabrication of the cross-reactive sensors as described in Section 2.5.3, a microfluidic
chip was attached to the sensors creating 10 usable channels. As displayed in Figure 5.1, two
of these channels were connected to create a total of 10 sensing elements for each sensor.
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Figure 5.1 - The experimental setup for cross-reactive sensing of proteins. Slide is as fabricated in Section
2.5.3. Chemistries are as described in Table 5.1.

The resonance wavelengths of these sensors were first recorded in PBS (5 readings each)
before having proteins flowed over their surfaces at 200 pl/min. The response of the sensing
regions to each protein were then recorded by taking 5 readings in each protein solution.
Once the sensors were exposed to proteins, they were not reusable and the same procedure
was repeated on the next sensor with a new protein. The resulting data was analysed using
principle component analysis and linear discriminant analysis on JMP17 software. See

Section 2.7.3 and 2.7.4 for further details on multi-variant analysis.

5.3. Results and Discussion

5.3.1. Protein Interactions on Thiol-modified Sensors

Using the static setup described in Section 2.9.1, the UV/vis absorption profile of sensors
featuring different surface modifications was recorded in a 0.3 mg/mL solution of BSA,
pepsin and lipase as well as a PBS solution without proteins. Different surface properties
were introduced using thiol monolayers of phenylethyl mercaptan (PEM), 12-
mercaptododecylphosphonic acid (MDP), 1-dodecanethiol (DDE) and 1-octanethiol (OE).
These compounds were chosen to provide a range of interactions with the selected proteins;
for example, PEM is neutral and aromatic, MDP is acidic and aliphatic, and DDE and OE

are neutral and aliphatic.
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Table 5.2 - The shift of the resonance wavelength with exposure to each protein.

Surface Chemistry | Shift with BSA | Shift with Lipase | Shift With Pepsin
(nm) (hm) (hm)
PEM 1.65 0.18 0.45
MDP 0.48 0.1 0.42
DDE 1.93 0.52 0.38
OE 2.25 0.35 0.6

We can see there is a very clear red shift when the sensors are exposed to proteins showing
a clear ability for these sensors to detect proteins on the surface of the sensor. In addition to
this, the data in Table 5.2 shows that each surface chemistry responds differently to each
protein, indicating there is potential for a cross-reactive protein sensing system. A limitation
of the sensors is highlighted by this dataset, despite rinsing the sensors between readings,
the red shift created by each protein when they are exposed to the surface is never reversed.
This is due to unspecific and undesirable immobilisation, or fouling: when proteins bind to
the sensors surface, they increase the local refractive index causing a red shift. To create a
reusable cross-reactive sensor, proteins must be able to be removed from the sensor and as

such, we attempted to optimise a cleaning protocol for the sensors.

5.3.2. Methods of Removing Proteins from Sensors Following Detection

5.3.2.1 Organic Solvents

Initial attempts to remove proteins from the surface of the sensor used common laboratory
solvents. This included DI water, ethanol, methanol, acetone, isopropyl alcohol (IPA) and
PBS. The sensors were cleaned using the method detailed in Section 5.2.3.1. Table 5.3 shows

the spectral shifts recorded after rinsing the sensors with each solvent.
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Table 5.3 - The effect of different common lab solvents as methods of removing proteins from plasmonic
biosensors. Sensors incubated in 1 mg/mL BSA for 15 minutes before washing (n=3).

Solvent PBS Reading Reading after PBS Reading Shift from
before proteins incubation in after proteins Initial
(nm) BSA (nm) (nm) Baseline (nm)

Water 670.81 (+/- 0.31) | 675.01 (+/- 0.32) | 673.84 (+/- 0.10) 3.03
PBS 661.98 (+/- 0.01) | 665.44 (+/- 0.91) | 665.38 (+/- 0.32) 3.40
Ethanol 672.88 (+/- 0.36) | 676.83 (+/- 0.15) | 677.99 (+/- 0.29) 5.11
Acetone 671.22 (+/-0.1) | 673.94 (+/-0.14) | 673.64 (+/- 0.17) 2.42
Methanol | 673.71 (+/-0.19) | 678.27 (+/- 0.05) | 680.44 (+/- 0.15) 6.73
IPA 673.20 (+/- 0.15) | 677.18 (+/- 0.64) | 677.80 (+/- 0.33) 4.60

As can be seen from these results, the selected solvents were not successful at restoring the
sensor to its initial resonance wavelength before its incubation in protein solution. For the
water and PBS, the proteins are most likely remaining stuck to the surface as they are too
strongly bound for enough of them to be displaced upon just rinsing. Organic solvents are
not more successful than aqueous ones, even showing a larger red-shift than the initial
reading. The most likely explanation for this behaviour is the denaturalisation of proteins.
This denaturing is a result of the polar nature of the solvents, which will strip water
molecules from the surface of the protein, breaking the hydrogen bonds that hold their
secondary and tertiary structure (25). This, in turn, may result in proteins spreading out on
the surface causing stronger bonds and greater levels of surface coverage or fouling.

5.3.2.2. Detergents

Detergents are designed to help break up biofilms by disrupting the hydrophobic interactions
between proteins and the substrate (24,26). Due to these cleaning properties and evidence in
literature, Triton-X and Tween-20 were investigated (24,26). Sensors were cleaned using the
protocol in Section 5.2.3.2. Measurements were taken in PBS before and after the exposure

to proteins to assess if the detergents were any more effective than organic solvents.

Table 5.4 - The ability of Triton-X and Tween-20 solutions to remove proteins from fouled sensors (n=3).

Solvent PBS reading Reading after | PBS reading after | Shift from
before proteins incubation in proteins (nm) initial
(nm) BSA (nm) baseline
(hm)
1% Triton-X | 661.87 (+/-0.17) | 663.82 (+/- 0.19) | 663.15 (+/- 0.15) 1.28
1% Tween-20 | 673.03 (+/- 0.18) | 674.99 (+/-0.17) | 674.19 (+/- 0.09) 1.16

As can be seen in Table 5.4, detergents were more successful at protein removal than the
aqueous and organic solvents discussed above. However, the small shift recorded after
cleaning the sensors indicates that a small amount of protein remains bound to the surface,

which prevents full sensor reusability.
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Following the partial success of this method, different protocols were developed inspired by
the protocol reported by Kratz et al. This involved dipping the sensor in and out of a Tween-
20 solution 50 times, as this was shown to have the best results in their experiments for
removing proteins from a gold surface indicating that physical force is useful for removing
proteins (24). In addition to the dip steps, the sensor was also sonicated and agitated in
Tween-20 solution for varying lengths of time in an attempt to remove the proteins as
described in Section 5.2.3 (Table 5.5).

Table 5.5 - The cleaning properties of Tween-20 solution. Cleaning protocols can be found in the
experimental section. Protocol 2: Section 5.2.3.3, Protocol 3: Section 5.2.3.4 and Protocol 4: Section 5.2.3.5.
DDE: 1-dodecanethiol, OE: 1-octanethiol, PEM: Phenylethyl mercaptan and MDP: 12-
Mercaptododecylphosphonic acid. See Appendix A.5.1 for full datasets.

