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ABSTRACT OF THE DISSERTATION

Development of Advanced Label-Free Optical Sensing with Novel Plasmonic Materials

by
Santino Nicholas Valiulis

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2023

Dr. Quan Cheng, Chairperson

The development of biosensors provides effective tools for the study of life sciences
and the improvement of human health. The capabilities of sensors are directly dependent
on sensitivity and versatility built through smart designs. Biosensors are commonplace,
including colorimentric COVID tests, electrochemical glucometers, and a variety of
sensors allowing for tracking of blood oxygen level and sleeping habit. One particular
technique, surface plasmon resonance (SPR), has found a broad range of usages as a label-
free surface-based biosensor method with high sensitivity and real time detection, with
SPR imaging further allowing for multiplexed detection. SPR has been used for kinetic
analysis and drug binding assays, and relies upon the material underpinning the plasmonic
effect. Further study of these materials and improvements of the plasmonic properties
enhance SPR sensor technology. This Dissertation discusses theoretical and practical
aspects of plasmonic sensors and the development of novel methodologies to improve the
performance of SPR sensors and surface enhanced Raman spectroscopy, as well as their

applications towards demanding biomedical measurement.

viii



Chapters 2, 3 and 4 focus on the development of aluminum based plasmonic
sensing and the use of thin film and Kretschmann configuration for SPR measurement,
which has not been previously explored as compared to the standard metal gold. Chapter 2
focuses on characterizing the fundamental optical properties of aluminum and aluminum
oxide for usage as SPR sensors. Novel plasmonic behavior could be achieved with
formation of an oxide waveguide that demonstrates specific sensitivity to surface and bulk
changes, allowing for understanding and quantification of any surface binding events.
Chapter 3 applies the confirmed concepts of the previous chapter towards a focused
approach with existing SPR instrumentation, including surface characterization of
aluminum thin films, and experimental confirmation of high sensitivity performance as
compared to the standard gold counterpart. Chapter 4 sees the usage of the thin film
aluminum substrate as an SPR biosensor in the detection of an anti-myelin associated
glycoprotein, an antibody that is associated with autoimmune induced neuropathy. Chapter
5 takes a different approach to plasmonic sensors, with the fabrication of self-assembled
gold nanoparticles at a liquid-liquid interface, which has been demonstrated as a SERS

enhancement surface in the detection of environmental pollutants.
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Chapter 1 Introduction and Background

1.1 Introduction

Plasmonic materials have showed a variety of sensing capabilities due to their unique
electrical and chemical properties. As work has progressed towards the development of
higher quality sensing systems, there have been two main approaches, analyte capture and
fundamental material changes. Plasmonic sensors are only as good as the substrate they are
made with and as such furthering the materials used both in type and application is a key
part of sensor development and furthering the field. Novel plasmonic materials discussed
in this writing will demonstrate strides taken in SPR and SERS sensing. Notably, a new
material in SPR that competes with the standard gold films and methods in which
consistent and sensitive SERS substrates are fabricated using benchtop techniques. In this
chapter the field of plasmonic sensors and the various associated fields will be discussed

to contextualize the work presented later.

1.2 Theoretical Basis of Plasmonics

Plasmons are the oscillations of the electron cloud of a material, most commonly a
metal, and are associated with the function of the material to absorb and reflect varying
frequencies of light. When this effect is coupled to an incident light source the plasmons
on the surface of the material form a surface plasmon polariton (SPP). The SPP is sensitive
to the environment which surrounds it, and through taking advantage of this information
can be elucidated of a surface. This function can be used in a variety of ways which will

be discussed in this work, and therefore a fundamental understanding of the formation and



propagation of the SPP’s is necessary. In addition, the adoption of SPP’s for a series of

techniques is discussed in specifics as these will be used in multiple chapters of this work.
1.2.1 Total Internal Reflection and Evanescent Waves

Plasmonic absorption interacts with light in a multitude of ways and is dependent
upon the angle and frequency of the incident light. ™ 2 To measure the plasmonic
absorption, light is measured in either a transmission or reflection mode, to best match the
specific system, and the resonances present. This can be applied to a variety of techniques
including but not limited to surface enhanced Raman scattering as well as, surface
enhanced fluorescence and extraordinary optical transmission. 61 SPR most commonly
involved a reflection mode in a total internal reflection (TIR) arrangement, wherein the
incident light is reflected at the interface of two mediums with differing refractive indexes,
ni and ny. At the critical angle, the light will undergo TIR and little to no light will be
transmitted or refracted. The critical angle is defined by

0, = sin~! (%) (L.1)

1



Evanescent wave

Refracted light

>

Reflected light
Incident light

Figure 1.1: Reflection and refraction of light, dependent upon the incident angle.

When this feature is taken advantage of in an analytical context, ni is the material
of analytical interest, and nz is frequently a high refractive index material. TIR is most
frequently seen in fiber optic technologies, wherein light is transmitted long distances with
relatively little loss due to this effect.[®] When the light performs TIR, an evanescent field
of oscillating electrons is formed at the n: surface. The amplitude of the waves decays
exponentially and can be described through the wave vector of the evanescent field, Kev.

The equation to solve for key is as follows®:

ke, = %,/ep sinf (@12

Where ¢ and o are the speed of light in a vacuum and the angular frequency of the

light respectively. Alternatively, the equation 2mc = Aw can be used. If the media is



assumed to be non-dispersive the refractive index is the square root of the permittivity &.

Therefore, the equation can be arranged to form:
21 .
ko, = — nsin 0 (1.3)

The penetration depth of the evanescent field can then be described in terms of the
wavelength of the incident light and is frequently defined as A/2. The critical angle is
dependent on both refractive indexes of the respective materials, and so changes to the
refractive index can be seen through a change in the critical angle. A variety of optical and
electrical materials can be used to sense changes outside the surface as the matching
conditions change in which the critical angle is formed. Commonly this is found in

waveguide-based fiber optic sensors. 1011

1.2.2 Surface Plasmon Resonances

When the previously described TIR effect occurs as the interface between a high
refractive index dielectric, frequently a prism, and a metal surface, surface plasmons are
formed. Akin to the evanescent field generated under TIR conditions, surface plasmons
arise as an oscillating electron cloud present in the conducting band of the metal at the
opposite interface of the metal and dielectric coupler. Surface plasmons can be
mathematically predicted through applications of Maxwell’s equations for material
surfaces. The effect was first predicted in 1957121 and was subsequently experimentally
verified in 1959.1*31 However, technological limitation inherent to the material necessities

of the system prevented widespread usage until the 1980’s. For SPR to occur, the electrons



in the conducting band of the metal are excited through the momentum transfer of an
incident photon with specific energy and momentum. Photons of this specific nature are
absorbed and are therefore not reflected under the TIR conditions in which SPR occurs.
This causes a distinct gap in the reflected light spectrum known as the plasmonic dip, at
angle greater than the critical TIR angle. This can be predicted through the Fresnel
equations which require the empirically determined real and imaginary portions of the
refractive index denoted by n and k respectively. The multilayer Fresnel equations can be
used to model a two-layer system with the following equationst**):

n4 cos 8;—n, cos 0¢

rs = 1.4
§ n4 cos ;+n, cos 6¢ (14)
n, cos ;—n, cos 6¢
T, = . (1.5)
n, cos 6;+nq cos ¢
Dielectr SPP
1electric gy k

Evanescent wave

Figure 1.2: The formation of the SPP at the dielectric/metal interface when excited with
incident light

In these equations n represents both the real and imaginary parts of the refractive
index (as n = n+ik), and rsand rp represent the differing conditions provided by either s or

p-polarized light respectively. As additional layers are added to the Fresnel systems the



equations become increasingly complex. The source of n and k values of a material can
found through the Lorentz-Drude model of electron transport.*s] Based upon this the
reflectivity of a given material can be calculated independent of the incident angle based
upon this equation:

_ (n—-1)%+k?

T (n+1)2+k2 (1.6)

The n and k values themselves can be determined based upon the material’s relative

permittivity (ei and €) and relative magnetic permeability (Li).

n= %( €2+ €2 +¢,) (1.7)

k= |Z(|F+e —e) (1.8)

Most metals that are commonly used as plasmonic materials (Au, Ag, Cu, Al, Ti, Pt, etc.)
are not ferromagnetic and so it is assumed that the u,- = 1. Furthermore, the permittivity is
determined based upon the frequency of the incident light, the metal plasma frequency, and

the metal damping frequency, represented by ®, mp and I respectively.

2
Wp

w?+T2

2
wpl
w(w?2+T?2)

€ =1-— (1.9) € = (1.10)



The plasma frequency of a materials is a fundamental physical property and is the property

that most strongly correlates to the function of a materials plasmonic capabilities and is

defined by:
w2 =N 1.11
P = e (1.11)

In this equation N is the free electron density of the metal, e and m are the charge and mass
of an electron respectively and o is the permittivity of free space. Therefore, the function

of a plasmonic material is mostly dependent on the free electron density.

1.2.3 Surface Plasmon Resonance Spectroscopy

When the plasmonic material is a thin film of metal, the plasmonic absorption is
induced based upon the coupling of the evanescent field generated by TIR and plasmonic
excitation state of the surface. These form what is referred to as a surface plasmon polariton
(SPP) which is a propagating wave along the surface. The wave vector of an SPP can be

described byt*:

w & &
k — = | Zmres 1.12
Sp C | Emrt+es (1.12)

When the ks, matched the key of the incident photon, the photon is absorbed into the SPP.
As the refractive index at the surface shifts, the angle or wavelength at which the coupling
occurs to form the SPP changes. Tracking the change in the angle or wavelength at which

the SPP is formed is the basis of SPR spectroscopy.



Surface plasmon polariton, k,
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Figure 1.3 The Krestchmann configuration of an SPR instrument in cartoon form.

SPR instruments most commonly use the Krestchmann configuration, which is an
attenuated total reflection arrangement, first proposed in 1968.1 In this system, the
plasmonic material is in contact with the prism and the analyte material of interest. The
light source, either an LED or laser, is aimed at a desired angle, and either the wavelength
or angle is scanned through to determine the SPP coupling conditions. In an angle scanning
setup, either the incident angle is changed through rotation of the prism or light source
relative to each other, or the reflected angle is measured using a photodiode array which
generates the similar spacial information. In a wavelength scanning instrument, a
broadband white light source is used, and a refraction grading separates the reflected light
into the measured spectra. Fiber optic SPR is another configuration based upon the
Krestchmann configuration in which the metallic thin film is deposited on a waveguide

material.>") This allows for both the incident light and signal to be drawn out in a small



space. This method has practicality as the fiber optic cable can be used as a probe to dip
into solutions of interest.[*81 However, the system is sensitive to mechanical changes in the
probe as the plasmonic response is very sensitive to environmental changes, so control is

necessary to isolate analyte response.**!

A B 4 Intensity

Polychromatic
light

|«—» || ANgle

D 4 Response

| Time

Sensor chip (gold film)

NG

—

Biorecognition
molecules

Fluidic medium

PSP at the interface

Analytes

Figure 1.4 A cartoon demonstration of an SPR instrument and the readout from said

instrument demonstrated in the reflectivity curve and sensogram. 22

Data is experimentally collected as a sensogram shown in Figure 1.4 as a change in
the environment surrounding the metallic surface caused a change in the matching
conditions of the SPP.[2% 221 The minimum reflected intensity, is tracked as this occurs and
the change in angle or wavelength is tracked over time. The shift in the sensogram is
correlative to the change in refractive index, and a linear relationship can be determined

between the two. %1 Similarly, SPR can be used to determine the thickness and absolute



mass of a dielectric material on the metal surface. 2421 This is determined based upon the

following relationship:

2d
R=mMm, —ns)[1—e '] (1.13)
Wherein R is the reflected signal, m is the sensitivity over small refractive index (RI)
increments, na is the RI of the adsorbed layer, ns is the RI of the overall solution, d is the
layer thickness, and Id is the decay length of the evanescent field, which is determined

based upon the wavelength of the incident light 271,

1.2.4 Localized Surface Plasmon Resonance

When the wavelength of the incident light is greater than any dimensions of a
plasmonic material, the plasmon oscillates around the nanomaterial instead of
propagating.?® This is referred to as localized surface plasmon resonance or LSPR. The
difference in this effect compared to SPR can be seen in Figure 1.5. By ascribing Mie
theory as well as Maxwell’s equations to this system the electromagnetic field surrounding

a metallic nanoparticle can be approximated with[?%:

5 in~cou 4 3 < - A
Eoue(%,y,%) = B — [2250 | g3F (2 — Z (x2 + yp +22)]  (1.14)

Eint2&out

Wherein this equation ¢;,, is the dielectric constant of the metal nanoparticle, and ¢,,,; IS
the dielectric constant of the surrounding environment. This describes the necessary
dielectric constants to produce maximal field enhancement. This occurs when the ¢;,, value
approaches —2¢,,,;. Metals such as gold have an ¢, that is close to this value and so they

produce a large EM field. Additional characteristics of the plasmon excitation band can be
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found based upon the extinction cross section, Cext, Which is given by the following

equation:

2 .3.3/2
24T°a eoutN

An (10)  (gi+xeout)?+e?

i

(1.15)

Cext =

Elestric field

Figure 1.5 A cartoon demonstration of the localized surface plasmon. [2°]

Wherein ¢ is the complex dielectric constant of the bulk material, N is the electron density
and y is used to dictate the geometry of the nanostructure, with increasing number
indicating a more complex geometry.[®! Therefore, the geometry of the nanostructures as

well as the material used play a pivotal role in plasmonic enhancement. Similarly, to SPR,
LSPR is also sensitive to the refractive index of the surroundings following this ALl =
2d

mAn[l —e W] (1)

Where m is the bulk refractive index response of the nanoparticles, An is the change
in refractive index at the surface, d is the thickness of the material, and lq is the decay

length. Contrary to SPR, wherein the decay length of the plasmonic field is relatively far
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(~300 nm) LSPR possesses a shorter decay length on the order <40 nm. This allows for
specificity to changes close to the surface.®) As current methodologies to develop
nanostructure become more ubiquitous, through synthetic and lithographic methods, more
applications have been looked at for LSPR materials. In this regard, LSPR has been used
for a variety of sensing purposes including refractive index detection as well as a different

approach using surface enhanced Raman spectroscopy.

1.2.5 Surface Enhanced Raman Scattering

Raman scattering was first predicted and experimentally confirmed in the 1920’s
A. Smekal and C. V. Raman.’? 3 Smekal theoretically demonstrated that when
monochromatic light scatters through a material, not only is the same wavelength of light
refracted, as well as additional scattered light with higher and lower energies than the
excitation source with material dependent properties. Raman scattering can occur without
the absorption of a photon, and as such the electronic transition state does not exist. This
causes the Raman scattering to be an inherently weak process. Raman measurements were
then only frequently used for highly concentrated pure samples to produce signal.
However, in the 1970’s a technique known as Surface Enhanced Raman Scattering (SERS)
was discovered, which made the usage of Raman more common and made it possible to

use in a wider variety of systems.[3*
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Figure 1.6 A cartoon demonstrating the fundamentals of SERS and the interaction
between the nanoparticle and incident wave, and the analyte and nanoparticle. (%

There are two main mechanisms that are attributed to the SERS effect,
electromagnetic (EM) and chemical enhancement (CE).® The EM enhancement effect is
generally considered the principal mechanism of SERS and allows for the sub nano-molar
detection SERS is capable of. When incident light excites the LSPR of a metal

nanoparticle, this energy can transfer from the metal to the analyte, enhancing both the
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Stoke and anti-Stokes scattering of molecules close to the metal surface. The EM
enhancement effect is heavily distance dependent, based upon the length of the LSPR
oscillation and absorptive cross section of the molecule. Evidence supporting the EM
enhancement theory is demonstrated by increased enhancement correlative to simulated
field enhancement, as well as red and blue shifting of the Raman bands when under SERS
configuration. ¥7-38 The CE enhancement is due to ordered organization of the analyte onto
the surface, and electron charge transfer from the surface to the analyte. This was proven
through the usage of non-plasmonic semiconductors with which SERS enhancement was
still found. 3% 491 Mathematical models that predict SERS enhancement solely rely on the
EM aspect, and do not account for the CE.*!]