Cleaning Protocol Protein Surface Chemistry | Shift from initial
PBS reading (nm)
2 (1% Tween-20) BSA Bare Gold 2.15
2 (5% Tween-20) BSA Bare Gold 0.77
3 BSA Bare Gold 4.34
3 BSA DDE 4.00
3 BSA OE 451
3 BSA PEM 5.05
3 BSA MDP 1.72
4 (Agitated 5 minutes) BSA Bare Gold 3.78
4 (Agitated 5 minutes) Pepsin Bare Gold 1.94
4 (Agitated 5 minutes) Lipase Bare Gold 1.12
4 (Agitated 8 hours) BSA Bare Gold 2.66
4 (Agitated 8 hours) Pepsin Bare Gold 0.52
4 (Agitated 8 hours) Lipase Bare Gold 0.98

The first results using this methodology were very encouraging, with a small shift of 0.77
nm recorded after dipping and sonicating the sensor in 5% Tween. However, subsequent
experiments following the similar methodology resulted in larger shifts, even when using
longer sonication times. Although promising, the capricious nature of the cleaning methods
reported in this chapter limits reusability and reliability. A different approach was adopted
to achieve this by using anti-fouling coatings on the sensor and substrate surface, as

described in the next section.

5.3.3. Anti-Fouling Surface Modifications on Gold Nanostructures

As stated above, the approach to achieve reusability moved from attempting to remove
irreversibly bound proteins to preventing them from permanently associating with the
surface. To do this while maintaining a cross-reactive element to the sensing setup, multiple
anti-fouling surfaces with different properties were investigated as a method of obtaining a

reversible interaction. Traditional methods of protecting surfaces from bio-fouling usually
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employ steric hinderance. Steric hindrance relies on physically blocking the surface to
prevent non-specific attachment. Although effective, LSPR sensing requires the analyte to
be in close proximity to the sensor surface, with sensitivity decreasing exponentially as the
analytes are forced further away. To avoid this degradation of sensitivity, thin anti-fouling
SAMs were selected and studied. To best take advantage of the thin layers, all the
measurements in this section are on split ring sensors due to their highly concentrated

electromagnetic field.

5.3.3.1. Bare Gold
The graph below shows the spectral shift observed when exposing a bare split-ring sensors
to BSA, pepsin and lipase with the cleaning protocol in Section 5.2.3.4 used to clean the

sensors between readings.
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Figure 5.3 - The ability of a bare gold split ring to reversibly detect protein interactions at 1 mg/mL
(PBS readings, n=1; Protein readings n=5).

Figure 5.3 shows that for a non-modified sensor, despite the rigorous cleaning methodology
utilised for this experiment there is no shift back towards the baseline after exposure to the
proteins (Section 5.2.3.4.). As there is no layer preventing permanent interactions from
occurring, the proteins become very hard to remove from the surface as has been previously
described in Section 5.3.2. This gives us a baseline to compare the subsequent anti-fouling

chemistries to.

5.3.3.2. Cysteine

Cysteine is a zwitterionic amino acid that has proven to have anti-fouling properties when
attached to a bulk gold substrate (27,28). These anti-fouling properties arise from the
hydration layer formed upon the interaction of the carboxyl group with the water molecules
in the solvent, which prevents proteins from sticking to the sensor surface. It is well known

that proteins adhere to glass, so, in addition to the thiol SAM, a perfluoroalkane silane was
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used to passivate the glass substrate for these sensors using the method described in Section
5.2.5 (29). Section 5.3.3.3 offers more details about the use of perfluorinated compounds as

anti-fouling coatings.

(o)

HS OH
NH,

Figure 5.4 — The chemical structure of cysteine.

The first experiments utilising a cysteine layer as a potential anti-fouling layer were carried
out using the static setup as described in Section 2.9.1. For all readings in this section, the
cleaning protocol described in Section 5.2.3.5. was followed. The result of this initial

experiment is shown in Figure 5.5.
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Figure 5.5 - Annealed sensor split ring with cysteine SAM detecting 1 mg/mL pepsin (n=3, Paired T-Test,
p <0.05)

As can be seen from the graph, cysteine shows great potential to achieve reversible
interactions. It allows for proteins to get close to the surface and be detected, but it facilitates
the removal upon cleaning unlike the surface chemistries presented in 5.3.2. In this case,
there is an initial large red-shift upon pepsin being introduced to the sensor and despite not
returning to baseline, there is still a significant temporary red-shift when pepsin is measured
in subsequent readings. However, it is important to note that, although the resonance
wavelength of the sensor in the pepsin solution does not shift much between readings, the
PBS readings are slowly red-shifting towards the pepsin readings. This indicates there is a
limit to this reusability. Despite this trend, we still get three uses of the sensor whereby the
pepsin readings are statistically significant from the PBS readings showing enhanced

reusability compared to bare gold.
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Section 4.3.4 discusses the differences between annealed and non-annealed sensors, with
data indicating that there may be a greater level of thiol binding when using non-annealed
sensors due to the higher roughness of the surface. This should result in denser SAMs and

in turn, enhance anti-fouling capabilities.
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Figure 5.6 - Non-annealed split ring with cysteine SAM detecting pepsin (n=5, Paired T-Test, p < 0.05)

The non-annealed structure showed good reusability, as seen in Figure 5.6, however, as
expected, the error in the readings is significantly higher due to the higher FWHM of LSPR
peaks resulting from non-annealed structures. Despite a visible trend that three protein
readings may be distinguishable from PBS, the large errors mean that only the first protein
reading is statistically significant. This reinforces the importance of optimising sensor design
to have a low FWHM, as discussed in Chapter 4; even though non-annealed sensors do more
readily create conformal thiol monolayers, the larger error in the measurement negates this

advantage.

Having established that cysteine allows for some reversible interactions, the concentration
of proteins was reduced from 1 mg/mL to 0.1 mg/mL to move towards physiologically
relevant concentrations (Figure 5.7). This resulted in a smaller initial shift as fewer proteins
reached the sensor surface and, as with the previous experiments on annealed sensors, the
sensor was able to be used three times before detecting pepsin failed to be separated from
PBS.
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Figure 5.7 - Annealed split ring with cysteine SAM detecting 0.1 mg/mL pepsin concentration (n=5,
Paired T-Test, p < 0.05)

This section proves the potential of cysteine layers as a means to detect proteins whilst
preventing non-specific binding. Although these layers are not as robust as reported in
literature, it should be noted that there are very few studies of thiolation onto lithographically
defined gold nanostructures, with most studies being carried out on planar gold films or on
spherical nanoparticles. This may explain some of the incongruity between the results
reported here and those found in literature (27,28). Further characterisation would be needed
to determine the conditions required for the maximum level of coverage of thiol SAMs on

gold nanostructures.