SERS enhancement is maximized when the excitation wavelength corresponds to
the extinction spectra of the LSPR. Therefore, the methods through which the LSPR
substrate is produced need high consistency. Developments of SERS substrates have
focused on improvement of the consistency through varying methods of metallic
nanoparticle fabrication as well as increasing the number of hotspots. Hotspots are formed
at the junction between two nanoparticles, so methods to form consistent oligomers of
nanoparticles have been studied.[*?-44]

1.3 Optical Simulations

Through using the fundamental physics of surface plasmon resonance, the
electromagnetic response of a variety of systems can be predicted. This allows for
optimization of analytical systems as well as exploration of novel sensing capabilities

without requiring the time and resources required for fabrication. There are a variety of

14



methods with which one can simulate plasmonic systems, depending on the complexity of
said system. Simple thin films can be predicted with Fresnel equations whereas complex
nanoparticle systems require either Finite-Difference Time Domain or Finite-Element
Time Domain simulations.
1.3.1 Fresnel Equations

Fresnel equations allow for the solving of absorbance, transmittance and
reflectance of a given material based upon its refractive index, thickness and the incident
angle of the exciting radiation.[*>*" For a system that contains multiple interfaces, the
Fresnel equation must be repeatedly solved for each of these interfaces sequentially, as the
incident angle of the exciting light will change upon each refraction. For these calculations
the materials in question are reduced to a singular dimension in space and are assumed to
extend infinitely in two axes. This simplification of the calculations are the Fresnel
equations largest strength and weakness as the simplified equations reduced computational
power necessary to solve them but limit the systems that they can applied to. I This
strength has allowed them to become a powerful tool regarding determination of optimal
conditions for thin film plasmonic metal systems.

For a given system, if the refractive indexes are known, the behavior of light when
interacting with a thin film of specific thickness can be predicted. This has been used for a
variety of systems including: plasmonic sensors, thick film polymers, interferometers, and
optical filters among others.[*6 4°-501 Of these plasmonic sensors are of particular focus. In
addition to being able to predict traditional plasmonic sensors, more complex systems such

as plasmonic waveguides can also be predicted. In particular waveguides benefit from
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Fresnel calculations as they are very sensitive to both the refractive index of the materials
used as well as the thickness of the material. Through using predictive modeling,
optimization and fabrication of waveguides has been streamlined.®* 52

1.3.2 Finite-Difference and Finite-Element Time Domain

Finite-Difference Time Domain (FDTD) and Finite-Element Time Domain
(FETD) are simulation methods that solve Maxwell’s equations for three dimensional
systems by dividing said system into a high quantity of smaller solvable parts. Both
systems have been demonstrated to be powerful tools in the solving of Maxwell’s
equations for a variety of applications including biological matrices, EM interaction
with earth media, and the main focus that is used for this work, in which they are used

for the design of metamaterials. (535!

FDTD was first proposed by Yee in 1966, in which he described a methodology
to used finite equations to solve Maxwell’s equations, specifically with the intent to
make them solvable using computational methods. In this it is assumed that the
boundary conditions are perfectly conducting, and the E and H fields are solved for in
all dimensions i, j and k. Through forming discrete cubes, the conducting materials can
be constructed with a series of cubes to best mimic the shape of the material in question.
However, when doing so the stability of the EM field must be considered inside each

cube. This can be described in equation ()

J(Bx)% + (Ay)? + (Az)2 > cAt = \gAt (1.17)
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Figure 1.7 A demonstration going from the fundamental Yee cell (left) to the how a gold

nanoparticle would be discretized (middle) to the graphical readout (right).

Wherein c is the speed of light, and € and p are the permittivity and permeability of the
material. This determines the restrictions for the size of the individual cell, wherein the
distance the light travels in the time increment is the minimum size for the Yee cell. In each

of these cells we will solve the finite formation of Maxwell’s equations as follows:
n+lrs s nrs s At n+§.1. n+§.1.
E; (l,])=EZ(l,])+ZE H, (l+5,])—Hy (1—5,]) —
ZAT H”"'% A | H”"‘% | 118
o [He (07 +3) =1 (0 =3)| @is)
n"'l.. n—l.. 1 1At .. ..
He ?(ij+3) = Hy 2(ij+5) =25 [EFGj + 1) — EZ(, )] (1.19)

x Z Ay

1 1
nts /. 1, n— /(. 1. 1A . . ..
Hy *(i+3,)) = H, *(i+5.)) =75 [EFG +1,)) — EZ(0, /)] (1.20)
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These equations are then solved for in each Yee cell to determine the field strength across
an object. The Yee cell size, is key in this process as the smaller the cell, the higher the
resolution of the resulting simulation will be. However, smaller cells will require more
computing power, as each cell is solved for individually.[®®! To help alleviate this problem,
the finite element method (FEM) was applied as a different method to divide a material
into solvable subsections. Whereas FD uses a uniform grid, FEM uses a mesh of variable
sizes and shapes. FEM is advantageous with increasingly complex geometries as well as
having a higher accuracy compared to FD. Taking the information and optimization
discovered in simulation techniques, they then need to be confirmed experimentally for

further testing. 71
1.4 Surface Fabrication

Although a large variety of surface structures can be predicted theoretically, fabrication
of said systems requires precise techniques. Fabrication of nano-sized materials requires
methods that can consistently and controllably form nanostructures. A wide variety of these
methods exist and serve differing purposes depending on the size and material of the
surface being fabricated, as well as the specificity of the structure required for the system.
In addition to the techniques required to fabricate these surfaces, confirmation is necessary
to confirm the structure. Visualization of the real structure can then inform future

theoretical models to assess the plasmonic capabilities.

1.4.1 Deposition Techniques and Photolithography
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There are three main deposition techniques, each with their own advantages and
disadvantages. The three techniques are as follows, physical vapor deposition (PVD),
chemical vapor deposition (CVD) and plasma spray. The differences between them are
dependent on the chemical composition of the material, deposition rate and thickness,
surface roughness, microstructures, as well as the environment required to necessitate the

techniques. 58

In the work that will be discussed in further chapters, a subset of PVD, EB-PVD
will be used for the deposition of materials such as gold and aluminum. EB-PVD matches
the requirements necessary for the formation of films that plasmonically active. The
deposition rate of EB-PVD can be tuned and varies from ~2 um to ~0.5 Angstroms per
second, depending on the necessary thickness of the film in question. There are 4-main
components necessary for an EB-PVD instrument, also known as an E-beam. The E-beam
contains an EB-gun, a crucible (containing the material to be deposited), the substrate, and
a vacuum chamber in which all of aforementioned parts are housed. In addition to this, E-
beams frequently contain a variety of materials that can be used for multilayered material
systems.> This is of particular use in the fabrication of gold films for SPR, as gold requires
either a titanium or chromium adhesion layer on glass substrates.l®® 61 |n the E-beam, a
high-power electron beam is focused at the material in question in a vacuum, and a vapor
is formed. This vapor will subsequently deposit onto the substrate that has direct line-of-
sight to the heated crucible, therefore rotating of the substrate is frequently employed to

allow for an even coating. This process is of increasing import as the substrates that are
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coated increase in complexity. The mechanism by which the vapor forms onto the substrate

is of particular import when microstructures are formed on the surface. [62

Substrate

Vapor

Electron
Beam

.Source I

Figure 1.8 A demonstration of the fundamental components of an EB-PVD.

As previously mentioned, E-beam deposition forms micro or nano granules during
deposition. This is caused by nucleation mechanism with which the vapor deposits onto
the surface. Vapor will first deposit onto areas with the lowest activation energy necessary
for the solid to form. Upon these nucleation points, crystal growth will occur spreading out
from these individual particles in all directions. Finally, the granules will converge into a
singular film and reorganize to the lowest energy structure. The method by which the
granules combine is dependent on the chemical composition as well as the temperature of
the system. The formation of the microstructures has been found to be dependent on the

melting point of the material (Twme), and the temperature of the substrate (Tsu), as well as
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the pressure. In the lowest energy systems (Tsub/ Tmp < 0.3) causes microcolumns with large
voids between individual columns to form. As the energy of the system increases, the
smoothness of the surface increases as the coalescing of the individual granules formed
during nucleation becomes prominent. This allows for the formation of highly ordered thin
films.[5% ¢4 This ability to deposit controlled metallic thin films is then combined with

photolithography to generate complex metallic microstructures.

Photolithography is a method in which selective etching of a photoactive polymer
is achieved through photopolymerization to distinguish between cured and uncured
polymer for further chemical treatment to remove the unwanted polymer. A photomask
that is designed to match the desired shape is used to direct polymerization.[®® The first
step in photolithography is controlled application of the photo-resist to the substrate. This
is achieved through spin-coating the photo-resist, which results in a polymer thickness of
between 1-3 um. As the photo-resist is a highly hydrophobic material, pre-treatment of the
substrate is occasionally necessary to allow for adhesion of the photo-resist during spin
coating. This is mostly commonly needed for glass substrates wherein silanes polymers are
used to form a hydrophobic coating. Selection of photo-resist is necessary as the resolution
of the structure is dependent on the thickness of the resist after spin-coating. After the
photo-resist is spin-coated onto the surface, the photomask is used to physically block
incoming light from polymerizing the specified areas. Afterwards, a developing solution is
used that will remove the unpolymerized photo-resist. Further surface modification can

then be applied to generate either a negative or a positive image of the photo-resist. Finally,
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the polymerized photo-resist will be removed to leave only the patterned material required.

[66]

1.4.2 Solution-Based Nanomaterials

Nanoparticles are generally organized into organic and inorganic particles with
further specification in each category.[1 Organic nanoparticles consist, of micelles,
vesicles, dendrimers etc. and have found many applications towards drug delivery.[®87n
addition to this they have been studied for their in vivo presence as is the case with
exosomes and liposomes present throughout mammalian bodies."™ Inorganic
nanoparticles have a wide range of material, and include metals and metal oxides.l’> ™
There are two main approaches in regards to synthesizing nanoparticles, the top-down
approach, wherein a bulk material is degraded into smaller particle sizes, and a bottom-up
approach where the nanoparticles are built from individual atoms and agglomeration causes
them to form nanoparticles.’ The further discussion of nanoparticle fabrication will focus
on the latter bottom-up approach.

For applications for widespread use, solution-based methods of fabricating
nanoparticles are frequently used. This is a bottom-up approach in which the starting
materials are dissolved in a solvent, and when mixed nucleation occurs starting the process
of nanoparticle formation. From this initial nucleation site, crystalline growth will continue
until the reaction is quenched to reach the desired nanoparticle size. This method in which
the nucleation site is produced during the same reaction as the crystalline growth is referred

to as primary nucleation, however for the synthesis of larger nanoparticles seeding the
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reaction with nucleated material is beneficial for decreasing the polydispersity of the
nanoparticles. A common example of this is the synthesis of colloidal gold nanoparticles.

PR AU’

1.step @ 2, stapb 3. slep c 4, step d‘ ‘

nucleation _ o , growth by . slﬂwiurther. ] fast final
s ,* aggregationg @ o  growth ° @ growth . .
= & 'a . = T - ° a2 - ‘
** o 3 @ > . ‘

- 2 nm = 3nm 5.5 nm 7.7inm

Figure 1.9 The mechanism by which gold nanoparticles form, starting from Au'"
progressing to Au® . [/%

In the synthesis of gold nanoparticles, there are a variety of methods which involve
the reduction of HAUCIs to Au®. The most common method was developed by Turkevich
in which trisodium citrate is used as the reducing agent and injected into a solution of
boiling tetrachloroauric acid.[”®! The gold nanoparticles formed are capped with the citrate
allowing for a stable colloid in aqueous solution. However, polydispersity of the
nanoparticles in the colloid is a continuous issue. A variety of modifications to the original
procedures have been discovered that alleviate this issue. Commonly polymeric stabilizers
are added as additional capping reagents, and sodium borohydride is used instead of
trisodium citrate as the reducing agent.[’”” Commonly used polymers include, thioesters,
polyvinyl pyrrolidone, thiol-polyethylene glycol among others. These polymers will cap
the particles will still allowing for further chemistry due to active groups present on the
polymers.[”® After fabrication of the nanoparticles, further complex structures can be
synthesized forming larger macrostructures.

1.4.3 Nanoparticle Assemblies
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Nanoparticles can be assembled into larger ordered structures to change both the
chemical and electromagnetic responses of the particles. This is caused due to the
interactions formed in the nanoscale gaps between the nanoparticles.””! A variety of
methods have been developed to form nanoparticle assemblies with consistent spacing and
ordering. Common methods include chemical ligands to bind nanoparticles together,
polymer surface modification, liquid-liquid interfaces, air-liquid interfaces, and
evaporative self-assembly. Each of these range in advantages and disadvantages dependent
upon the ease of use, wide range of versatility regarding the nanoparticle substrate, and

dispersion of the nanoparticles on the final substrate. 82

Surface modification is a popular technique to form nanoparticle assemblies due to
being simple procedures with a wide range of polymers available allowing for the chemical
modification of the nanoparticle to be maintained. Initial work towards this was performed
with positively charged polymers, allowing for citrate capped gold nanoparticles to self-
assemble onto the polymer due to charge-based interactions. Due to the individual
nanoparticles repelling each other statically they form an ordered structure on the polymer
surface.® In addition to this, more direct chemical modifications can be used such as
monolayers of alkane thiols, which will covalently bind gold nanoparticles. An alternative
method that involves direct synthesis of gold nanoparticles onto the surface has also been
performed using polydopamine, which catalyzes the reduction of HAuCIs 4 However,
these systems frequently cause high dispersity of nanoparticles leading to alternatives being

popular.
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Liquid-liquid interfacial methodologies have grown to be increasingly beneficial
for the formation of nanoparticle assemblies. Liquid-liquid methods involve taking
advantage of the thin layer of interaction between two immiscible solvents.[]
Nanoparticles that are soluble in one solvent, either aqueous or hydrophobic, will be capped
molecules of opposite solubility. This will cause the nanoparticles to assemble at the
interface between the liquids, but due to the amphiphilic nature of the nanoparticles they
will solely assemble at the interface in a thin layer.[®®] This nanoparticle layer can either be
used in the liquid phase or can be transferred to a solid substrate for ease of use. Doing this
frequently relies upon solid substrate being chemically modified to optimally support the
transference of the nanoparticles.l®”l In addition to solely relying upon the self-assembly at
the liquid interface, the capping agents can effect the spacing of the nanoparticles which is

of key importance in their applications, most notably SERS. [l

1.4.4 Surface Characterization

There are a variety of methods with which surface characterization can be achieved,
including atomic force microscopy (AFM), surface electron microscopy (SEM),
transmission electron microscopy (TEM), x-ray diffraction (XRD), x-ray photoelectron
spectroscopy (XPS), and ellipsometry. Of these techniques, AFM, SEM and TEM are all
used for structural information regarding the surface of interest. XRD and XPS are used
for chemical information, as well as being able to determine the thickness of the material.
Ellipsometry can similarly be used to determine the thickness of thin films, and can also

be used to determine the refractive index of a thin film if the thickness is known. [
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AFM relies upon a cantilever with a sharp tip connected to a piezoelectric actuator,
with a photodetector used to identify reflected laser light to provide feedback when the
cantilever is deflected. As the tip moves across a surface it follows the shape of said surface
and the laser light deflected will be detected and be used to determine the degree with
which the cantilever moves. The piezoelectric actuator is used to control the specific height
or force of the cantilever allowing for a fine control.[*® There are 3 modes in which AFM
can be run, contact, non-contact and tapping. Contact mode is most commonly used and
measures the repulsive forces of the surface against the tip. This is seen as a change in the
resonant frequency of the cantilever and allows for topographic information to be
elucidated. Non-contact mode measures the attractive forces between the tip and the
surface, and while it has lower resolution than contact mode due to the strength of attractive
vs repulsive forces, it is more suitable in applications of soft samples. Tapping mode is
similarly applied as a technique to measure soft surfaces and does so through detecting
changes in the oscillation frequency of the tapping motion. ¥ When compared to other
surface characterization techniques, AFM is advantageous as it requires little to no surface
modification, is performed at ambient conditions, and has a large working range. However,
outside the resolution and magnification of AFM, outside of a few examples, does not

compare to that of SEM and TEM.[®2
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Figure 1.10 A demonstration of how AFM would measure the size and shape of a
nanoparticle, as well as the overall roughness of a surface.

Due to the diffraction limit of light, spatial measurements using optical microscopy
are limited. However, using electron emission techniques higher magnification levels can
be reached on the order of 300,000x magnification. TEM was the first technique to take
advantage of this and can obtain a resolution of down to 0.05 nm in high resolution TEM.
The fundamentals of TEM rely upon the interactions between the electrons and the surface,
specifically the diffracted electrons and the transmitted electrons. The electron diffraction
pattern can determine the crystallographic structure of the material, and is similarly used
to image the material. As the electrons must either transmit through or diffract through the
material, TEM only functions on materials <100 nm in thickness. [*3 In practice, the sample

that is being imaged is placed onto a TEM grid, usually comprised of a conductive metal

27



such as copper, platinum, or gold with a carbon mesh. To enhance TEM contrast in
materials that do not contain high atomic number atoms, such as biologics, a stain is used
such as uranium or gold that is selected to bind to the specific biological molecule.[®* %
However, TEM is limited in providing 3D structural information, as well as handling
materials that are thicker than 100 nm.[°®! To then get this information SEM is used.

SEM uses backscattered electrons and secondary electrons for the production of
images. As these electrons are of a relatively low energy, they will only emit from surface
of the material, with a depth of only a few nm. For SEM, samples must be highly
conductive, and are additionally grounded. Thus, metal substrates require little preparation
for SEM, whereas nonconducting materials require a surface coating. This is frequently
achieved through sputtering of a metal or graphite to act as the conducting layer. The 3D
images present in SEM are caused by the generation of signal being dependent on the angle
of incidence of the electron beam. As the signal is dependent on the number of released
secondary electrons, the greater the interaction area between the top surface layer and the
electron beam, the greater the signal. As such when the surface is perpendicular to the
electron beam the signal is lowest and the areas appear darker, and the areas that approach
parallel with the electron beam are brighter. 1 In addition to this, changing the pitch and
roll of the stage can be used to image the substrate at a different angle providing more
information regarding the 3D structure. [°

1.5 Principles of Biosensing

Biosensing is a key component in a variety of fields, including medical analysis,

pathogen and disease detection and environmental monitoring.[®*1% Bijosensors are
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defined by their ability to generate a signal in response to a biological compound of interest.
This requires a method through which the biological compound is selected for, and a
measurement method that connects the selection of said compound to a readout by a user.
The first part, which binds the biologically relevant molecule, is frequently a biological
molecule that is a binding partner for the analyte.[*%2 1%%1 There is a large interest in this
area of research as expanding the available capture methods increases the possible targets
for a biosensor. The transference from the biological binding to a readout is done through
a system sensitive to physical change, such as that of an electrical pulse for example, and
a detector that can detect that physical change through whatever medium is best suited for

the system.

The two main categories of biosensors are qualitative and quantitative. A qualitative
sensor emphasizes the detection of an analyte of interest while a quantitative sensor
provides an exact concentration of the target. A focus of biosensor research is frequently
towards disease detection, which is done through analyzing the presence of molecular
components such as small molecules like glucose and hormones, proteins such as
antibodies or whole cells.[** This is commonly seen in consumer products such as glucose

monitors, pregnancy tests, and COVID tests.
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Figure 1.11 The fundamental components of biosensors, including the mechanism to

capture and transduce signal.[*%%

Biosensing schemes have the ability to be simple, robust and portable. This has made
them an important tool in health crises as widespread diagnosis and monitoring is required.
Many diseases such as cancers and autoimmune disorders originate from a fault in the
production of certain proteins. 1% 1071 Bjosensors provide two avenues in which they
improve disease analysis. First, through detection of diseases such as antibody-antigen
interactions that are found at the central locus of many autoimmune diseases. And second,
as a way to better understand the biological pathways of a disease through induced
biomolecular changes. They have been employed thoroughly in this capacity for proteomic

studies where are they are used to quantify levels of proteins.[%8]
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Further distinctions of biosensors can be seen through the differentiation of label and
label-free biosensing systems. In a label-oriented system, the production of signal is reliant
on a molecule outside that is separate from the analyte of interest and must either be
conjugated to the analyte before application to biosensor, or can be done after the molecule
is captured in the sensor.[*%*1 Common examples of this are fluorometric measurements in
which a fluorophore must be attached to the analyte before the binding to the biosensor
occurs.!% These techniques are very sensitive, although they do not directly measure the

molecule of interest binding interaction.

In contrast, label free techniques directly measure the analyte of interest, without a
secondary component necessary. These frequently rely upon detecting a change in
magnetic or electrical field, and include, field effect transistors, quartz crystal
microbalances, and optical techniques such as SPR.I11%31 | apel-free sensing systems
detect the binding interaction directly, and so they provide signal quickly, allowing for
integration into systems that require constant real-time monitoring. In addition to this,
label-free techniques do not need to add material to the analyte, removing the changes in
binding that are caused by labelling. They are also very sensitive to changes in the material
at the surface which, while beneficial, requires control of the surface to limit the possible
interactions to only those of interest. Therefore, there has been thorough investigation
towards preventing non-specific binding events to further the capabilities of label-free

techniques. 114

1.6 Plasmon Based Biosensing
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Plasmons allow for the conversion of incident photons into high strength, localized
electromagnetic fields that can be taken advantage of as part of a biosensing device to either
enhance or generate signal. This requires the biosensing device to be optically coupled in
some manner, with a plasmonic material designed to match the optical light source. The
plasmonic nature can either be used as the sensing system, such as in SPR biosensing or
can be used as an enhancement of already present signal such as in surface enhanced
Raman scattering (SERS). The plasmonic substrate can be customized to best suit the
system requirements, for example metallic thin films for usage in SPR and gold
nanoparticles for usage in SERS.

1.6.1 SPR Based Biosensing

SPR biosensors were first demonstrated in 1983, wherein the binding of 1gG and
an anti-1gG antibody was detected using a 60 nm silver film.[*% This then opened up the
possibilities of SPR to be used as a real-time, label free biosensor. Through SPR-
biosensors, multiple avenues arose, from environmental detection to bioanalyte detection
for the purposes of disease analysis.[*16-1%¢] Similarly, the SPR sensogram can be used to
empirically determine the association, steady state and dissociation kinetics of a given
interaction. Therefore, one of the main applications for SPR has been towards drug
candidate discovery through affinity measurements.!**®1 Further exploration of SPR has
been towards expanding bioconjugation to metals and subsequent conjugation to

functionalized surfaces. [120-121]

Common functionalization of gold, the most common plasmonic metal used for

SPR, include the strong bond between gold and thiols. Alkanethiols deposited onto a gold
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surface will form a self-assembled monolayer, this layer has two-fold benefits.[*?? First, it
can have a secondary functional group, on the opposite end of the thiol, that can be used
for further conjugation, and second, it provides anti-fouling capabilities, as the
hydrophobic alkane layer repels unwanted non-specific interactions. In addition to
alkanethiols, biologically relevant molecules can be modified with thiol groups or contain
already present thiol groups. This can be used with a variety of systems, including
aptamers, biotin, and EDC/NHS, depending on what is needed for the system.[!?3 1241 |p

addition to thiols, polymers can be used.
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Figure 1.12 A variety of assays and the expected sensogram from them for

biosensing.[?]

Dextran polymer are frequently used in commercialized SPR chip manufacturing
as they provide a high concentration of active carboxymethyl groups which allow for
binding to free aminos, as well as providing an anti-fouling surface layer.[*?61 However,

these large polymers while providing a variety of binding sites, reduce SPR sensitivity as

33



their thickness is on the order of 100 to 200 nm, and the SPP loses sensitivity as it
propagates from the surface. This causes alternatives to polymer systems that maintain the
anti-fouling and functional properties, without the aforementioned thickness, to be

attractive options.

An additional common method first requires a silica layer be deposited onto the
gold substrate.[?”] This layer can then subsequently be modified through silane chemistry
to produce the binding system needed. This has similar applications to the thiol chemistries,
however other applications for silicated SPR chips exist.l!?®l Lipid bilayers will
spontaneously form from vesicles onto the silica surface under aqueous conditions. As
these vesicles can be modified to contain functional groups, they can be used as biomimetic
systems in biosensing SPR studies. Further, biologically relevant molecules that are
specific to the analyte of interest can be incorporated into the lipid vesicles and will
therefore be transferred to the SPR surface. This approach takes advantage of the surface-
based sensing to best mimic the true systems present in cellular systems, while also
providing an anti-fouling layer that can be applied on-line without prior chemical

modification.[12%-132]

To further the limits of sensing of SPR, amplification techniques are employed
through the binding of additional material. This is commonly achieved through the usage
of an antibody that is specific to the analyte and they can be conjugated to other methods
of amplification such as nanoparticles or biotin.[2% 133138 Ag these will provide an increase
in mass, the signal will subsequently increase lowering the limits of quantification. In the

specific case of plasmonic nanoparticles, a coupling effect between the particle and the
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surface can further enhance the signal provided by the nanoparticle. This effect caused by
the coupling of the surface plasmon and the localized plasmon of the nanoparticle causes
a much larger shift in the incident light referred to as “back-bending.” [** This effect in
combination with the large mass of gold nanoparticles have made them a common method

of amplification for SPR biosensing. [:4°]
1.6.2 Surface Enhanced Raman Scattering Biosensing

SERS takes advantage of weak Raman scattering and amplifies it to allow for analyte
identification and detection. SERS has been documented to provide enhancement of up to
108 allowing for the normally low Raman scattered signal to be detected. There are two
main approaches regarding using SERS as a biosensor, either the biomolecule of interest
is detected based upon its signature Raman fingerprint, or a well-documented Raman tag
is used whose spectrum will change upon binding of the specified analyte. This is referred

to as intrinsic and extrinsic sensing respectively. 4]

Intrinsic SERS biosensing is advantageous as it can provide specific chemical
information regarding the biomolecule as well as being a label-free technigque akin to SPR.
Whereas extrinsic sensing requires less data analysis as the changes in the well-defined
Raman reporters and sharp Raman bands cause deconvolution of complex data to be
comparably simple.>1%1 However, problems still arise when applying SERS to
biosensing applications. First, is the fundamental nature of SERS. For SERS fabrication to
be sufficiently useful for biosensing applications, the substrates must consistently

reproducible as well as simple to fabricate. A large portion of SERS research has been
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towards reducing the variance from substrate to substrate for this very reason. In addition
to this, in complex samples interfering Raman spectra cause the signal from the analyte to
be masked. This has been recently overcome through using surface-based binding

techniques or through sample processing to separate for the analytes of interest. [146-14€]

1.7 Aims and Scopes of Dissertation

The goal of this dissertation is to improve plasmonic sensing capabilities from a
fundamental materials standpoint. This is done through either improving the sensitivity of
the materials and optimization of them through novel materials, such as aluminum thin
films and gold nanoparticle arrays, or through methods to improve material conjugation to
sensing molecules. The applications that this will be primarily focused on is SPR, in
addition to SERS, the advantages and limitations of which have been discussed in this
chapter. In these subsequent chapters methods to improve the sensitivity and diversification
of materials available for SPR and SERS will be discussed, as well as how using theoretical
models can allow for more efficient optimization. The overall scope of this is for furthering
the materials development of plasmonics for biosensor applications, as understanding and
taking advantage of the fundamental plasmonic properties can improve the methods and
systems with which biological interactions are understood.

Chapter 2 begins with exploring aluminum and the natural oxide formed for the
purposes of SPR. Focusing on changes to the AIOx layer as well as exploring one of the
strengths of Al, that it is plasmonically active under the entirety of the UV-vis EM
spectrum. In this work, a custom modeling system was made that allowed for simultaneous

determination of the optimal thickness of AIOx and incident wavelength of light. In
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addition to this, waveguiding behavior was discovered wherein s-polarized light created a
plasmonic shift. Through taking advantages of both these effects, the efficacy of these
“thick” AlOx films on Al as a self-referential sensor was determined. In this way, the sensor
can differentiate between the bulk changes to the refractive index and changes to the
refractive index of the surface.

Chapter 3 begins with the discussion of aluminum as a thin film plasmonic material,
and its potential applications as a biosensing substrate. Fundamental benefits of Al thin
films are explored as well as compared to the standardized Au substrates. In this Al films
were first theoretically modelled and then subsequently fabricated. Notably, the Al films
were found to be more sensitive to refractive index changes than Au and also demonstrated
antifouling properties due to the formation of AIOx layer. This AlOx layer is responsible
for not only the antifouling of Al, but also for the stability and possible future conjugation
of the surface to other sensing molecules.

Chapter 4 applies the Al thin films towards a biological disease detection scheme. In
this work to improve the conjugation abilities of the surface, a SiOx layer is deposited onto
the Al substrate. This then allows for techniques that are well established to be applied,
namely the formation of hydrophobic surface using perfluorinated silanes, and a
subsequent self-insertion of lipids to the surface. These DGS functionalized lipids are then
used to build our sensing surface with a histidine tagged Myeline-associated glycoprotein
(MAG). This is then used with SPRi for the detection of the anti-MAG antibody, which is

associated with demyelinating neuropathy, an autoimmune disorder. To more readily
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demonstrate the systems capabilities in biological media, artificial urine is spiked with anti-
MAG and used to determine the efficacy for a real biological system.