5.3.3.3. Fluorinated Thiols

Perfluorinated compounds have unique properties which can be useful for anti-fouling
applications (29,30). These properties arise from the low polarizability of fluorine atoms,
that prevents significant dipole-dipole interactions, resulting in very low Van der Walls
forces. This causes perfluorinated phases to favour interactions with other perfluorinated
phases before aqueous or organic ones, a property known as the “fluorous effect”. The
amphiphobicity of these phases makes them ideal candidates for anti-fouling applications.
In addition to these anti-fouling properties, fluorous molecules are also very small compared
to traditional anti-fouling methods such as poly(ethylene glycol) (PEG) layers. This should
allow proteins to get close enough to the surface of the sensor to be detected while still

preventing irreversible binding.
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1H,1H,2H,2H-Perfluorodecanethiol
(a) F F F F

(b)

Figure 5.8 — The chemical structures of the fluorous compounds. (a) PFDT and (b) the structure of the
fluorous silane used for surface passivation ((heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorisilane).

In this section we use a thiolated fluorous compound, 1H,1H,2H,2H-Perfluorodecanethiol
(PFDT), to create a monolayer of fluorous molecules on the gold sensors and assess its anti-
fouling abilities. As before, this fluorous thiol layer is accompanied by a fluorous silane layer
to prevent proteins non-specifically binding to the glass substrate supporting the gold
nanostructures (Section 5.2.5) (29).

Repeating the experiments carried out with cysteine, a sensor modified with PFDT was
immersed in PBS, measured and then immersed in 1 mg/mL pepsin before being rinsed with
5% Tween-20/PBS for 30 s on each side of the sensor chip (Fig. 5.9, Section 5.2.3.5).
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Figure 5.9 - Detecting pepsin repeatedly using a gold split rings with a PFDT (n=5, Paired T-Test, p <
0.05)

The PFDT modified sensor shows a degree of reusability with the protein being
distinguishable from the PBS solution three times before it becomes difficult to distinguish

between the solutions. As this is a relatively high concentration of proteins, PFDT coated
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sensors were also assessed for reusability at a lower concentration of proteins which is more

relevant in a physiological environment (Fig. 5.10).
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Figure 5.10 - Detecting pepsin repeatedly using a PFDT monolayer on gold split rings at a 0.1 mg/mL
protein concentration (n=5, Paired T-Test, p < 0.05)

The protein could be detected on the first two cycles of the experiment, a result comparable
to that observed when using cysteine. Overall, both PFDT and cysteine show great promise
as anti-fouling coatings for reusable, cross-reactive sensing platforms as they allow for the
detection of the analytes whilst partially preventing irreversible binding. However, as
previously mentioned, the understanding of thiolation on lithographically defined
nanostructures is still poor and not well reported in the literature. Formation of thiolated
SAMs on planar gold films and spherical nanoparticles, however, has been extensively
studied. Planar gold systems give the thiols an infinite plane on which to bind and organise
themselves. According to the literature, the formation of SAMs in this case happens upon
the binding of one single molecule that acts as an anchor point for a larger, organised area
of self-assembled molecules (31-37). Lithographically defined structures offer a much more
constrained space onto which thiols can bind in addition to the various geometrical factors

the nanostructures impose.

On the other hand, colloidal nanoparticles are synthesised in solution following a bottom-up
approach. The bottom-up methods used in their production result in gold crystals with very
different surface properties compared to thermally evaporated metal. As a result, they will
interact differently with thiolated molecules than lithographically defined structures (31,37—
41). All of this could explain the reason why the SAMs created onto the sensing structures
presented here do not present the same anti-fouling capabilities are those reported in the

literature.
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Despite the uncertainty in SAM quality, there is a clear increase in sensor reusability with
the addition both PFDT and cysteine layers making multiple uses of the sensor possible

where the bare gold sensor becomes unusable after a single exposure to proteins.

5.3.3.4. Potential of Anti-Fouling Surface Chemistries for Cross-Reactive Sensing

In order to create a cross-reactive system which is reusable, the selected chemistries must
have different affinities for the proteins of interest while still maintaining the ability to host
reversible surface-protein interactions. To examine the response of the sensors to the
proteins, proteins were injected into the solution as described in Section 2.9 and the response
of the sensors was monitored.
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Figure 5.11 - The response of annealed split ring sensors to different proteins with different anti-fouling
chemistries (a) Pepsin interacting with a cysteine coated sensor. (b) BSA interacting with a cysteine coated
sensor. (c) Pepsin interacting with a PFDT coated sensor. (d) BSA interacting with a PFDT coated sensor. Data
recorded every 750 ms.

As seen in Figure 5.11, the response of the surface to the proteins being injected varies
depending on the surface chemistry and protein. The magnitude of these shifts as taken from

Figure 5.11 is summarised in Table 5.6.

Table 5.6 - The shift in resonance peak caused by pepsin and BSA on cysteine and PFDT coated sensors.

Surface Shift in Response to Pepsin | Shift in Response to BSA
Modification (nm) (nm)
Cysteine 3.25 1.25
PFDT 5 2.5

We can see that, in general, the proteins have a stronger interaction with PFDT-coated
sensors when compared to cysteine-coated ones. In addition, pepsin seems to always have a
stronger interaction with the sensor when compared to BSA. The stronger interaction seen
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by pepsin is most likely due to its higher binding coefficient to gold nanoparticles. Although
no directly comparable studies exist, the binding constant of pepsin on citrate coated
nanoparticles is seen to be significantly higher than that of BSA (42,43). The PFDT-coated
sensors showing a stronger interaction with the proteins when compared to the cysteine-
coated sensors may be due to the PFDT forming a less conformal monolayer on the
nanostructures. However, the anti-fouling mechanism in each of the SAMs is very different
and hard to compare while cysteine relies on the formation of a hydration layer, PFDT’s
anti-fouling properties are due to the lack of dipole-dipole interactions caused by the
presence of fluorine atoms (29,44).

The results discussed in this section suggest that the anti-fouling SAMs under study are good
candidates for reusable, cross-reactive sensing applications. Unfortunately, there is a limit
in the number of times these sensors are capable of detecting proteins before the surface
fouls. As discussed, a potential reason for this limitation could be the lack of homogeneity
in the coating. In fact, as described in Section 2.9.1, defects in the SAM can lead to the
observation of a ‘snowfall effect’. In this setup, proteins slowly diffuse towards the sensor
and spend extensive amount of time on the surface of the sensor. This allows any gaps in the
monolayer to be infiltrated, accelerating protein fouling. Further investigation into SAM

formation on gold nanostructures would be needed to confirm this theory.

5.3.5. Microfluidics to Aid in Protein Detection

Microfluidics allow for the controlled delivery of analytes to a sensor without the need to
remove it from solution. In addition, they allow for a much easier integration into existing
systems making academic research more easily translatable to real world applications.
Before attempting cross-reactive sensing, this microfluidic system was tested using a more
traditional ‘lock and key’ style protein detection system. As described in Section 2.9.2, this
was accomplished by utilising one of the strongest biological bonds found in nature between
biotin and streptavidin. Biotin was anchored to the substrate using a short PEG linker (~20
nm) to prevent the analytes from being too far away from the substrate to be detected, but
long enough to take advantage of its anti-fouling properties. To ensure the sensor has a
sensing volume large enough to detect binding events in this setup with high sensitivity, non-

annealed 150 nm square sensors were used (resonance wavelength ~ 840 nm).