Chapter 5 explores gold nanofilm substrates and their potential for SERS. In this
chapter, the development of self-assembled monolayers of Au nanoparticles using an
interfacial glue molecule, dibenzotetrathiafulvalene, is demonstrated and characterized.
This forms a self-healing mirror-like droplet known as Au metallic liquid-like droplet or
Au MeLD. This Au MeLD can then be transferred to a solid substrate and then used for
sensing purposes. The first application was towards SPR, where it demonstrates limited
usage, however, it is the optimal substrate for SERS. The Au MeLD causes Au
nanoparticles to form a hexagonally closed packed structure with a consistent distance
between molecules due to the interfacial glue. This makes it an ideal surface for SERS. To
demonstrate the systems capability as a SERS substrate, PCB-126, a known environmental

toxin, was detected using the Au MeLD surface.
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Chapter 2: Theoretical Exploration of the Plasmonic Properties of Aluminum Thin
Films

2.1 Introduction

Surface plasmon resonance (SPR) occurs when a photon interacts with a metal,
forming a propagating wave along the interface between said metal and a dielectric. SPR
detects the refractive index changes of a dielectric medium contacting a thin film metal.!
Traditionally, gold has been used as the requisite metal due to its high plasmonic activity
and relative chemical inertness.”?! Nevertheless, there has been a recent surge in research
for alternative metals such as chromium, copper, and aluminum to replace gold as they
offer unique benefits that gold lacks.® # Most notably regarding their availability,
affordability, and that they can operate at a broader range and/or different wavelengths than
gold, allowing for the investigation of other compounds and the detection of unique
features that gold cannot monitor.>"IThe application of these new materials for SPR
sensing may lead to the development of materials with higher plasmonic activity than gold,
drastically improving sensitivity and broadening investigation strategies. Recently, we
demonstrated that aluminum is ideal for SPR imaging sensing as it is highly sensitive and
stable under microfluidic conditions. M The stability of aluminum can be attributed to the
oxide layer formed when the metal is exposed to air, which also provides unique antifouling
properties. Aluminum's higher sensitivity can be attributed to the three electrons in its
conduction band, whereas gold is limited to only one. The higher electron density present
for aluminum allows for high negative permittivity to be achieved, giving a wider range of
wavelengths for aluminum to be plasmonically active in. Aluminum’s manufacturing

benefits over gold are centered on its higher abundance and more widely available
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integration methods. [ The most evident advantage regarding manufacturing properties
when compared to gold is that aluminum inherently adheres to glass substrates, whereas

gold requires an adhesion layer, which can complicate fabrication protocols. [

To date, the majority of research related to aluminum in combination with SPR has been
limited to nanostructures such as nanorods or nanodiscs.®! The use of aluminum in the
Kretschmann configuration for SPR spectroscopy has only recently been explored.™ 1% |n
these cases, these studies focus solely on simple aluminum thin films with native oxide
layers. By changing the thickness of the oxide layer and varying the polarization from P to
S polarized light, more aspects of the aluminum substrates can be explored. The transition
to a waveguide is seen when the SPR response is suppressed by the increasing oxide
thickness until the Self-referencing SPR sensors allow for more detailed information about
the location of the refractive index changes, which can determine differences between
surface and bulk changes in the refractive index.'Y Achieving self-referencing SPR
generally requires methods that allow for the measurement of both long and short-range
plasmonic waves, which are produced by different signals.**-*3 Short-range plasmons are
more sensitive to changes in the refractive index of the surface as they lack the penetration
depth into the dielectric that is present in the long-range plasmons. [**1 By comparing the
response between the long and short range plasmons, bulk changes can be differentiated
from surface binding events.!S1 These systems have been demonstrated with gold and
similar plasmonic materials but not with aluminum.[**13 351 |n addition, they frequently

require additional substrates to layer on the metal, which makes them less accessible.
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Figure 2.1. A scheme depicting the arrangement of the simulation parameters. A contour
graphic demonstrating the repeated appearance of the plasmonic dip with increasing
thickness of aluminum oxide. As the thickness of the oxide increases, the plasmonic dip
disappears, as indicated by the lack of a blue line, but this reappears at a regular interval.

This also occurs with both p and s-polarized light.

In the presented work, we explore the capabilities of aluminum as a self-referencing
SPR sensor and the effects of thick aluminum oxide layers on the plasmonic behavior of

aluminum thin films. By further exploring aluminum thin films, it matures the capabilities
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of aluminum as a plasmonic sensor to rival gold even further. Studies were conducted using
finite difference time domain (FDTD) and Fresnel calculations. Fresnel equations rely on
the assumption that there are homogenous thin films, and they calculates the reflectance
and transmission of incident light at an interface of different refractive indexes. FDTD
solves for magnetic and electrical fields using Maxwell’s equation in well-defined Yee
cells. The Yee cell is the individual unit for which Maxwell’s equation is solved. The Yee
cell defines the resolution of the simulation and when combined, allows for Maxwell’s
equation to effectively be solved for the entire system. The size of the Yee cell is dependent
on the permittivity and permeability of the material, the time step, and the wavelength of
the incident light.[*®! Previous simulations of aluminum have demonstrated a sharp peak in
reflectivity before the well-established plasmonic dip that is common amongst plasmonic
metals.'”] This feature of the aluminum plasmonic response can be ascribed to the 3

electrons present in the conducting band.[* "]
2.2 Methods:

Simulations were conducted with either FDTD or Fresnel calculations. In either
case, the n and k values for aluminum and aluminum oxide are procured from. 718 For
FDTD calculations, EM Explorer was used. For Fresnel calculations, Winspall was used,
as well as a custom Fresnel calculator made in R. FDTD calculations used the following
settings: a Yee cell size of 5 nm with an incident wavelength of 650 nm. Original
determinations for the waveguide capabilities of the aluminum were conducted with
FDTD. However for the larger data sets, Fresnel calculations were used to optimize

computational time. For the Fresnel calculations an incident wavelength of 650 nm was
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used. The thickness of the aluminum was a constant 15 nm, as that was found to be the
optimized thickness in our previous work.! The naturally occurring oxide layer on
aluminum is approximately 3 nm, this was used as baseline, and the thickness was
increased by 1 nm increments until 650 nm was reached. For the sensitivity contour maps,
the thickness of the AIOx was increased to 1200 nm, and the wavelength range was also
increased from 250-1200 nm. The sensitivity to the refractive index was identified by
sequentially increasing the refractive index of the dielectric from 1.333 to 1.342. The
minimum angle was found, and the change of angle relative to refractive index was used
for the sensitivity. To determine the differences between bulk and surface changes several
factors were changed; refractive index of the dielectric by changing the replicating solvent
of the bulk system, increasing the thickness of the oxide layer, and changing the

composition of the tested material.
2.3 Results and Discussion:

Initial analysis of the simulated spectra compared the phase-shifted response of the
Al thin film to refractive index changes of the dielectric. Phase-shifted SPR response is

calculated based upon the following equation: I;—”= tan(¥) = e?*! wherein R; is the
N

reflected intensity of p-polarized light, Rs is the reflected intensity of s-polarized light, ¥
is the Psi-shift and A is the phase-shift. Calculations of phase-shifted and Psi-shifted
responses have been demonstrated to increase the sensitivity of the plasmonic surfaces.**]
Notably, the shape of the plasmonic dip changes as expected, but any change to refractive

index change can be treated similarly to traditional SPR response. Therefore, both fixed
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angle and plasmonic dip tracking can be the focus of refractive index sensitivity. The
thickness of the oxide layer was increased to better understand the possibilities of the
surface and unique plasmonic properties that can be predicted. To optimally simulate the
series of Fresnel equations, a homemade program was used that can account for the changes
in refractive index with wavelength, based upon experimental data, and can simulate a

variety of oxide thicknesses.
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Figure 2.2 Psi-Shift response and sensitivity to refractive index changes. A calibration

curve demonstrating the linear sensitivity to refractive index based upon plasmonic dip

tracking. Phase shift response and sensitivity to refractive index changes. Calibration

curves are formed with a fixed angle on both sides of the peak.
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Figure 2.3 By increasing the aluminum oxide thickness, the disappearance of plasmonic
response and the formation of the waveguide can be seen with p-polarized light (left) and
with s-polarized light (right). Periodicity is seen, as, after the formation of the waveguide,
the signal is lost again until it returns. The s-polarized response produces a much sharper

dip in reflectivity than the p-polarized.

By increasing the thickness of the aluminum oxide layer, a pattern in the spectrum
can be observed, as shown in Figure 3. The observed pattern in Figure 1 indicates that as
the oxide layer’s thickness increased, the signature plasmonic dip of aluminum in p-
polarized light would disappear. However, at specific thicknesses, the plasmonic response
would reappear at the particular thicknesses of interest at 300 and 600 nm. A similar trend
was observed when s-polarized light was investigated, as shown in Figure 3. Under
standard metal-based plasmonic conditions, a plasmonic reflectivity dip is not expected in

s-polarized light. However, a dip can clearly be observed at specific aluminum oxide
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thicknesses. These effects are indicative of the formation of a waveguide. This is the
expected behavior of a thin film with high refractive index material layered on top.? The
specific thickness with which the plasmonic response is present depends on the wavelength
of the incident light.?% In addition, it can be noted that the thickness with which the dip is
observed is correlated to a specific ratio relating to the wavelength. This can be seen when
the wavelength varies, and the ratio remains similar amongst both p and s-polarized
systems. If we assume that n is the wavelength of light, n-100 is a consistent thickness of
aluminum oxide that provides plasmonic dips. With regards to the s-polarized light, if we
again assume that n is the wavelength of light then the resonant thickness of aluminum
oxide is n*%. This can be seen in Figure 3. The presence of a plasmonic dip does not
necessarily mean the plasmon is sensitive to refractive index changes. 21 Normally, the
range of the plasmon is considered to be approximately equivalent to the wavelength of

light used %! and the plasmon would decay exponentially, so there would be very little or
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no change in the spectrum in our system as the aluminum oxide is 600 nm thick. However,

we can see in our results that this is not the case, indicating a waveguiding effect.
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Figure 2.4 A contour map demonstrating the relationship between sensitivity to refractive
index change, the wavelength of the incident light, and the thickness of the aluminum
oxide. This is done with p-polarized (a) and s-polarized light (b). A calibration curve of the
p-polarized (c) and s-polarized (d) systems at their respective sensitive thicknesses, 600

and 450 nm. The calibration is achieved using a fixed-angle methodology.

Through analysis of both the p and s-polarized sensitivities to refractive index
change and varying the wavelength, an optimal thickness for either s or p-polarized light
is found. These thicknesses can then be used for further study to explore the ability to be
sensitive to refractive index change with both p and s-polarized light. By varying the

refractive index of the dielectric above the oxide, as if it were water, we can determine
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whether the system was sensitive to refractive index changes. While the high refractive
index material distances the area of changing refractive index from the surface of the
aluminum, sensitivity to refractive index changes above the oxide are still present. In
addition, sensitivity is found with both P and S polarization, allowing for multiple aspects
of the plasmonic activity to be taken advantage of for sensing. This is in direct contrast to
most plasmonic thin films that do not have waveguide behaviors, where s-polarized light
exhibits no plasmonic response. 22 The sensitivity of the surface was determined with a
fixed angle methodology for the specific calibration curves and with the minimum intensity
for the contour graphs in Figure 4. M Through this we determined the sensitivity of the
surface to the refractive index. It can be seen in Figure 4 that the p-polarized light is more
sensitive to refractive index changes than the s-polarized system. This is because the
plasmonic dip in the s-polarized system has less intensity, so any observed changes will be
comparatively lower. However, the specific thickness of the aluminum oxide is important
to maintain the sensitivity of the surface, as certain thicknesses produce a dampened or
non-existent plasmonic dip. The p-polarized light is more sensitive to refractive index
changes than the s-polarized light, but the differences in response to refractive index
changes can be explored past the sensitivity changes by looking at the overall shape of the
plasmonic response curve. Traditionally, the distance that a surface plasmon would be
expected to travel is half of the wavelength of light used to excite it.[?®! In addition, because
the wave decays exponentially, the signal shift further from the surface is decreased

substantially.? 251 However, in our system, it can be seen that past 600 nm from the
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surface, there is still a sensitivity to refractive index changes, and therefore this is indicative

of the waveguide effect.[* 25-28]

Figure 2.5 Differences in the bulk (right) and surface (left) refractive index changes with
p-polarized light. The thickness of the aluminum oxide is optimal for s-polarized sensing
but still allows for the p-polarized differentiation of surface and bulk effects. The bulk
changes are replicated by increasing the refractive index of the dielectric, whereas the
surface changes are replicated through an increasing thickness of a high refractive index

material.

Differences in bulk and surface changes of the material above the oxide coating can
be differentiated based on the changes in the shape of the curve with surface and bulk
changes. This is caused by the differentiation between long-range and short-range surface
plasmon polaritons, so changes in the surface will only affect the shorter-ranged polaritons,
causing the plasmonic curve to respond differently.l Whereas with bulk changes, both

the long-range and short-range polaritons are affected, causing the entire curve to shift.[t4
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This is referred to as a self-referential sensor ['* 121 which allows for a way to determine
differences between bulk changes and surface binding events.'**3l In this case, the s-
polarized system is agnostic to differences between bulk and surface changes, while the p-
polarized system exhibits differing curve structures. These results are obtained at an
aluminum oxide thickness at which the significant plasmonic dip is found with s-polarized
light, and the p-polarized light has a regressed response. Regardless of this, the p-polarized
light still shifts with changes to the refractive index. By comparing the change in the
reflectivity intensity of the p-polarized to s-polarized light, a ratio can be determined that
represents the relative sensitivity of the p-polarized system. The ratio allows for the
determination of the specific sensitivity to surface changes controlled by the
aforementioned changes affects to the s-polarized response. By comparing the ratios in the
surface case, 0.0722, to the bulk case, .005365, we can see that the relative changes of the
p-polarized light compared to the s-polarized light are preferential for surface changes
compared to bulk changes because the same thickness of aluminum oxide is used for both
the p and s polarization systems, a singular chip can be used for the self-referential sensor.
In addition to being a self-referential sensor it is advantageous as it uses a single
wavelength, and only the polarizer needs to be shifted 90° [*1: 12351 This allows for the chip
to be compatible with existing SPR sensing systems, something that to date has not been

available.[t 291
2.4 Conclusions:

In this work, we have demonstrated the capability of aluminum/aluminum oxide

plasmonic sensors for use as waveguides and self-referential sensors. The advantages of
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aluminum over gold are being more thoroughly explored, as differing functionalities are
being found that allow for the sensors to provide more information. By utilizing the unique
advantages of aluminum and aluminum oxide, we have demonstrated the ability to create
a self-referential sensor that is compatible with already existing SPR instrumentation and
deepens the sensing capabilities of said instruments. In addition, we have explored a wide
variety of conditions for these chips through analyzing the sensitivity to refractive index
changes with changing wavelength and oxide thickness. Further work based upon this data
can be performed experimentally, depositing AlIOx onto an aluminum thin film, and

determining the sensitivity in an applied fashion.
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Chapter 3: Realization and Optimization of an Aluminum SPR Substrate
3.1 Introduction

Surface plasmon resonance (SPR) spectroscopy is a well-established analytical
technique for label-free quantification of molecular interactions on a surface.!*! The method
relies upon the formation of an evanescent wave which is highly sensitive to refractive
index changes at the surface of a thin metallic film from which it resonates.’! The metal
layer used has traditionally been gold due to its high plasmonic activity and inert chemical
reactivity. Recently, interest is being invested toward other metals such as chromium,
copper, and aluminum as plasmonic materials.*¢! Aluminum is attractive as it has a high
electron density (3 electrons per atom in its conduction band versus 1 electron for gold and
silver) and a generally higher negative permittivity than silver or gold.’l Therefore,
aluminum demonstrates a plasmonic resonance in a very large wavelength range, with
plasmonic activity from the ultraviolet to infrared range. Aluminum is also appealing for
commercial applications due to high abundance, low-cost, and practical integration into

manufacturing processes such as CMOS.El

Before this work, practical studies of aluminum as a plasmonic material has been
delegated almost entirely to nanostructures, with a range of structures explored such as
nanorods, nanodiscs and others.-*51 Aluminum as a surface-enhanced Raman scattering
(SERS) substrate has also been reported.[* 11 The usage of thin film aluminum coupled to
an ATR coupler (ie. a prism) in the standard Krestschmann configuration for SPR

spectroscopy has not been thoroughly studied. Due to the unique ability of aluminum to
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produce plasmonic response under UV excitation, some reports have taken advantage of
this to investigate the resonances in the UV region to probe organic and biological systems
with strong UV absorptions.[*® 1 Other attempts with aluminum thin film studies suffered

due to substrate stability and subsequently failed to produce meaningful results. 2%

In this chapter, plasmonic characterization is presented of Al thin films in ATR
mode, employing both FDTD and the Fresnel models to predict the surface plasmon
polariton (SPP) behavior on the aluminum film and conducting an extensive experimental
study to understand and verify the fundamental SPR characteristics of the metal. The
analysis of thin film aluminum broadens the scope of SPR sensors and allows for new

surface chemistries as well as increased sensitivity compared to the traditional gold.
3.2 Methods and Materials
Reagents

Aluminum, gold and chromium targets for electronbeam evaporation were acquired as
pellets of 0.9999% purity from Kurt J. Lesker (Jefferson Hills, PA). Sodium chloride was
obtained from Fisher Scientific (Pittsburgh, PA). BK-7 glass substrates for deposition were

obtained from Corning (Painted Post, NY).
FDTD&Fresnel Simulations

FDTD based simulations were performed using EM Explorer software.
Simulations were conducted in a similar manner to previously reported, and parameters

were as follows.!?!] Real and imaginary parts of the Al and Al203 refractive indices across
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the wavelength spectrum were obtained from literature.l”- 22-2% The Al thickness was varied
from 9 nm to 18 nm, and AlI203 was kept at a consistent 3 nm. The Yee cell size was set
to be 5 nm cubes. The light was set to be p-polarized. This was then used to probe the
plasmonic activity with 500-800 nm wavelength of light with a range of incident angles
from 40-85 degrees. Literature sources were used to obtain values of Al and Au, and for
value of AI203 for the purposes of the Fresnel simulations. ?*1Simulation was conducted
as previously reported and was based on standard Fresnel multi-layer calculation model.[?4]

For Au simulation, Al and Al203 were replaced with 50 nm Au.
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Figure 3.1. FDTD simulations of aluminum wells. The formation of the evanescent wave

can be seen in the simulation which is contained by the walls of well.

SPR substrate fabrication
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Fig 3.2. Step-by-step methodology to fabricate aluminum SPR arrays.

Both SPR and SPR imaging substrates were fabricated using BK-7 glass
microscope slides as the initial substrate. Slides were cleaned using boiling piranha solution
(3:1 H2504:30% H202) for 1 hr, followed by rinsing with ultrapure water and ethanol and
drying with compressed nitrogen gas. For conventional SPR chips, 15 nm (5.0 A/s) of
aluminum was evaporated onto one side of the slide via electron beam physical vapor
deposition. (EBPVD) (Temescal, Berkeley, CA). For Au chips, evaporation instead
consisted of 2 nm of chromium (0.5 A/s) and 50 nm of gold (2.0 A/s). All EBPVD was
conducted at 5 x 10-6 Torr in a Class 1000 cleanroom facility (UCR Center for Nanoscale
Science and Engineering). SPR imaging arrays were fabricated in accordance to previously
described methods22 with some modification. Cleaned glass slides were spin-coated with
hexamethyldisilazane (HMDS) to promote adhesion, followed by AZ5214E, both at 4000
RPM for 45 s. After baking for 1 min at 110° C, the photoresist was patterned by UV
exposure using a Karl-Suss MA-6 system and a photomask, followed by development with

AZ400K developer and standard protocols. 150 nm of Al (or 2 nm Cr/200 nm Au for gold
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microarray) was then evaporated onto the surface via EBPVD to form the well walls. The
photoresist well spots were then removed using acetone, after which an additional 15 nm
of aluminum (or 2 nm Cr/50 nm Au) was evaporated to form the well surface. The final
microarrays consisted of a 10 x 10 array of circular wells that were 165 nm (or 250 nm for
gold microarray) deep and 600 pm in diameter. Both SPR and SPRi substrates were stored

in air for 3 days prior to use.

SPR Spectroscopy

A dual-channel NanoSPR6-321 spectrometer (Nano SPR, Chicago, Il) was used for all
spectroscopic measurements for SPR. The device used a GaAs semiconductor laser light
source (A = 670 nm), a manufacturer-supplied prism of high refractive index (n = 1.616)
and a 30 uL flow cell. Fabricated chips were inserted, and online analysis was conducted
in an angular scanning mode that tracked the resonance angle every 5 s while also
collecting the angular spectrum at each point. For bulk refractive index testing, 18 MQ
ultrapure water was flowed at a rate of 5 mL/hr as a baseline and NaCl solutions were
flowed over the surface. Sodium chloride solutions were diluted from NaCl salt with
ultrapure water, and refractive index of each solution was measured with an Abbe
refractometer (American Optics, Buffalo, NY). Intensity measurements were extracted
from angular spectra at a constant angle at ~20% of the maximum to ensure maximum

sensitivity for both Al and Au chips.

3.3 Results and Discussion
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Flgure 3.3 AFM of the thin film aluminum substrate, in 1D, 2D, and 3D representations.

In addition, the effects of surface roughness on the plasmonic response.

Surface characterizations through AFM measurements is key in the development
of SPR substrates due to the direct correlation between surface roughness and plasmonic
response. As the surface roughness increases the overall plasmonic dip broadens due to the
wider ranges of matching conditions.”® The sensitivity of the SPR chip is directly
dependent on the width of the dip due to the two main methods, minima tracking and fixed
angle modes, being effected. As the dip broadens the specific determination of the minima

increases in difficulty due to a broader base leading to lower sensitivity. In the fixed angle



mode, the slope of the plasmonic dip is shallower and therefore less sensitive to a change
in refractive index. Due to the inherent oxidation of aluminum under atmospheric
conditions, the oxide layer was of concern with regards to the surface roughness of the
sensor chips. The AFM of the aluminum thin film demonstrated a surface roughness of 1.5
nm RMS which is comparable to the surface roughness of the conventional SPR substrate
of gold. The AFM indicates that surface stability of the aluminum substrate is not a concern
as the oxide is smooth and protects the underlying metal from further oxidation. The
smooth oxide also supports the simulation results which would assume ideal conditions

leading to fewer differences between the computed and experimental cases.
SPR Analysis

Initial SPR simulations of aluminum were performed with FDTD simulations to
determine the optimal thickness of the aluminum substrate as well as the range of
wavelengths that provide optimal plasmonic response. This was performed through
iterative measurements of the reflected light through a series of angles and aluminum
thicknesses. In the construction of the simulation parameters, Yee cell size is set, with
limitations based upon the wavelength of the incident light.[?®! The dimensions of the Yee
cell must be small enough to resolve the incident light in the specified time intervel, as well
to resolve the modeled structures. In traditional gold SPR substrates, a thickness between
45-50 nm is ideal for the gold, with a ~2 nm adhesion layer, of either chromium or
titanium.?”) However, in the aluminum system no adhesion layer?®l is needed allowing for
the removal of it from the simulation, and due to the higher absorption of aluminum relative

to gold, a film of thicknesses between 9-18 nm were explored. In addition to the thickness,
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the wavelength of the incident light was probed. Aluminum is predicted to have a broader
range of frequencies which will elicit plasmonic response compared to gold which is
generally excited with a range of 600-750 nm light.”®! The optimal thickness of the
aluminum for 650 nm light was determined to be 12 nm of aluminum with a 3 nm oxide
layer assumed. 650 nm was chosen as the wavelength for thickness optimization due to

existing SPR instrumentation using such an excitation source.
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Figure 3.4 Contour maps demonstrating the formation of the plasmonic response in

response to changing angle and wavelength at a variety of thicknesses.

SPR results are compared based upon the Fresnel and FDTD calculations. Gold and
aluminum surfaces were compared to each other based upon the sensitivity to refractive

index changes, and overall shape of the plasmonic dip. The two main methodologies to
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sense refractive index changes with a plasmonic chip in the Krestchmann configuration is
either minima tracking or a fixed angle methodology which relies upon the slope of the
dip.[% 31 In the analysis of the Fresnel results it was determined that with minima tracking
methods, gold outperformed aluminum due to the broader dip in the aluminum plasmonic
response as shown in Figure 5. However, aluminum was superior regarding fixed angle
sensitivity in two distinct ways. First, the aluminum substrate demonstrated improved
sensitivity to refractive index changes as shown in Figure 5, although this effect is
dependent upon the starting position on the plasmonic dip. Generally, in the usage of gold
SPR substrates, the fixed angle is set to be approximately 20%-30% of the maximum
insensity, however in the case of aluminum this differs, and a percentage is still within the
linear range of the plasmonic dip.?! In addition to this, aluminum has a greater linear
working range due to the length of the plasmonic dip allowing for a wider range of
refractive index changes to be detected. This can be seen through the reflectance spectra

and the increased slope of the aluminum response (Fig 5)
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Figure 3.5 Comparison between gold and aluminum sensitivty to refractive index changes
using a fixed angle methodology, and the dependance of fixed angle sensing on the starting

angle.

Further SPR analysis was performed experimentally comparing gold and aluminum
surfaces. NaCl solutions were used to determine the refractive index sensitivity of the
aluminum substrate, which provided a linear response to refractive index changes. Similar
to the simulated results, gold has a greater sensitivity to refractive index changes than
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aluminum with regards to the minima tracking approach. This is accentuated by the
software tracking the minima, as the broader aluminum dip provided to be more difficult
to follow. Therefore, the fixed angle methodology was used. With this method, aluminum
shows both a higher sensitivity (70041 IU/RIU, 13.9% higher than Au) and a much longer
linear range (~0.028 vs ~0.013 RIU) than gold. The sensitivity trends between the fixed
angle and the minima tracking data is as predicted based upon the simulations a result of

the spectral signal of the plasmonic response.

81



U

Reflected Intensity, A

Change in Reflec

Au
Al
Cr
2500 25
(b) A
é
2000 - 2.0 - o
Au 3 a7
1500 1 5 - .y
°.1 5 ,/‘//l
(-] A
[ 4
1000 1 <o i Al
0%
24
500 - 0.5 - {2/
0 . . v r —— T i 0.0 . - -
54 55 56 57 58 59 60 61 62 63 1335 1.345 1.355 1.365 1.375
Angle, Refractive Index
2100
1900 (C) A 1200 1 (d) /*
1700 Al i g
r'Y 1000 A %
1500 . |2 gy
1300 s 500 | e
1100 s 2 A 2
900 o u T n
o A 600 - 7
700 . R
[ ] // 7
500 - v a0 /(
300 - -
2 '
100 r T T 200 , ,
1.335 1.345 1.355 1.365 1375 1.34 1.345 1.35 1.355

Figure 3.6. Experimental results comparing aluminum and gold response to bulk

refractive index changes, using both minima tracking and fixed angle methods.
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3.4 Conclusion

In this work we have demonstrated the necessary steps to produce aluminum
substrates for SPR sensors. They demonstrate superior sensitivty to traditional SPR sensors
using gold plasmonic substrates. FDTD and Fresnel simulations allow for specific
predictions on the differences between aluminum and gold plasmonic responses as well as
the benefits of aluminum as a plasmonic sensor. The simulations simplify the fabrication
procedures and allow for an optimal selection of thin film thickness for specified
instrumentation. The aluminum oxide surface also opens new avenues of surface binding
chemistries and has a broad array of established functionalization pathways. This includes,
silanization, carboxylation and phosphonylation which are comparable to the thiol binding
methods frequently used in gold systems.[3-31 This work demonstrates the possibility of
aluminum as an SPR substrate and the advantages of this metal comapred to the commonly

used gold.
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Chapter 4: Detection of anti-Myelin Associated Glycoprotein using Aluminum-Based

SPR Imaging
4.1 Introduction

Anti-MAG demyelinating neuropathy is an auto-immune disorder that affects the
peripheral nervous system leading to tingling and numbness in the patient’s extremities. It
differs from other similar chronic inflammatory demyelinating polyradiculoneuropathies
(CIDP) in that the disease is not inflammatory and treatment must therefore differ.[!! This
leads to diagnosis of anti-MAG neuropathy to be important to properly treat the disease.
However, solely symptom-based diagnosis is not sufficient as CIDP-like diseases have
similar symptoms.[?l Therefore, biomarker-based diagnosis techniques of anti-MAG are

used to differentiate anti-MAG neuropathy from other CIDP-like diseases.!

MAG contains 5 extracellular immunoglobulin-like domains, a singular
transmembrane domain, and two cytoplasmic domains. MAG is also highly conserved
among vertebrates with 95% of the extracellular domains being conserved between mouse
and human. The production of MAG is limited to oligodendrocytes in the central nervous
system (CNS) and Schwann cells in the peripheral nervous system (PNS). Compounding
upon this, the abundance of MAG is relatively low in the cells that produce it, comprising
1% of myelin protein in the CNS and 0.1% in the PNS.B1 MAG promotes stability between
the neuronal axon and myelin sheath. In a MAG-null mouse model, myelin was abundant
but so was the degree of unmyelinated axons. In addition to supporting the interactions

between axon and myelin sheath, MAG also inhibits axon growth. [
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There are two main binding partners for MAG that facilitate both its myelin support
and axon growth suppression, sialoglycans and Nogo receptors.[” & The sialoglycan
binding of MAG was predicted due to the similarities in structure between the IG like
domains of MAG and the family of sialic acid binding proteins known as Siglecs.[
Recombinant MAG has further been demonstrated to bind to cell surface sialoglycans, with
a preference towards two specific gangliosides, GD1a and GT1b.[*®! When compared to
the other common gangliosides, GM1 and GD1b which lack MAG binding it was predicted
that a GalNAc-Galactose-NeuAc is the required moiety for MAG binding.'] Due to
prevalence of both GD1a and GT1b in the brain, it is thought that the ganglioside binding
is the main mediator of axon-myelin stabilization. The Nogo receptor was found to be a
common moiety between a variety of axon regenerative inhibitors and this binding is
predicted to control that aspect of MAG.*? The direct effect of MAG activity loss has been
demonstrated in a variety of animal studies. In a mouse model, the synthesis of gangliosides
with the necessary binding moiety was limited through knockout of the B4galntl gene.[*®]
This induces axon degeneration in aging mice with a similar phenotype, between MAG
knockouts and double gene knockouts.* In mouse models with differing ganglioside
synthesis deficiencies the same phenotype was not seen as the MAG binding moiety was

maintained.*®!

Current techniques to detect anti-MAG neuropathy rely upon fluorescent based
detection through ELISA.*®! In this way, the relative amount of anti-MAG 1gG can be
determined through comparison to the overall antibody count of a patient. The anti-MAG

is detected through immobilization of MAG and subsequent fluorescence from the
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secondary antibody. Cross reactivity amongst antibodies is further controlled through the
usage of immobilized ganglioside. The binding region of anti-MAG to MAG is at a
carbohydrate moiety, specifically an HNK-1 modification, and therefore gangliosides are
used as controls.'”1 The Buhlmann titer is the testing methodology used to perform these
ELISA measurements and uses Buhlmann titer units, with 1000 Buhlmann titer units being
considered a positive case of anti-MAG neuropathy. However, the validity of this
technique around the value of 1000 Bulhmann titer units has been found to detect false
positives.[*81 Alternative methods have been developed that focus on other antibodies such
as anti-HNK1.* These still rely upon ELISA to detect and do not give quantitative
information on the concentration of antibody in the sample. In addition to this they are

more prone to off target effects due to the nature of ELISA sensing.[?%-?2

Surface plasmon resonance (SPR) is a label-free technique that allows for direct
detection of analytes by detecting refractive index changes at a surface.l?®] Quantitative
determinations of analyte can be found based upon changes in SPR response. SPR imaging
is used as a high throughput multiplex detection method, and has been used for drug
discovery, disease detection, protein kinetics, and cell profiling.?*?"1 Arrays can also be
made on SPRi that allow for controls and account for the non-specific binding and cross
reactivity present even in monoclonal antibodies. While gold has traditionally been used
for SPR sensors, alternative metals such as aluminum have recently gained popularity, due

to increased sensitivity, and inherent antifouling properties. 2!