5.3.5.1. Specificity
The first parameter that must be established is the specificity of the system. Figure 5.12
shows that the system has no reaction to a high concentration of BSA and an almost
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immediate, large shift in response to neutravidin due to the high specificity of the interaction

between the analyte and the receptor.
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Figure 5.12 - Time series data showing the specificity of a PEG-biotin coated square sensor for
neutravidin. Data recorded every 750 ms.

This is aided by the PEG linker attached to the biotin, which prevents non-specific binding
thanks to the well-known antifouling properties of PEG coatings (21,23,45,46). As opposed
to the methods previously discussed that relied on the chemical properties of the molecules
to prevent non-specific interactions, PEG prevents non-specific binding via steric hindrance.
PEG causes steric hinderance by physically blocking the surface due to its large size (2000
MW). When compared to cysteine and PFDT, it is clear that PEG is a much more effective
anti-fouling method with only a negligible 0.15 nm increase in resonance wavelength during
the time BSA is exposed to the sensor. This excellent anti-fouling ability comes at the cost
of sensor sensitivity as the interactions will now occur further from the surface, where the
sensors sensitivity is at its greatest. In this case, because of the high specificity of the lock-
key mechanism reported in Figure 5.12, the larger size of the PEG layer does not prevent
detection. However, its applications in cross-reactive sensing, where the interactions with

the proteins are more transient and nonspecific, might be limited due to its size.

5.3.6.2. Amplification

In Section 1.4.1, sandwich style amplifiers were discussed as a method for increasing the
signal obtained from the binding of a protein. By using biotinylated BSA, we demonstrated
how a sandwich amplifier could be used to increase the signal from neutravidin binding (Fig.
5.13).
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Figure 5.13 - Time series data showing the amplification effect that can be created using a sandwich
assay. Data recorded every 750 ms.

This result shows the potential of this system to be used as a sandwich style biosensor. The
drawback of this system is the smaller shift created by the biotinylated BSA when compared
to the neutravidin. This smaller shift comes from the limited sensing volume of LSPR
sensors. The system now has a string of 2000 MW biotin-PEG, neutravidin and biotinylated
BSA. The 150 nm squares used for this sensor were chosen due to their high resonance
wavelength which as discussed in Section 3.3.4, should give them a larger sensing volume.
Despite these sensors being at the higher edge of the spectrometer’s wavelength limits, they
still have a relatively small, exponentially diminishing sensing volume. This means that the
further the analyte gets from the surface of the sensor, the smaller the shift it will create when
binding. Despite this diminished shift, the addition of this amplification step does increase
the shift caused by the analyte by 51.5% (3.96 nm to 6.00 nm).

5.3.6.3 Measuring the Limit of Detection of LSPR Sensors

Using this specific system, we can get an estimate of the limit of detection of these sensors,
which are made up of 150 nm gold squares. By taking the resonance shift of the sensor at
various concentrations of neutravidin and plotting a linear regression, we can get an estimate
of the LoD using Eqn 5.1 (47,48).
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Figure 5.14 - Linear regression for calculating the LoD of square sensors. Using 5 nM, 10 nM, 41.6 nM
and 50 nM neutravidin concentrations.

LoD = 332 (5.1)
m

where is o is the standard error of the regression fit and m is the slope of the fit line. Using
this fit, the limit of detection for these squares is calculated as 6.28 nM. In comparison to
other plasmonic biosensors, this is at the high end of limit of the limit of detection reported
for LSPR based sensors in literature, with LoD’s ranging from 7 nM to 0.5 pM (49-58). It
should be noted that this LoD figure is very much an estimate, with more concentrations and

extra independent experiments being carried out before a LoD can be confidently stated.

In the future it would be interesting to compare the square sensors used here with the
geometries explored in Chapter 3 and the sensitivity enhancing effects of exposure to
hydrofluoric acid explored in Section 4.3.5 to investigate how much the LoD of this system

could be reduced.

5.3.4. Cross-Reactivity of Proteins using Disposable Sensors

The results reported in Sections 5.3.1 and 5.3.3 suggest that proteins interact differently with
a sensor depending on its surface chemistry. Unfortunately, the anti-fouling molecules in
this thesis to not provide a range of interactions wide enough for a cross-reactive sensor
system. For this reason, and despite the promising results obtained with cysteine and PFDT
layers, it was decided to move to single-use experiments. This allowed for the introduction
of more surface chemistries with more varied functionalities needed to achieve effective
cross-reactive sensing. In this section, this cross-reactive concept is integrated with the

microfluidics that were previously characterised with the traditional receptor/analyte system.
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5.3.4.1. Selection of Surface Chemistries

Table 5.7 summarises some of the chemical properties of the compounds selected to modify
each sensing element in the cross-reactive platform. These chemistries were selected to
provide a range of functionalities that would cause proteins to interact with each of them
with different affinities. Each of these chemistries were printed onto the surface using an

IDOT printer as described in Section 2.5.3.

Table 5.7 - The properties of the different chemistries used to make the disposable cross-reactive tongue
system.

Chemistry Abbreviation | Printing Properties
Solvent
Cysteine Cys Water Zwitterionic
Glutathione Glu Water Zwitterionic
Cysteamine CA EG/EtOH Basic
Sodium 2- MES Water Very Acidic
mercaptoethanesulfonate
11-mercaptoundecanoic acid MUA EG/EtOH Aliphatic Acid
4-Nitrothiophenol NTP EG/EtOH Neutral, aromatic
4-aminothiophenol ATP EG/EtOH Basic, aromatic
1-octanethiol oT EG/EtOH Aliphatic Alkane
1H,1H,2H,2H- PFDT EG/EtOH Amphiphobic
Perfluorodecanethiol

The chemical structure of each of these thiols is shown in Figure 5.15.
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Figure 5.15 - The chemical structure of each of the thiol structures in Table 5.7.

5.3.4.2. Protein Discrimination at a High Concentrations

The first cross-reactive protein sensing experiment was carried out at a high concentration
of 5 uM. This allowed us to determine if the concept was feasible without the concerns of
negligible interactions at very low concentrations. Using a microfluidic chamber, 5 readings

were recorded for each sensor in PBS and in a protein solution. These shifts caused by
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protein exposure were used to create a data matrix for PCA and LDA (Section 2.7.3 and
2.7.4) to be performed on (Fig. 5.16).
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Figure 5.16 - Segregation of protein solutions using a disposable LSPR sensing chip at 5 uM (a)
Principal component and (b) linear discriminant analysis. Confidence ellipses p=0.95. Eigenvectors in
Appendix A.5.3.

Figure 5.16 shows the potential of disposable sensors for cross reactively detecting
proteins. In this case, each protein is well distinguished from each other with very little

overlap in the PCA and 100% classification success for the LDA.

5.3.4.3. Discrimination at a Lower Concentrations

After showing discrimination at 5 uM, a series of experiments were conducted to
determine the lowest concentration that could be detected with a shift large enough to be
reliable. This concentration was found to be 100 nM, which was the concentration used in
the next experiment (Appendix A.5.2). The PCA and LDA analysis of proteins at 100 nM

is presented in Figure 5.17.
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Figure 5.17 - Segregation of protein solutions using a disposable LSPR sensing chip at 100 nM (a)
Principal component and (b) linear discriminant analysis. Confidence ellipses p=0.95. Eigenvectors in
Appendix A.5.3.