In this work we report a sensor array capable of quantitative detection of anti-MAG

antibodies in biological media using an aluminum SPRi array. The array was built using a
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silicated aluminum substrate modified with PFDTS wherein lipids can self-insert while
providing a near super hydrophobic surface that has been demonstrated to have antifouling
properties. On this array, GM1 ganglioside is used to account for cross-reactivity of the
anti-MAG antibody, while a DGS-NTA lipid is used to bind a His-tagged MAG. This is
then tested in both buffer, to confirm the efficacy of the technique, and subsequently in an
artificial urine media to determine the stability of the system in biological systems. This
system can then be further expanded to include antibodies with co-morbidity with anti-

MAG such as anti-HNK1.
4.2 Materials and Reagents

H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFDTS) was obtained from Fisher
Scientific (Pittsburgh, PA). Monoganglioside GM1 was obtained from Matreya (Pleasant
Gap, PA). Myeline associated glycoprotein (MAG) was purchased from Sino Bioligical
(Wayne, PA). Anti-Myelin associated glycoprotein was purchased from Biolegend (San

Diego, CA).
Avrtificial Urine Preparation

Artificial urine matrix for biosensing experiments was prepared according to a
previously published protocol.?®) Component chemicals were added as solids at the
concentrations provided to ultrapure DI H20 held at 38 ° C under constant stirring. Anti-

MAG was spiked into the artificial urine to replicate biological conditions.

Fabrication and Modification of SPR chips
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Microarray substrates used for SPR imaging were fabricated along previously
reported procedures. B% In brief, piranha-cleaned glass slides were spincoated at 4000
RPM for 45 s with hexamethyldisilazane (HMDS) and AZ5214E in succession, followed
by a 1 min bake at 110 ° C. Photopatterning via UV exposure was conducted with a
photomask and Karl-Suss MA-6 system followed by AZ400K development using standard
protocols. 150 nm Al was deposited by EBPVD, followed by removal of wells with
acetone. An additional deposition of 18 nm Al was lastly added to generate the
plasmonically active layer in the wells. The final array was a 10 x 12 set of 600 um diameter
circular wells. Silica was deposited by plasma enhanced chemical vapor deposition using
a Unaxis Plasmatherm 790 system (Santa Clara, CA). For both conventional and imaging
substrates, chips were stored under vacuum until experimental use. Perfluorination was
performed wherein the chips were submerged in 1 mM PFDTS in toluene and incubated
for 30 minutes. Chips were subsequently cleaned with toluene, ethanol and ultrapure water
and dried with nitrogen. 1.5 pL of either 100 pg/mL DGS-NTA or GM1 ganglioside
solutions in chloroform were pipetted into specific rows on the chip, to allow for
multiplexed information when attached to the flow system. The final chip contains a
control row with bare PFDTS, a DGS-NTA row for MAG his-tag binding, and a GM1 row

for specific control.
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Figure 4.1. Surface functionalization scheme, and detection steps.
Surface Characterization

AFM was performed with an AIST-AFM. 300 kHz cantilever tips were used for
AFM measurements with a 1.5 pm? scan size. Contact angle measurements were imaged

with 12-bit CCD camera.

SPR imaging analysis

For SPR imaging, measurements were conducted on a home-built experimental
setup, a detailed description of which was reported previously. B! Briefly, aluminum
substrate microarrays were mounted onto an SF2 glass 25 mm equilateral triangular prism

(n = 1.648) with a layer of high-refractive index matching fluid to facilitate even contact.
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A 3D printed optical stage and flow-cell holder allowed mounting of a 300 uL. S-shaped
flowcell that covered four rows of wells. The optical stage was fixed atop a goniometer
that could be manually rotated to tune the incident angle of incoming light from an
incoherent light emitting diode (LED) source (A = 648 nm) that could be either p- or s-
polarized by a rotatable polarizer. Reflected images from the array were captured with a
cooled 12-bit CCD camera (QImaging Retiga 1300) with a resolution of 1.3 MP (1280 x
1024 pixels) and 6.7 um x 6.7 um pixel size. Online experimental data acquisition
consisted of recording the p-polarized reflected intensity of each well (regions of interest
manually selected) every 300 ms during baselining, injection and incubation of analyte
solutions, and rinse cycles, followed by an acquisition of the s-polarized intensity. Intensity
data was normalized in two ways. First, the p-polarized intensity was divided by the

intensity of s-polarized intensity then multiplied by 100 to generate a percentage value.
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4.3 Results and Discussion
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Figure 2. Fresnel simulation comparing the effects of SiOx layer on the plasmonic

response compared to the native AlOx. Theoretical calibration curve demonstrating any

changes to refractive index sensitivity.

Initial surface characteristics were predicted using Fresnel equations to determine

the effect of SiOx on the aluminum SPR substrate. The plasmonic dip remained relatively

unchanged with the addition of the 3 nm of SiOx, and to further assert this the refractive

index sensitivity was examined. The addition of SiOx reduced the sensitivity of the surface

by ~4%, and does not significantly impact the overall sensitivity of the sensor. The

sensitivity was measured using a fixed angle methodology to properly mimic the SPRi

instrument. The surface was further characterized experimentally.
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Figure 3. AFM of the SiOx surface on an aluminum thin film. SPRi plasmonic curve pre

and post functionalization.

AFM of the AISiOx substrate was performed to analyze the surface roughness. The
surface was found to have a root mean roughness (RMS) of 3 nm. This is slightly greater
than what is found with bare AIOx but is still well within an optimal range for SPR sensing.
The plasmonic response of the bare AISiOx surface was compared to the perfluorinated
surface to elucidate the effects of the increased dielectric layer thickness on the plasmonic
response. An expected shift occurs, with minor broadening in the plasmonic dip due to

increases in surface roughness.
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Figure 4. Water droplet contact angle comparisons to confirm the hydrophobicity of the

surface.

The silicated surface is further functionalized with PFDTS to increase
hydrophobicity (Figure 4) which is an established technique that does not significantly
increase the surface roughness. As the perfluorinated surface is further functionalized with
either DGS-NTA or GM1, the continuation of the hydrophobicity must be confirmed. The
effects of the DGS-NTA are of note as ganglioside induced changes on surface
hydrophobicity have been previously studied. The change in contact angle is ~8° which is
comparable to the change caused by GM1 maintaining the hydrophobicity required for
antifouling properties. The surface can then be further applied towards biological sensing

applications.

96



Average 10 ug/mL Anti-MAG

=W ™

0.35

% Reflected Intensity

.7 —

0.34

0.33
33 53 73 93 113 133 153 173 193

Time (min)

Figure 5. Sensogram depicting the binding of MAG to the DGS-NTA surface, and

subsequent binding of anti-MAG.

His-tagged MAG, flowed over the surface and bound to the NTA of the DGS-NTA
surface. GM1 was used as a control surface due to an established cross-reactivity of the
anti-MAG to gangliosides. The cross reactivity is due to the glycan modification of the
MAG protein which has been demonstrated to be the antigenic site of the anti-MAG. The

His tag of the MAG was positioned to be opposite of the antigenic site, to reduce any
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interference caused by binding the protein to the surface. Anti-MAG is injected and binds
to the MAG bound. This signal is compared to an unfunctionalized channel, and a GM1
channel to confirm the specific interaction between the anti-MAG and MAG binding. As
the analyte of interest, anti-MAG was sequentially diluted (10 pg/mL-0.1pug/mL), and the
resulting signal measured to form a calibration curve. (Fig 3) Non-specific binding is

prevented due to the antifouling hydrophobic layer provided by the perfluorinated surface.

2.5

y=0.1897x+0.3971

R? = 0.9763 }

H
=

A Reflected Intensity
-

0 2 4 6 8 10 12
ug/mL anti-MAG

Figure 4.6. Calibration curve of anti-MAG SPRi response, and sensograms of the
anti-MAG binding

In addition, relatively little binding was found between the GM1 surface and anti-
MAG. At the lowest concentration of 0.1 pg/mL anti-MAG induced a reflectivity shift of

0.356% RIU. Notably when compared to other glycogenic antibody binding assays on
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SPRi the sensitivity is lower. ¥2The lowered sensitivity is likely due to a multitude of
factors, the distance induced by the length of the MAG being one. In addition to this MAG
can form dimers in solution at the antigenic site, with approximately 20% of MAG forming
this native dimer in solution. 31 The dimer would block access to the glycan modification
on the MAG, and therefore prevent antibody access. Despite this, the sensor can detect
anti-MAG quantitatively whereas the majority of anti-MAG sensors do not detect it
directly, instead relying upon a secondary antibody and subsequent ELISA. To further
demonstrate the effectiveness of the sensor for biologic applications, a complex media was

chosen and tested.
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Urine was the media of choice due to a clinical ease of access and has a found recent

promise in the detection of autoimmune disease biomarkers.**l The procedure that was

implemented for the PBS solutions was repeated with urine analysis. The anti-MAG was

instead diluted in artificial urine, to replicate a patient sample. As expected, a minor loss

in analyte signal was detected, due to interference induced by the urine. However, a

significant portion of the non-specific interactions of the biological matrix are blocked due

to the perfluorinated hydrophobic surface. In addition, the urine did not induce any

significant signal to the GM1 surface.
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Figure 4.8. Calibration curve of anti-MAG SPRi response in artificial urine, and urine
sensogram.

4.4 Conclusion:

In this work we have fabricated a high-throughput label-free quantitative sensor for
anti-MAG. The ability to detect anti-MAG is a powerful tool in the diagnosis and study of
MAG neuropathy due to the similar symptomology of MAG neuropathy but differing
treatment methods compared to other neuropathy pathologies. The quantitative nature of
SPR for anti-MAG is particularly important due to the prevalence of semi-quantitative
Buhlmann titers. While Buhlmann titers have found usage as diagnosis tools, further
studying would benefit from the quantitative sensor discussed. Further work with the Al
SPRi anti-MAG sensing platform could improve the study of anti-MAG neuropathy

further. First, studies performed in whole serum would be beneficial as they would allow
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comparison to detection schemes of other auto-immune antibodies. The comparison of
autoimmune antibodies is a vital field of interest due to the correlation between the specific
antibodies and symptoms and therefore treatment options. Development of a multiplexed
sensor with a variety of antigens such as MAG, GM1, GT1B and other gangliosides can
then be applied to further the understanding interactions between autoimmune neurological

diseases.

102



4.5 References

1.

10.

11.

Gogia B, R.C.F., Khan Suheb MZ, et al., Chronic Inflammatory Demyelinating
Polyradiculoneuropathy. StatPearls [Internet]. 2023, Treasure Island (FL):
StatPearls Publishing.

Allen, J.A., The Misdiagnosis of CIDP: A Review. Neurol Ther, 2020. 9(1): p. 43-
54,

Pascual-Goni, E., et al., Clinical and laboratory features of anti-MAG neuropathy
without monoclonal gammopathy. Sci Rep, 2019. 9(1): p. 6155.

MONIQUE ARQUINT, J.R., LOO-SAR CHIA, JIM DOWN, DAVE
WILKINSON, HAGAN BAYLEY, PETER BRAUN, ROBERT DUNN,
Molecular cloning and primary structure of myelin-associated glycoprotein.
Neurobiology, 1987. 84: p. 600-604.

Bartsch, U., F. Kirchhoff, and M. Schachner, Immunohistological localization of
the adhesion molecules L1, N-CAM, and MAG in the developing and adult optic
nerve of mice. 1989. 284(3): p. 451-462.

Schachner, M. and U. Bartsch, Multiple functions of the myelin-associated
glycoprotein MAG (siglec-4a) in formation and maintenance of myelin. 2000.
29(2): p. 154-165.

Yang LJ, Z.C., Shaper NL, Kiso M, Hasegawa A, Shapiro RE, Schnaar RL. ,
Gangliosides are neuronal ligands for myelin-associated glycoprotein. . Proc Natl
Acad Sci U S A, 1996. 93.

Aaron W. McGee, S.M.S., The Nogo-66 receptor: focusing myelin inhibition of
axon regeneration. Trends in Neurosciences, 2003. 26(4): p. 193-198.

Varki, A. and T. Angata, Siglecs—the major subfamily of I-type lectins.
Glycobiology, 2005. 16(1): p. 1R-27R.

Kelm, S., et al., Sialoadhesin, myelin-associated glycoprotein and CD22 define a
new family of sialic acid-dependent adhesion molecules of the immunoglobulin
superfamily. Curr Biol, 1994. 4(11): p. 965-72.

Collins, B.E., et al., Binding specificities of the sialoadhesin family of I-type
lectins. Sialic acid linkage and substructure requirements for binding of myelin-
associated glycoprotein, Schwann cell myelin protein, and sialoadhesin. J Biol
Chem, 1997. 272(27): p. 16889-95.

103



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mehta, N.R., et al., Myelin-associated glycoprotein (MAG) protects neurons from
acute toxicity using a ganglioside-dependent mechanism. ACS Chem Neurosci,
2010. 1(3): p. 215-222.

Takamiya, K., et al., Mice with disrupted GM2/GD2 synthase gene lack complex
gangliosides but exhibit only subtle defects in their nervous system. Proc Natl
Acad Sci U S A, 1996. 93(20): p. 10662-7.

Pan, B., et al., Myelin-associated glycoprotein and complementary axonal
ligands, gangliosides, mediate axon stability in the CNS and PNS:
neuropathology and behavioral deficits in single- and double-null mice. Exp
Neurol, 2005. 195(1): p. 208-17.

Yamashita, T., et al., Enhanced insulin sensitivity in mice lacking ganglioside
GM3. Proc Natl Acad Sci U S A, 2003. 100(6): p. 3445-9.

Giuseppe Liberatore, C.G., Blesson Punnen Sajeev, Emanuela Morenghi, Fabrizia
Terenghi, Francesca Gallia, Pietro Emiliano Doneddu, Fiore Manganelli, Dario
Cocito, Massimiliano Filosto, Giovanni Antonini, Giuseppe Cosentino, Girolama
Alessandra Marfia, Angelo Maurizio Clerici, Giuseppe Lauria, Tiziana Rosso,
Guido Cavaletti, Eduardo Nobile-Orazio, Sensitivity and specificity of a
commercial ELISA test for anti-MAG antibodies in patients with neuropathy.
Journal of Neuroimmunology, June 08, 2020. Volume 345.

Herrendorff, R., et al., Selective in vivo removal of pathogenic anti-MAG
autoantibodies, an antigen-specific treatment option for anti-MAG neuropathy.
Proc Natl Acad Sci U S A, 2017. 114(18): p. E3689-E3698.

Steck, A.J., Anti-MAG neuropathy: From biology to clinical management. J
Neuroimmunol, 2021. 361: p. 577725.

Delmont, E., et al., Relevance of anti-HNK1 antibodies in the management of
anti-MAG neuropathies. J Neurol, 2019. 266(8): p. 1973-1979.

Terato, K., et al., Preventing intense false positive and negative reactions
attributed to the principle of ELISA to re-investigate antibody studies in
autoimmune diseases. J Immunol Methods, 2014. 407: p. 15-25.

Frese, K., et al., An automated immunoassay for early specificity profiling of
antibodies. MAbs, 2013. 5(2): p. 279-87.

Bumbaca, D., et al., Highly specific off-target binding identified and eliminated
during the humanization of an antibody against FGF receptor 4. MADbs, 2011.

104



23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3(4): p. 376-86.

Chiu, N.F., The Current Status and Future Promise of SPR Biosensors.
Biosensors (Basel), 2022. 12(11).

Li, S., et al., Dextran hydrogel coated surface plasmon resonance imaging (SPRi)
sensor for sensitive and label-free detection of small molecule drugs. Applied
Surface Science, 2015. 355: p. 570-576.

Huo, Z., et al., Recent advances in surface plasmon resonance imaging and
biological applications. Talanta, 2023. 255: p. 124213.

Malinick, A.S., et al., Detection of Multiple Sclerosis Biomarkers in Serum by
Ganglioside Microarrays and Surface Plasmon Resonance Imaging. ACS Sens,
2020. 5(11): p. 3617-3626.

Lauren K. Wolf, D.E.F., and Rosina M. Georgiadis, Quantitative Angle-Resolved
SPR Imaging of DNA-DNA and DNA-Drug Kinetics. JACS, 2005. 127: p. 17453-
174509,

Lambert, A.S., et al., Plasmonic Biosensing with Aluminum Thin Films under the
Kretschmann Configuration. Anal Chem, 2020. 92(13): p. 8654-8659.

Sarigul, N., F. Korkmaz, and I. Kurultak, A New Artificial Urine Protocol to
Better Imitate Human Urine. Sci Rep, 2019. 9(1): p. 20159.

Abbas, A., M.J. Linman, and Q. Cheng, Patterned resonance plasmonic
microarrays for high-performance SPR imaging. Anal Chem, 2011. 83(8): p.
3147-52.

Thomas Wilkop, Z.W., and Quan Cheng, Analysis of p-Contact Printed Protein
Patterns by SPR Imaging with a LED Light Source. Langmuir, 2004. 20: p.
11141-11148.

Malinick, A.S., et al., Surface plasmon resonance imaging (SPRi) in combination
with machine learning for microarray analysis of multiple sclerosis biomarkers in
whole serum. Biosensors and Bioelectronics: X, 2022. 10.

Pronker, M.F., et al., Structural basis of myelin-associated glycoprotein adhesion
and signalling. Nat Commun, 2016. 7: p. 13584.

Morell, M., F. Perez-Cozar, and C. Maranon, Immune-Related Urine Biomarkers
for the Diagnosis of Lupus Nephritis. Int J Mol Sci, 2021. 22(13)

105



Chapter 5: Development and Applications of a Gold Metamaterial for SPR and SERS

Sensing with Unique SERS Specificity
5.1 Introduction

Development of biosensors has evolved greatly in recent years due to the inclusion
of nanomaterials into the sensor’s fabrication processes.[!] Biosensors have found a wide
variety of applications in SPR, SERS, electrochemistry and other surface-based
techniques.?®! Specifically, plasmonic sensors are of particular interest due to their high
sensitivity and intrinsically label free measurement. Fabrication of these systems requires
precise tools and can be both time consuming and difficult while also requiring facilities
that are not widely available. Colloidal methods of synthesizing nanoparticles are simple
and well understood while also capable of being performed on a benchtop.®! In the case of
SPR and SERS, plasmonic metamaterials have been explored as unigue sensors combining
the benefits of both nanoscale plasmonics and the simple thin films.” 8 For SERS,
maximal enhancement occurs when a nanogap is formed between two nanoparticles.®
Development of metamaterials that have consistent nanogap formation is required for
consistent SERS enhancement. While this is commonly performed using clean room
technologies such as photolithography and PVD, colloidal nanoparticle synthesis coupled
with controlled polymerization of nanoparticles are a popular alternative.[*%?1 To do this,

interfacial nanoparticle methods through self-assembly process are enticing.
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Commonly synthesized AuNP’s are citrate capped and therefore highly
hydrophilic. Through introduction of organic solvent, the nanoparticles will form a self-
assembled layer at the interface.l*®1 However, these nanoparticle formations are relatively
disordered. Hydrophobic dithiols have been introduced to link the nanoparticles together,
increasing the ordered nature of them.[**l The dithiol linker is only present in the organic
solvent, while the AuNP’s in the aqueous, they will agglomerate at the interface. However,
the optimal nanogap is much shorter than the distance provided by these linkers, leading to
shorter rigid linkers being beneficial in colloidal interfacial nanoparticle
agglomeration.®®)Girault et al were the first to use a tetrathiafulvalene, a known
semiconducting material as a AuNP linker.[*> 61 This linker provides structural stability
due to a ring structure while also containing the dithiol groups that bind to AuNP’s. Mixing
the organic and aqueous layers causes miniscule amounts of linker to enter the aqueous
phase and scavenge AuNP’s to the interface, forming what they referred to as a AuMeLD.
In doing this a highly ordered nanoparticle array can be formed. The potential of AuMeLD

as an optimal substrate for SERS sensing has been explored.[!” 18]

SERS detection has found a variety of uses in biological and chemical sensors [**-
21 Of particular interest is the usage of SERS as an environmental sensor for toxicants.??]
PCB’s are commonly used as agricultural pesticides and have been found to be
carcinogenic. [?®l SERS has been utilized to detect PCB’s although there was only a limited
literature for a select few. Therefore, exploration of a larger variety of PCB’s is beneficial

to widen the range of detectable toxicants. [2* 251 PCB’s are highly hydrophobic and could
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therefore preferentially bind to aromatic hydrophobic surfaces. This functionality has been

taken advantage of in the design of the PCB sensors. [?6]

In this work we will demonstrate the formation of a gold metamaterial
substrate/surface, fabricated with benchtop methods and DBTTF linkers. We will then
characterize this surface with AFM, SEM, and spectroscopic techniques, and compare it to
other AuNP films. FDTD simulations have been used to determine the hotspot formation
in the films. The ability to couple the substrates to Krestchmann configuration in SPR
instrument was also explored, and the sensitivity to refractive index changes was tested.
Finally, the surface was used as a SERS sensor to detect PCB-126 and was compared to

other methods that utilized graphene to attract the PCB to the surface.
5.2 Methods and Materials:

Gold nanoparticles were fabricated using the Turkovich method.?” In brief, 1.004
mM HAuUCI4 is refluxed. 1% wi/v trisodium citrate was added dropwise until all the citrate
was used. AuNp’s were then spectroscopically measured using UV-Vis to confirm the size

and distribution.

AuMeLD’s were formed from the mixture of a 3.5 uM Dibenzotetrathiafulvalene
(DBTTF) solution and the gold nanoparticle solution. The DBTTF solution is prepared in
3:1 HCCI3:EtOH, as the ethanol was required to act as a carrier for the DBTTF between
the aqueous and organic phases. The solutions were added together in a 2.5 mL vial and
subsequently alternated between sonication and vortexing for thorough mixing of the

organic and aqueous phases. The scavenging of the gold nanoparticles from the aqueous
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solution was confirmed through a color change present in the aqueous layer, wherein it
transitioned from a deep red color to a blue color. This is due to the starting of
agglomeration of the nanoparticles. As the mixing continued, the organic phase developed
a distinctive shiny golden color indicating the formation of the metamaterial surface. This

process is demonstrated in Figure 1.
AuMelD:

NaCl and DBTTF
> ~~ AuMelD
A transferred to
. water

Vortexing

DBTTF:

CL—~10 o

,~ Glass is passed through
the floating film

AuUNP film on
glass

Figure 5.1 The workflow to fabricate AuMeLDs, from nanoparticles to surface transferal.

The solid substrate was formed by depositing the metamaterial layer, which was
selectively pipetted from the organic layer, onto a glass slide. The residual solvent was then

air dried and the surface was washed 3 times with alternating ethanol and ultrapure water
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washes to remove excess citrate and DBTTF. The structure of the solid-backed AuMeLD
metamaterial is confirmed through a Dimension 3100 Nanoman AFM and a ThermoFisher

Scientific NNS450.

An alternative method of nanoparticle film formation is achieved through the usage
of a polyaniline film, a positively charged polymer. The citrate capped nanoparticles were
attracted to the polymer and formed a self-assembled monolayer. In addition, self-

assembled AuNP’s were also tested on bare glass to confirm the benefits of a rigid linker.

SPR measurements were performed on Nano6 NanoSPR [?8l. The sensitivity to
refractive index was determined using serially diluted glucose solutions. PCB-126
solutions were prepared to 500 uM concentration in acetone. 1 uL of solution was then
drop casted onto the AuMeLD substrate, and subsequently air dried before use. Graphene
Oxide was fabricated using established protocols?®! and was drop-casted onto a subset of

AuMeLD surfaces for comparison.

FDTD simulations were performed using EM Explorer software. The refractive
indexes of Au and BK7 glass were obtained from web databases.!?® 3 Simulations were
performed with a Yee cell size of 5 nm, 5 nm, and 1 nm in the x, y and z axis respectively.

These results were compared to UV-vis results obtained using ATR dove prism reflection.

Raman measurements were performed using a Horiba LabRam instrument. The 552
nm laser’s power was 60mW with 10% laser power being used to prevent surface damage
of the substrate. The objective lens was x50 LW. System setting was set with an

accumulation time of 5s with 5 accumulations per measurement, with smoothing
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performed by the LabSpec6 software. Further fitting was performed, if necessary, with the
Othala Raman package software, and further analysis was performed through

RamanToolSet.H

5.3 Results & Discussion:

Surface Characterization:

-

Figure 5.2 a) SEM image of AuNP’s formed onto a PAH surface. b) SEM image of

AuMeLD. c¢) AFM image of AuMeLD including measurements of surface roughness.

SEM and AFM results indicate the structural formation of the nanoparticle film
fabricated using the AuMeLD formation. As can be seen in Figure 1, DBTTF as a linker

forms a hexagonally close packed structure that is tightly ordered forming the nanogap
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necessary for SERS. Conversely, the AuNP film assembled onto the PAH substrate did not
form tight structure and therefore lacked the nanogap requirement that facilitates optimal
SERS. The AFM further confirmed the packing of the AuNP’s as well as the overall surface
roughness, which is particularly important for SPR measurements. The thickness of the
AuMeLD film was greater than the size of an individual NP, with a trilayer as the
predominant formation. This effect is due to the dimensions of the interfacial area between

the organic and aqueous phases.
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Figure 5.3. FDTD of hexagonally packed gold nanoparticles, demonstrating both
LSPR and SPR behavior. A scheme depicting the surface packing of AuNP’s and coverage

of the AuNP’s by DBTTF.

Based upon the SEM and AFM results, FDTD was used to simulate the system and
confirm the presence of hotspots in the metamaterial necessary for SERS. The  spacing
and packing of the nanoparticles was determined by the SEM and length of DBTTF. In
addition to the hotspot formation that was seen with FDTD, the formation of a larger
evanescent wave was also observed. The metamaterial nature is demonstrated in Figure 3,
wherein the hot spot formation can be seen on the surface of the nanoparticle assembly,
while also a larger evanescent pattern is also formed. This is definitional for a metamaterial

as the system demonstrates LSPR and SPR effects. This can then further be confirmed with

113



UV-vis spectroscopy for the LSPR and with Krestchmann configuration angle dependent

spectroscopy for the SPR effect.

LSPR and SPR:
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Figure 5.4. A comparison in the UV-vis spectra of the AuNP’s, and the AuMeLD and PAH

nanoparticle fabricated from said AuNP’s.

To further confirm the differences between the PAH film and AuMeLD film, UV-
vis was performed, and peak intensity and full-width half maximum were compared, as

shown in Figure 4. The PAH film lacks surface coverage indicative by the relatively low
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absorbance and lacks surface consistency noted by the broad peak width. The peak
maximum of the AuNP’s also corresponds to the size of NP. Notably, the AuMeLD
spectrum was significantly red shifted due to the formation of the nanoparticle array, with
a high absorbance indicative of high surface coverage. Further spectroscopic techniques
were used for confirmation of the thin film nature of the metamaterial which cannot solely

be determined through UV-vis spectroscopy.
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Figure 5.5. Comparison of the experimental and theoretical reflection of 650 nm light onto

the AuMeLD surface.

115



To confirm the metamaterial nature of the AuMeLD surface, the macro thin film
behavior had to be demonstrated. This is confirmed through reflection measurements, as if
solely LSPR behavior was found, the incident angle would not influence the spectra. The
structural differences between the simulated ideal and the real system account for the
computed reflection differences in the specific plasmonic angle. The angle dependent
response indicated a potential usage as a refractive index sensor for SPR applications. The
capability as an SPR sensor is further confirmed through a sequential calibration of
sensitivity to refractive index using serially diluted glucose solutions as seen in Figure 4.
The sensitivity to refractive index changes was greater than what is traditionally found with
a 50 nm gold film. However, the error for a system as simple as glucose solutions was too
large to demonstrate feasibility as a refractive index sensor. While the thin film nature of
the AuMeLD metamaterial is not optimal for usage as an SPR sensor, there are other
benefits of metamaterials regarding their ordered structure that allow for increased SERS

sensitivity.
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Figure 5.6. A sensogram demonstrating the change in reflected angle based upon bulk
refractive index change. Calibration curve with triplicate measurements comparing the

angle shift to the refractive index of the bulk.

SERS Sensitivity:

Initial SERS of the AuMeLD was compared to powdered DBTTF as well as a
variety of alternative plasmonic platforms. DBTTF was used as the initial analyte for
comparison due to being fundamentally present in the AuMeLD system. The concentration
of DBTTF drop-casted onto the substrates was equivalent to the concentration of DBTTF
in the solutions used for AuMeLD formation. As can be seen in Figure 7, AuMeLD has the
most significant enhancement compared to Al, Au, and self-assembled AuNP’s. Whereas
Al and Au demonstrated almost no SERS signal, self-assembled AuNP’s did due to the
presence of LSPR hotspots, although they are not comparable to the enhancement of the

AuMeLD. This confirmed the enhancement effect in the simplest case, of the already
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present interfacial glue, and therefore a continuation of evidence demonstrating SERS

enhancement was performed using a model compound.

SERS of Differing Surfaces
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Figure 5.7. Comparison of the SERS signal of 3.5 uM DBTTF on a variety of plasmonic

substrates (Al, Au, AuNP self-assembly, and AuMeLD) to the powdered DBTTF.

Lipoamide was chosen to confirm the viability of the surface as a sensor, a well-
controlled surface binding paradigm as well as a biologically relevant metabolite. *21 The
covalent binding of the dithiol to the Au surface allowed for direct proximity to the hotspots
necessary for SERS. The concentrations of lipoamide deposited onto the AuMeLD surface
were serially diluted to determine the overall sensitivity to the analyte. The peak of 1132
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cm™ was chosen as the signature peak for lipoamide due to being correlated with lipoic
acid in other work and not overlapping with the present DBTTF peaks.[*¥ The linear range
of detection was from mM to aM concentrations. The detectable range is comparable to the
detection of lipoic acid using silver SERS substrates, where nM concentrations were found
to be the limit of detection.*¥] In a gold system the gold-thiol bond is the prominent
mediator. However, in this silver system with a lack of gold, the lipoic acid adsorbed using
the carboxylate group. This effect explains the increased sensitivity of the Au SERS
system towards lipoamide due to the strong covalent nature of the thiol-gold bond. Further
SERS testing is still necessary, using an analyte that does not covalently bond to the

surface, corroborating the SERS efficacy of the sensor.
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Figure 5.8. a) SERS spectra of lipoamide compared to bare DBTTF and bare gold. b)

Calibration curve of lipoamide using peak 1121 cm™ ¢) Peak assignment of 1121 cm™
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The SERS analyte chosen was PCB-126 because PCB’s are common
environmental toxins, and the highly aromatic structure present provides a distinct SERS
fingerprint that makes them an ideal substrate to analyze. PCB-126 and other dioxin-like
PCB’s have been associated with a variety of diseases through binding to aryl hydrocarbon
receptors wherein PCB-126 is the strongest binder in the PCB series.?®! Binding to this
receptor leads to a variety of health effects, including disrupting inflammation pathways,
embryonic development, and effecting gut microbiota.l***%! In addition to this, detection of
PCB-126 has not been fully studied using SERS, whereas other PCB’s such as PCB-47 and

PCB-77 are well documented.
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Figure 5.9. Specific peaks of PCB-126 can be used that do not overlap with the peaks

present in DBTTF and can be used for PCB-126 detection. In addition, the Raman peaks
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can be associated with simulated movements of the PCB based upon the work of Lai et al.