As expected, at this lower concentration the segregation in the analysis becomes more
difficult as shifts become smaller in magnitude. Despite this, even at this lower concentration
we can see that proteins are discriminated with 100% accuracy. There is a larger spread in

the streptavidin data that causes it to be very well categorised in the LDA. This large spread
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is almost certainly the cause of error in readings. Appendix A.5.3 shows this PCA and LDA
without the streptavidin which shows the remaining proteins being less tightly packed

without the influence of the streptavidin readings.

5.3.4.4. Categorising Proteins from Separate Experiments

To assess the repeatability of this method, a second experiment was carried out on a newly
fabricated chip to add to the dataset presented in Section 5.3.4.2. By repeating this
experiment under the same conditions, multivariant analysis such as PCA and LDA should
be able to group the proteins together, recognising a protein from the first experiment to be
the same as the one from the second. Figure 5.18 shows the combined PCA and LDA

utilising readings from the first experiment (circles) from the second experiment (crosses).
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Figure 5.18 - Segregation of protein solutions using data from two separate disposable LSPR sensing
chip at 5 uM (a) Principal component and (b) linear discriminant analysis. Confidence Ellipses p=0.95.

Eigenvectors in Appendix A.5.3.

The PCA shows a trend of the same protein not always clustering together when the data
from the two sensors is combined. There is a degree of clustering when considering
neutravidin (blue), streptavidin (purple) and lipase (orange), however, other proteins,
particularly BSA, show clear separations between the two experiments. The LDA still shows
a reasonable level of classification, with 88% of proteins correctly classified (See Appendix
A5.3 for full classification matrix), however this can be partially explained by
overclassification. Due to the limited number of readings in this dataset, statistical methods
such as LDA can be prone to exaggerating differences in data that may not correspond to an

actual difference between samples when a larger dataset is used.

The reason for these inconsistent results can be explained with a multitude of factors, often
stemming from the fact that sensors cannot be easily reused. First, as has been extensively
discussed in this thesis, the process of forming a thiol SAM can be inconsistent, particularly

on annealed sensors. If the thiol layers are inconsistent in terms of packing density, this could
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lead to changes in how each protein interacts with each surface chemistry. Additionally, due
to inevitable fabrication inconsistency, not every sensor will resonate at the same
wavelength, with the average resonance wavelength of every sensor used in Sections 5.3.4.2,
5.3.4.3 and 5.3.4.4 in PBS being 810.23 nm (+/- 5.83) with a 46.25 nm spread between the
maximum and minimum reading recorded. This inconsistency in sensor behaviour between
sensors will contribute to the different interactions between sensors leading to protein

misclassification.

Although not perfected here, the concept of a cross-reactive sensor for classifying protein
mixtures shows potential. In particular the ability of the sensor to clearly distinguish between
neutravidin and streptavidin even when runs are combined in Figure 5.18 is a feat that a
traditional lock-in key style receptor would struggle with due to the functional groups on
these proteins being identical. Furthermore, when performing experiments in the same chip,
a good degree of protein segregation is possible. Further optimisation of sensor fabrication
consistency, cleaning methods, surface chemistry choice and thiolation protocols, there is

the potential for this concept to provide a very useful new way of sensing proteins.

5.4. Conclusion

In this chapter we have investigated the use of LSPR sensors for detecting proteins in
different ways. The use of thin anti-fouling layers such as cysteine and PFDT allowed for
the detection of proteins in solution at least three times before the sensor surface fouled.
Furthermore, differential interactions between proteins and the anti-fouling surface
chemistries suggests a reusable cross-reactive system may be achievable. Additionally, we
investigated the use of a single-use, microfluidic-based, cross-reactive system for
segregation of proteins in complex mixtures. This system was able to segregate proteins
upon LDA and PCA analysis with great success when using sensors fabricated at the same
time and on the same chip. Furthermore, it was capable of distinguishing neutravidin from
streptavidin, two proteins which are very similar in structure and that bind the same
receptors, indicating the success of the concept. However, more work is required in creating
consistent SAM layers and sensors to achieve the repeatability required to translate this
technology to real life applications. Additional future work may also include quantifying the
difference in LoD that different plasmonic geometries could provide as well as the benefits

of additional post-fabrication optimisation techniques such as substrate etching.
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Chapter 6 - Conclusions and Future Work

In this thesis, we have presented different ways to optimise plasmonic nanostructures. This
has included examining the effect of nanostructure geometry on sensing capability as well

as the effect of post-fabrication optimisation techniques such as annealing.

First, we assessed the sensing performance of arrays of different positive monomeric and
trimeric structures as well as nanoholes with different shapes and lattice patterns. One of the
main conclusions from this investigation is that resonance wavelength is the most important
metric in determining the bulk refractive index sensitivity of a sensor with a highly linear
relationship between sensitivity and resonance wavelength. In addition to assessing bulk
refractive index sensitivity, we also examined local refractive index sensitivity. By using
both thiol SAMs and aluminium oxide layers, we could assess how different structures
responded to changes in their local environment. Due to the coupling experienced within
trimeric structures during resonance, they exhibit a larger local refractive index sensitivity

when compared to both monomeric and negative structures.

Despite showing lower bulk and local sensitivity when compared to positive structures, the
investigation of nanohole arrays in this chapter also lead to some interesting conclusions.
We show that triangular nanoholes have an advantage over square nanoholes in bulk
refractive index sensing ability with their lower FWHM leading to higher FoM’s. As there
is very little literature examining the effect nanohole geometry has on plasmonic resonance,
further study into the effect of nanohole geometry on its sensing ability would be an

interesting avenue of research.

As all the structures discussed in Chapter 3 were annealed, the effects of annealing were
extensively discussed in Chapter 4 of this thesis. Annealing nanostructures results in an
increase in gold grain size, reducing losses during resonance due to electron scattering and
as a result, decreasing the width of plasmonic resonances (1-6). This results in significantly
higher FoM’s for annealed structures when compared to non-annealed ones. However, there
are drawbacks to annealing. One of these drawbacks is the effect annealing has on the surface
properties of metallic nanostructures. For many biosensing applications, the formation of a
thiolated SAM is crucial whether this be for applying a specific receptor to the surface of the
sensor or simply changing the surface of the sensor to have a particular property such as a
certain charge or level of hydrophobicity. After annealing, the surface of the nanostructures
becomes much smoother which may make a conformal monolayer hard to form. Although

there is disagreement about this point in the literature, the data presented in this thesis points
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to a degradation in the quality and consistency of SAMs on annealed nanostructures when
compared to non-annealed ones (7-12). In addition to the change in surface properties,
thermal annealing also creates a rounding of the corners of plasmonic nanostructures. This
causes their resonance to blue-shift and will degrade local sensing abilities due to less intense
EM fields that occurs at rounded corners. To prevent this degradation, a protective layer was
deposited onto the nanostructure arrays before annealing to prevent nanostructure
deformation (1). Although this protective monolayer did not have an obvious effect on the
resulting geometry of the nanostructures it did improve the sensing performance of the
nanostructures in a few ways. It appears that the hydrofluoric acid used to remove the
protective layer after annealing etches the substrate the nanostructures are fabricated on as
well as creating surface roughness on the gold nanostructures. This has two beneficial
effects. First, the etching of the glass results in a ~50% increase in bulk sensitivity as a result
of more of the electromagnetic field of the structure being able to penetrate into the
surrounding media. Second, the roughening effect the hydrofluoric acid has on the surface
of the gold nanostructures, results in a more conformal SAM on the nanostructure while
retaining the narrower peak created by annealing. This work could be expanded by assessing
the effect of this HF treatment on a variety of different nanostructure geometries and further
optimising the ideal amount of time to etch the glass before the structures become dislodged.
Additionally, the use of this technique as a method for improving the biosensing potential of

plasmonic nanostructures is an area that deserves more research.

Finally in this chapter, we examine the benefits of annealing using a femtosecond laser. By
annealing using a femtosecond laser, the heating and cooling of the nanostructures becomes
nearly instantaneous resulting which allows the grain boundaries to reorganise within the
structure without allowing the structure to reach a lower energy state which would come
with rounded corners. Future work to better understand this transformation has the potential
to prevent nanostructure deformation when annealing almost entirely. The wavelength-
specific nature of the sensor also results in a greater homogeneity of sensing elements as if
the resonance wavelength of an element shifts outside the wavelength of the laser, it will
stop being annealed unlike with traditional annealing methods. In addition to preventing
deformation, using a laser to anneal nanostructures would allow for specific structures on a
substrate to be annealed while others remain pristine. For example, if we have a multi-
metallic sensor, heat sensitive structures/components or a substrate that is sensitive to
temperature, annealing a sensor using traditional techniques may result in damage to the
sensor. By using a wavelength-specific laser, we can avoid these potential problems by only

annealing structures that are designed to fall within a specific resonance wavelength.
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This thesis also investigates the application of LSPR metasurfaces as protein biosensors. In
this chapter, we see the potential of anti-fouling surface SAMs to allow for reversible protein
interactions and hence, repeated sensing. We also show the potential of cross-reactive
sensing for discriminating different protein solutions, with preliminary results showing an
array of ten sensors with different surface chemistries can discriminate between very similar

proteins such as neutravidin and streptavidin.

A clear avenue for future work regarding protein sensing is assessing the benefits different
plasmonic geometries could have on the limit of detection (LoD) for more traditional,
specific sensing applications. By using geometries with unique properties as described in
Chapter 3 combined with the optimisation techniques discussed in Chapter 4, we may be

able to significantly reduce the LoD of label-free LSPR biosensors.

The overarching aim of Chapter 5 is to create a cross-reactive protein sensor utilising
different surface chemistries to create differential interactions with proteins. Despite the
successes shown when using disposable sensors for cross-reactive sensing, further research
is needed to fully optimise this technigue. Firstly, a more effective cleaning protocol would
allow these sensors to be fully reusable and hence would reduce the negative effects that
come from sensor-to-sensor variation such as fabrication inconsistency and inconsistency in
SAM formation. This inconsistency in SAM formation on gold nanostructures is the factor
that would be the most interesting to investigate further. In this thesis, we see indications
that the surface properties of gold nanostructures effect the conformity of SAM formation,
but more information is needed to ensure optimal conditions are being used to create these
SAMs including the optimum time, solvent and concentration for each thiol. This study
would require a comparison of the SAM formation on both annealed and non-annealed gold
nanostructures using molecules of different lengths and with different functional groups. In
addition, it would be interesting to observe if there are any geometrical effects on SAM
formation such as if a curved or small nanostructure is less prone to dense SAM formation
when compared to larger nanostructures which may provide a larger plane onto which thiols
can initiate binding sites. These experiments could utilise tools such as atomic force
microscopy, cyclic voltammetry or x-ray diffraction in order to get a better understanding as
to how all these factors can be optimised. This optimisation would allow us to create dense,
repeatable SAMs with more confidence ensuring that sensors have exactly the same

properties each time they are fabricated.
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Appendix

A.3. Appendices for Chapter 3

A.3.1 The Effect of Adhesion Layers on Simulations

Figure A.1 shows the effect of the titanium adhesion layer on both a positive and negative shape
compared to an experimentally tested sensor. For the positive shape, the shift between with and
without an adhesion layer is minimal and would reflect the magnitude of change expected in
experimental data. However, for the negative shape, the influence of the adhesion layer is
overestimated with the transmitted light intensity being reduced significantly compared to both the
simulation without the adhesion layer and the experimental data.

() (b)

100 T T T T T T T T 100

—No Adhesion Layer
—Adhesion Layer
—Experimental Data

80

60

Transmision (%)
Transmision (%)

—No Adhesion Layer
20 —Adhesion Layer
—Experimental Data

450 500 550 600 650 700 750 800 850 900 450 500 550 600 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)

Figure A.1 - The effect of adhesion layers (a) on positive nanostructures (100 nm squares, Period 300 nm)
and (b) negative nanostructures (115 nm, Period 350 nm).

A.3.2. The Origin of the 500 nm Peak for Negative Nanostructures

Figure A.2 shows simulated data of light passing through a gold film with changing thickness. As
the film thickness decreases, the peak at 500 nm slightly increase in wavelength and significantly
more light is transmitted. This shows that this peak is not a plasmonic resonance and is merely
dictated by the thickness of the gold sheet.
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Figure A.2 - The origin of the 500 nm peak present in negative nanostructures
A.3.3. The Effect of Resonance Wavelength on Sensing at a Distance

Figure A.3 shows the difference in plasmonic spectra for both a 100 nm square and a 140 nm square
when a 200 x 200 x 20 nm cuboid of refractive index 1.6 is placed 50 nm from the surface of the
sensors. This results in a 0.74 nm resonance shift for the 100 nm square and a 1.93 nm shift for the
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140 nm square. This is as a result of the larger field extent of the 140 nm square despite the fact is
has a lower simulated maximum EM field when compared to the 100 nm square.

(a) (b)

Figure A.3.1 — The simulation setup as described above. (a) The setup from an isometric perspective. (b)
The view of the setup in the CC plane showing the distant object in comparison to the plasmonic structure.
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Figure A.3.2 - The ability of sensors with larger field extents to detect objects at a distance. (a) A 100 nm
square sensor (period 300 nm) with a resonance wavelength shift of 0.74 nm. (b) A 140 nm square sensor
(period 420 nm) with a shift of 1.93 nm.

A.3.4. The localised sensitivity of all described nanostructures as measured by
thiolation

Structure Period (nm) Resonance Resonance After | Shift
Before Thiol Thiol (nm) (nm)
(nm)
100 nm Disc 335 584.60 (+/-0.30) | 586.20 (+/-0.19) | 1.6
110 nm Disc 345 593.35 (+/-0.20) | 595.55 (+/-0.10) | 2.2
120nm Disc 355 605.40 (+/-0.20) | 607.90 (+/-0.37) | 2.5
130 nm Disc 365 618.85 (+/-0.20) | 621.20 (+/-0.10) | 2.35
140 nm Disc 375 634.00 (+/-0.16) | 636.70 (+/-0.19) | 2.7
100 nm Square 300 595.60 (+/-0.20) | 596.95 (+/-0.10) | 1.35
110 nm Square 330 611.45 (+/-0.24) | 613.80 (+/-0.19) | 2.35
120 nm Square 360 631.70 (+/-0.19) | 634.45 (+/-0.10) | 2.75
130 nm Square 390 655.60 (+/-0.20) | 658.20 (+/-0.10) | 2.6
140 nm Square 420 681.55 (+/-0.19) | 683.35 (+/-0.12) | 1.8
180 nm Split Ring 235 edge-edge 660.30 (+/-0.91) | 666.05 (+/-0.29) | 5.75
190 nm Split Ring 235 edge-edge 682.85 (+/-0.20) | 688.10 (+/-0.37) | 5.25
200 nm Split Ring 235 edge-edge 691.95 (+/-0.33) | 696.00 (+/-0.16) | 4.05
210 nm Split Ring 235 edge-edge 736.55 (+/-0.48) | 740.10 (+/-0.44) | 3.55
220 nm Split Ring 235 edge-edge 766.15 (+/-0.60) | 770.95 (+/-1.84) | 4.8
80 nm Disc Trimer 235 edge-edge 590.00 (+/-0.27) | 591.90 (+/-0.12) | 1.9
90 nm Disc Trimer 235 edge-edge 605.75 (+/-0.27) | 610.95 (+/-0.19) | 5.2
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100 nm Disc Trimer 235 edge-edge 633.95 (+/-0.10) | 640.25 (+/-0.16) | 6.3
110 nm Disc Trimer 235 edge-edge 654.90 (+/-0.41) | 665.35 (+/-0.41) | 10.45
120 nm Triangle Trimer 235 edge-edge 629.2 (+/- 0.19) 630.55 (+/-0.1) | 1.35
130 nm Triangle Trimer 235 edge-edge 648.65 (+/- 0.2) | 652.45 (+/- 0.84) 3.8
140 nm Triangle Trimer 235 edge-edge 674.1 (+/- 0.60) 678.6 (+/- 0.12) 4.5
90 nm Square Holes 270 619.9 (+/- 0.2) 621.75 (+/- 0.22) | 1.85
100 nm Square Holes 300 640.85 (+/-0.12) | 643.15 (+/-0.2) 2.3
115 nm Square Holes 350 683.75 (+/-0.16) | 684.6 (+/-0.12) 0.85
115 nm Square Hole 400 726.35 (+/-0.12) | 727.6 (+/-0.12) 1.25
140 nm Square Hole 420 - Square Grid 771.8 (+/- 0.73) 773.35(+/-0.34) | 155
140 nm Square Hole 420 — Hexagonal Grid | 718.4 (+/- 0.3) 719.55 (+/- 0.1) 1.15
140 nm Triangular Hole 420 - Square Grid 747.4 (+/-0.2) 747.9 (+/-0.12) 0.5
140 nm Triangular Hole | 420 — Hexagonal Grid | 710.05 (+/- 0.1) 710.9 (+/- 0.25) 0.85

A.3.5. The localised sensitivity of all nanostructures as measured by the deposition of

alnm Al2Os layer

Structure Period (nm) Resonance Resonance After | Shift
Before Aluminium layer | (nm)

Aluminium (Inm)

Layer (1nm)

100 nm Disc 335 585.35 (+/-0.25) | 594.30 (+/-0.29) | 8.95
110 nm Disc 345 593.75 (+/-0.22) | 603.50 (+/-0.00) | 9.75
120nm Disc 355 605.65 (+/-0.25) | 617.00 (+/-0.16) | 11.35
130 nm Disc 365 619.70 (+/-0.29) | 631.40 (+/-0.12) | 11.70
140 nm Disc 375 634.65 (+/-0.25) | 646.50 (+/-0.00) | 11.85
100 nm Square 300 595.85 (+/-0.12) | 605.00 (+/-0.00) | 9.15
110 nm Square 330 611.80 (+/-0.19) | 623.00 (+/-0.16) | 11.20
120 nm Square 360 632.10 (+/-0.20) | 643.75 (+/-0.00) | 11.65
130 nm Square 390 655.60 (+/-0.25) | 668.70 (+/-0.10) | 13.10
140 nm Square 420 681.95 (+/-0.19) | 696.10 (+/-0.12) | 14.15
180 nm Split Ring 235 edge-edge 662.95 (+/-0.51) | 678.95 (+/-0.24) | 16.00
190 nm Split Ring 235 edge-edge 683.90 (+/-0.25) | 703.30 (+/-0.19) | 19.40
200 nm Split Ring 235 edge-edge 692.00 (+/-0.42) | 708.20 (+/-0.46) | 16.20
210 nm Split Ring 235 edge-edge 736.85 (+/-0.34) | 756.75 (+/-0.50) | 19.90
220 nm Split Ring 235 edge-edge 763.70 (+/-2.81) | 784.15 (+/-2.31) | 20.45
80 nm Disc Trimer 235 edge-edge 590.05 (+/-0.40) | 601.60 (+/-0.25) | 11.55
90 nm Disc Trimer 235 edge-edge 605.50 (+/-0.16) | 626.40 (+/-0.49) | 20.90
100 nm Disc Trimer 235 edge-edge 633.70 (+/- 0.40) | 650.25 (+/-0.16) | 16.55
110 nm Disc Trimer 235 edge-edge 655.20 (+/-0.37) | 678.85 (+/-0.25) | 23.65
120 nm Triangle Trimer 235 edge-edge 636.95 (+/-0.33) | 654.85 (+/-0.34) | 17.90
130 nm Triangle Trimer 235 edge-edge 658.85 (+/-0.89) | 676.35 (+/-0.34) | 17.50
140 nm Triangle Trimer 235 edge-edge 684.65 (+/-0.20) | 704.60 (+/-0.25) | 19.95
90 nm Square Holes 270 620.05 (+/-0.19) | 624.10 (+/-0.20) | 4.05
100 nm Square Holes 300 640.85 (+/-0.12) | 645.80 (+/-0.10) | 4.95
115 nm Square Holes 350 682.60 (+/-0.20) | 687.70 (+/-0.19) | 5.10
115 nm Square Hole 400 725.75 (+/-0.00) | 730.50 (+/-0.16) | 4.75
140 nm Square Hole 420 - Square Grid 770.65 (+/-0.30) | 775.95 (+/-0.46) | 5.30
140 nm Square Hole 420 — Hexagonal Grid | 717.55 (+/-0.40) | 726.30 (+/-0.73) | 8.75
140 nm Triangular Hole 420 - Square Grid 746.55 (+/-0.10) | 750.40 (+/-0.25) | 3.85
140 nm Triangular Hole | 420 — Hexagonal Grid | 707.65 (+/-0.12) | 713.85 (+/-0.20) | 6.20
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A.4. Appendices for Chapter 4

A.4.1. Deformation in the RTA versus the chamber furnace

Figure A.4.1 shows the effect of annealing on square nanostructures in the RTA versus a

chamber furnace. Annealing using the RTA causes less deformation of the structures due
to the faster heating and cooling rates.

SU8240 10.0kV 8.6mm x80.0k SE(UL) L ]

Figure A.4.1 - The effect of heating and cooling rates on nanostructure deformation. (a) Annealing 100
nm square sensors in a chamber furnace (b) Annealing 100 nm square sensors in an RTA. (Scale bars: 500 nm)

A.4.2. Sensor before and after laser annealing

Figure A.4.2 shows the spectra of sensors before and after being irradiated with lasers of different
powers. The dashed lines represent the sensor before annealing and the solid lines represent their
spectra after an hour of irradiation.
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Figure A.4.2 — The effect of annealing with a laser at different powers. Dashed lines represent the spectra
before annealing and solid lines represent data after annealing.
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A.5. Appendices for Chapter 5

A.5.1. Removing Proteins using Tween-20 Solutions

Experiment 1

All sensors bare gold

Cleaning Protocol:

Step Protocol

1 | Wash sensor with water and EtOH, dry with N,.

2 | Incubate in PBS for 15 minutes

3 | Take 3 readings in PBS

4 | Wash sensor with water and EtOH, dry with N.

5 | Incubate in Img/mL of BSA for 15 minutes

6 | Take 3readings in Img/mL BSA

7 | Rinse in 5% Tween-20 solution

8 | Dip-rinse sensor in Tween-20 50 times.

9 | Sonicate in Tween-20 solution for 60s.

10 | Agitate in Tween-20 solution for 5 minutes

11 | Rinse with Tween, Water and EtOH. Dry with N.

12 | Incubate in PBS for 15 minutes

13 | Take 3 readings in PBS

14 | Wash sensor with water and EtOH, dry with N..

Readings:
Detergent | PBS Before (nm) | BSA (1 mg/mL) | PBS After(nm)
Solution (nm)

1% Tween | 660.04 (+/-0.09) 664.31 (+/-0.12) | 662.19 (+/- 0.21)
5% Tween | 661.14 (+/- 0.14) | 663.97 (+/-0.12) | 661.91 (+/- 0.25)

Experiment 2

Cleaning Protocol:

Step

Protocol

1

Rinse sensor in Tween-20 (5%) using 5 mL pipette

Dip rinse sensor in 3 mL Tween-20 (5%) solution 50 times (26)

Place sensor in 15/20 mL of Tween-20 solution

Repeat for each sensor.

Sonicate sensors for 60 s in Tween-20

Agitate in Tween for 5 minutes

~No|o|bwiN

Rinse sensors with tween, water then EtOH — dry with N,
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Readings:

Sensor Modification

PBS Before
(n=1)

BSA (1 mg/mL)
(n=5)

PBS After (n=2)

Bare

782.50 nm (+/- 0)

786.1 nm (+/- 0.87)

786.84 nm (+/- 0.44)

1-dodecanethiol (DDE)

763.45 nm (+/- 0)

767.77 nm (+/- 0.29)

767.45 nm (+/- 0.1)

1-octanethiol (OE)

777.93 nm (+/- 0)

782.53 nm (+/- 0.75)

782.44 nm (+/- 0.34)

Phenylethyl mercaptan (PEM)

784.28 nm (+/- Q)

788.90 nm (+/- 0.32)

789.33 nm (+/- 0.98)

12-
Mercaptododecylphosphonic
acid (MDP)

786.06 nm (+/- 0)

788.13 nm (+/- 1.15)

787.78 nm (+/- 1.3)

Experiment 3

All sensors used were bare gold.

Cleaning Protocol:

Step

Protocol

1 | Rinse senor with flowing 5% Tween-20 / PBS for 30 s on each side.

Leave sensor in 5% Tween-20 / PBS bath for 5 minutes.

2
3 Rinse with DI Water.
4 | Dry with N; gas.

Protein Readings:

Protein Used (1 mg/mL)

PBS Before (n=3)

Protein Reading
(n=3)

PBS After (n=3)

BSA

750.93 nm (+/- 0.33)

754.52 nm (+/- 0.66)

754.71 nm (+/- 0.17)

Pepsin

750.58 nm (+/- 0.49)

754.96 nm (+/- 0.32)

752.52 nm (+/- 0.34)

Lipase

747.56 nm (+/- 0.27)

749.87 nm (+/- 0.29)

748.68 nm (+/- 0.20)

Experiment 4

All sensors used were bare gold.

Cleaning Protocol:

Step

Protocol

1 | Rinse senor with flowing 5% Tween-20 / PBS for 30 s on each side.

Leave sensor in 5% Tween-20 / PBS bath overnight.

Dry with N gas.

2
3 Rinse with DI Water.
4

Protein Readings:

Protein Used (1 mg/mL)

PBS Before (n=3)

Protein Reading (n=3)

PBS After (n=3)

BSA

747.13 nm (+/- 0.50)

749.46 nm (+/- 0.55)

749.79 nm (+/- 0.08)

Pepsin

744.98 nm (+/- 0.25)

746.32 nm (+/- 0.21)

745.50 nm (+/- 0.20)

Lipase

747.33 nm (+/- 0.05)

748.33 nm (+/- 0.45)

748.31 nm (+/- 0.37)

A.5.2. Determining the minimum concentration suitable for Cross-Reactive Sensing
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Using the protein that showed the smallest shift in Section 5.3.4.3, experiments were run to determine
at what concentration the protein caused an appreciable shift on a bare sensor.
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Figure A.5.1 — The response of bare, square sensors to BSA at different concentrations (a) Run 1: Very
low concentrations (b) Run 2: Increased concentrations.

Despite a small shift being present at 10 nM, it was decided that 100 nM was an appropriate
concentration as it still gave an easily detectable shift while being 50x lower than the concentration
previously used.

A.5.3. Additional Data describing PCA and LDA for cross-reactive protein sensing
Eigenvalues for PCA graphs
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Figure A.5.2 — The Eigenvectors describing the PCA plots in Section 5.3.4. (a) Discrimination at 5 uM
(b) discrimination at 100 nM (c) Discrimination when two 5 uM experiments are combined

PCA and LDA at 100 nM excluding Streptavidin

Below is the PCA and LDA for the data collected at a 100 nM protein concentration. The PCA
shows the proteins to be better separated than is initially apparent on Figure A.5.3(a) although the
LDA still shows that in this case lipase and BSA were challenging to separate.
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Figure A.5.3 - The multi-variant analysis of protein discrimination at 100 nM without streptavidin. (a)
PCA (b) LDA

Classification Matrix of 5 uM Experiments Combined

The classification matrix of 5 proteins at 5 UM measured with two separate disposable chips is
displayed in Table A.1. It shows an 88% classification success although this result may be artificially
inflated due to issues related to oversampling.

Table A.5.1 - Classification Matrix combining two cross-reactive protein sensing experiments carried
out on two separate plasmonic sensors.

Actual Predicated Protein
Protein BSA Lipase Neutravidin Pepsin Streptavidin
BSA 9 1 0 0 0
Lipase 0 10 0 0 0
Neutravidin 0 0 10 0 0
Pepsin 0 2 0 8 0
Streptavidin 0 1 0 2 7
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