[37]

Raman spectra for both powdered DBTTF and powdered PCB-126 were compared
to determine the spectral peaks that lack overlap. In addition, this work done by Lai et al
has predicted the Raman spectra for the entire series of PCB molecules and attributed them
to specific vibrational modes.E”l These theoretical results match the results of our
experimental pure PCB-126 sample. Based upon the distinct PCB-126 peaks at 1593 cm™,
1300 cm™ and 567 cm, the analyte was separated from the distinct peaks of the interfacial
glue. The distinct peaks of the glue, however, can be used as an internal standard as the
concentration of DBTTF on the surface is consistent since it is solely dependent on the
loading efficiency of the AuNP’s. As these peaks can be attributed to specific vibrational
modes in the PCB molecule, an understanding of the chemical enhancement caused by the
presence of DBTTF can be determined. Confirmation of the chemical enhancement can be
achieved through a multistep comparison in SERS signal between the self-assembled
AuNp’s on glass, and the AuMeLD. Comparison between the self-assembled AuNP’s and
the AuMeLD confirms the necessity of the interfacial glue for SERS enhancement, through
both the chemical enhancement caused by the DBTTF and the increased SERS
enhancement due to the consistent nanogap formation caused by the DBTTF. The
concentration of PCB-126 used for this testing is 1.534 uM. The detectable PCB-126 is

equivalent to the concentrations detected using other PCB SERS systems. [2°]

SERS Orientation:
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Of note is the difference between the peaks of the powder PCB-126 sample and that
of the PCB-126 on AuMeLD. Generally, it would be expected that the highest intensity
peak would remain the prominent peak under enhancement. However, this is not the case
with this system wherein the most prominent SERS peak is at 560 cm™ and 612 cm?,
compared to the powder sample peaks at 1593 cm™ and 1293 cm™* with only minor peaks
at 560 cm™ and 600 cm™. This effect has previously been attributed to chemical
enhancement caused by SERS. To further explore this the same system was analyzed with
a graphene-AuMeLD surface. Both DBTTF and graphene form n-x stacking interactions
causing PCB-126 to preferentially bind the parallel to the respective molecule. In this way
PCB-126 will be oriented parallel to the nanoparticle as opposed to perpendicular as shown

in Figure 10.
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Graphene vs Bare AuMelLD
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Figure 5.10. The differing SERS spectra between a bare AuMeLD surface, and an
AuMeLD surface with a layer of graphene. The position of PCB-126 relative to the

nanoparticle surface, dependent on the graphene modification.

The differences in the peak enhancement between the graphene system and bare
AuMeLD can be correlated to the directionality of PCB-126 on the surface relative to the
position of the nanoparticle. SERS is dependent on the cross-section of the molecule
relative to the excitation source and the ability of the bonds to vibrate, with both effects
being causes of the selective enhancement shown. Similarly, vibrational modes that are
normally considered to be Raman forbidden can be seen in SERS systems.[*8 Based upon
Figure 9, the differing relative peak intensities of PCB-126 can be seen with two differing
chemical systems with identical plasmonic structure. The differing signal indicates that
there is specific enhancement caused by the DBTTF presence due to the relative positions

of the analyte relative to the nanoparticle surface. Notably there is the presence of the 440
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cm™?, 677 cm™, 1192 cm, and 1614 cm™ peaks that are present with graphene surface and
not with a bare AuMeLD. Similarly, the prominent peaks in the bare AuMeLD sample are
not present at all, indicating a distinct difference in the chemical enhancement caused by
the SERS. In this way AuMeLD sensors demonstrate a method to distinguish different
Raman responses in a molecule through semi-selective enhancement induced by the
positional effect. This system is focused towards highly aromatic systems to take advantage

of the rigidity of the substrate and specific binding of & systems.
5.4 Conclusion

In this work we have demonstrated the fabrication of a SERS metamaterial
substrate with an interfacial glue and gold nanoparticles to form an ordered thin film. This
film is then used for SERS detection of a dithiol containing metabolite, lipoamide, with a
LOD in the aM range which is below previously reported results for similar metabolites
using SERS. To further elaborate on the uses of the substrate for SERS detection, an
environmental toxin, PCB-126, was detected and distinct changes in the relative intensities
of the Raman spectra. This phenomenon spurred further investigation into the chemical
enhancement effects caused by SERS through the application of graphene oxide to the
AuMeLD surface. Further work with this substrate can explore the effect of the binding
position of the analyte on the resulting SERS signal. This effect could be further explored
through simulations of the vibrational modes of PCB-126 to then compare it to the

experimental results.
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Chapter 6: Conclusion and Future Perspectives

6.1 Summary of Dissertation Work

The work discussed in this dissertation focused on the development of plasmonic
substrates with initial development focused on simulations to a realized sensor chip for
eventual biological and environmental applications. Initially this was performed through
optical simulations to best predict the behavior of aluminum thin films as an SPR substrate,
which demonstrated increased sensitivity compared to the conventional gold substrates.
The aluminum system was then fabricated and a new SPR material was now available for
further sensor development. Not only were SPR sensors the sole target, but SERS sensors
also were found to be a powerful plasmonic tool, particularly in the detection of small
molecules that are common pollutants. The understanding of biological systems through
biosensors has grown on the back of bioanalytical devices which require the further
development of the fundamental basis of said sensor. Furthering the surface substrate for
the purposes of SPR and SERS reveal new possibilities and properties in the understanding
of biologically important molecules. There are many directions with which the new surface
technologies could follow, but I will be focusing on the usage of aluminum substrate and
taking advantage of the novel plasmonic behavior for the purposes of furthering biological

sensing.

6.2 Potential Future Research Areas

6.2.1 Aluminum SPR
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In Chapter 2&3 of this work we discuss the development and application of
aluminum thin films for SPR. In Chapter 3 there is particular discussion of the effects of
thick aluminum oxide on the plasmonic response with regards to excitation light
polarization and the specific response to refractive index changes in the bulk versus the
surface. In this work the theoretical case is explored and the specific expected response and

optimized surface characteristics.

The direct experimental application of the waveguide aluminum/aluminum oxide
surface discussed in Chapter 3 with existing instrumentation has not been explored. The
formation of the oxide surface would have to be undertaken using RF sputtering.™
Whereas previous methods of oxide deposition that have been previously discussed such
as physical evaporation chemical vapor deposition are powerful tools for silicon oxide, the
same are not available for aluminum oxide.>*! RF sputtering in particular is required due
to the difficulty in the formation of aluminum oxide vapor and the quality of the film.
Precision is required in the deposition of the aluminum oxide as waveguide formation has
very narrow matching conditions.[®] Furthermore, structural integrity of the oxide layer
must be determined as the increased thickness reduces film integrity.[® This is particularly
important when coupled to instrumentation as microfluidic flow-cells induces extra
pressure onto the thin film. To take full advantage of the waveguide behavior of the chip,
modifications to existing instrumentation is necessary to quickly alternate between s and p
polarizations. Automated polarization changes allows for a sensor that takes advantage of
the differences in sensitivity between s-polarization sensitivity to bulk and surface

refractive index changes equally, and the p-polarized response which differs between the
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method with which the refractive index shifts. This effect can be confirmed through
classical SPR experiments using polymer growth and bulk shifts with salt solutions.[ This
system could then be applied for more complex chemical studies such as biological

systems.

The study of protein conformation changes in real-time is a difficult process, and
most methods rely upon fluorescent labels.®®! While fluorescence is a powerful tool, the
label can effect the structure of the protein of interest and therefore limit the explorable
systems.’l' Specifically, this would allow SPR to detect changes induced by small
molecular binder which cause protein conformer changes. Under normal SPR conditions,
the minimal changes induced by protein conformer changes would not be detectable due
to the bulk shift induced by the small reducing preventing the specific detection of the
protein signal.2 However, the aforementioned SPR sensor with the ability to distinguish
between surface and bulk refractive index changes would allow for a more precise

measurement said changes in protein structure on the surface of the oxide.

There are a variety of proteins of possible study of their conformer effects. A wide
range of proteins can be studies in this method, including Abelson tyrosine kinase, a known
cancer related protein with an FDA approved drug, imatinib.[** This system has been
thoroughly studied using molecular dynamics simulations in conjunction with protein
crystallography and NMR.[214 |n this particular system problems can arise due to the
relative small conformer changes which may make detection difficult even with the ability
to distinguish between bulk and surface changes. A possible method to overcome this,

would be to utilize a secondary binder that only binds to drug-protein complex, however
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this would require extensive engineering regarding the chemical probe necessary, and
would reduce the benefits of SPR as a method that is label free.[!>17] The strength of SPR
detection is in the determination of kinetics with real time data acquisition, current protein
conformer studies frequently focus on chemical specific changes using NMR, FTIR or
mass spectrometry, the addition of SPR would provide supplemental information to these
techniques.[*82!1 Another example protein of interest is epidermal growth factor receptor
(EGFR), although this demonstrates another difficulty of many of protein systems, their
reliance upon sufficient cell mimicry (such as the presence of a lipid bilayer) for native

protein folding. [2-%°]
6.2.2 Autoimmune Disease Detection

As discussed in chapter 4, wherein anti-MAG is detected for the purposes of
eventual use as a biomarker for diagnosis of anti-MAG associated neuropathy this platform
could be similarly applied for other similar diseases. This would be achieved by taking
advantage of the multiplexed nature of the SPRi platform, that can have an array of surface
bound antigens associated with autoimmune diseases. Work similar to this has been done,
focusing on the study of multiple sclerosis, although I propose that it could be expanded to

more autoimmune diseases as there is frequently comorbidity among them.[?® 271

The development of the array could contain a variety of antigens including but not
limited to, GM1, GA1, GT1B, GQ1B, MAG etc.[?®31 The cross reactivity of the auto-
immune antibodies for these can then be tested and compared, as well as eventual use in a

mixed sample. To further distinguish between analyte responses, machine learning can be
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employed with the large amount of information obtained by the array. Due to noted
antifouling effects of perfluorinated surfaces, analyte detection could occur in whole
serum. This could then be applied to patient samples for further understanding of these
auto-immune neurological diseases. Through comprehensive analysis of a variety of auto-
immune conditions and comparison between them accurate diagnosis based upon antibody

levels is a possibility.
6.2.3 SERS

SERS is a powerful tool in the detection and understanding of the chemistry of
molecular vibrations. SERS greatest strength, the ability to detect the presence of many
chemical bonds, is also its downside due to the overlap between a variety of bonds and the
inconsistencies induced by the enhancing surface.*? In the work discussed in Chapter 5,
an interesting effect is observed wherein based upon the surface chemistry and subsequent
interactions with the analyte of choice, specific SERS peaks can be more selectively
enhanced. Further data analysis to process and interpret SERS data would be very

beneficial to better understand this effect.

To properly take advantage of the benefits of SERS and more modern analysis
techniques, machine learning becomes a powerful tool in SERS analysis.[**2¢1 Random
forest machine learning models not only support the identification of whole SERS spectra
from each other, but can also establish significant peaks allowing for a better understanding
of how the spectra separation occurs.*” %8l This can be applied to systems that are very

similar, such ones with minor surface chemistry differences, to determine which Raman
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bands are being enhanced by SERS upon specific molecular orientation relative to the
surface. The amount of data provided by SERS and the aforementioned complexity of the

data makes machine learning an ideally suited technique in the data analysis process.
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Appendix

A.1 Example Code for Large Scale Fresnel Simulations

This code was written in R and can be used for large scale Fresnel calculations. It
requires refractive indexes for the materials of interest over the wavelength selected.
Fitting is performed ahead of time to solve the equations of the refractive indexes. This
data will calculate the sensitivities for a variety of wavelengths and thicknesses of a

selected material. In the process the plasmonic curves will also be determined.
packages = c("writex!","plyr")
## Now load or install&load all
package.check <- lapply(
packages,
FUN = function(x) {
if ('require(x, character.only = TRUE)) {

install.packages(x, dependencies = TRUE)

library(x, character.only = TRUE)
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angleslist = (read.csv("angles.csv", header = TRUE))

angles <- (angleslist)

Angle = angles*(180/pi)

Thickness = seq(15,100,.5)

finalslopedata2 = data.frame(1)

for (number in seq(1,1900,1)){

finalslopedata2add = number

finalslopedata2 = chind(finalslopedata2,finalslopedata2add)

finalsensidata = data.frame(1)

Rllist = read.csv("RIs.csv" , header = TRUE)

Rls <- (Rllist)

for (alox in seq(15,100,.5)){

finaldata = data.frame(Angle)

finalmindata = data.frame(1)

for (x in seq(650,650,.5)){

for (RI'in seq(1.333,1.342,.003)){

140



kO = pi/(x)

N2 = -2.58398831E-16*(x)"6 + 1.21889598E-12*(X)"5 - 2.23625478E-09*(X)4 +
2.01168212E-06*(x)"3 - 9.23109586E-04*(X)"2 + 2.06035486E-01*(x) -

1.72850081E+01

k2 = -6.40631981E-17*(X)"6 + 2.18495660E-13*(X)"5 - 2.32544679E-10%(x) +
5.07210538E-08*(x)"3 + 4.40788366E-05*(X)"2 - 9.96258026E-03*(x) +

2.52441859E+00

k3 = -3.8241746E-17*(X)"6 + 2.3737886E-13*(x)"5 - 5.8454572E-10*(X)4 +

7.2129006E-07*(x)"3 - 4.5999094E-04*(x)"2 + 1.3764291E+01*(x) - 1.3359111E+01

n3 = 1.7079390E-17*(x)"6 - 1.2009652E-13*(x)"5 + 3.4148543E-10*(X)"4 -
4.9932119E-07*(x)"3 + 3.9189581E-04*(x)"2 - 2.06035486E+01*(x) +

1.72850081E+01

for (angle in angles){

#polarization = TM

nl <-1.456

kl<-0

N1 = complex(re=nl,im=k1)

sinl <- complex(re=sin(angle), im=0)

cosl <- (sgrt(1-(sin1"2)))
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epsilonl.1 = ((n1)"2)-((k1)"2)

epsilon2.1 = 2*n1*k1

epsilon3.1 = complex(re=epsilonl.1,im=epsilon2.1)

k1l = (N1*k0*(cosl))

thickl <-0

N2 = complex(re=n2,im=k2)

sin2 = (sin1*N1)/N2

cos2 <- (sqrt(1-(sin2"2)))

epsilonl.2 = ((n2)"2)-((k2)"2)

epsilon2.2 = 2*n2*k2

epsilon3.2 = complex(re=epsilonl.2,im=epsilon2.2)

k2 = (N2*k0*cos2)

thick2 <- 13

N3 = complex(re=n3,im=k3)

sin3 = (sin1*N1)/N3

cos3 <- (sqrt(1-(sin3°2)))

epsilonl.3 = ((n3)"2)-((k3)"2)
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epsilon2.3 = 2*n3*k3

epsilon3.3 = complex(re=epsilonl.3,im=epsilon2.3)

k3 = (N3*k0*cos3)

thick3 <- alox

n4 <- Rl

k4 <-0

N4 = complex(re=n4,im=Kk4)

sind = (sin1*N1)/N4

cos4 <- (sqrt(1-(sin4”2)))

epsilonl.4 = (( n4)"2)-((k4)"2)

epsilon2.4 = 2*n4*k4

epsilon3.4 = complex(re=epsilonl1.4,im=epsilon2.4)

k4 = (N4*k0*cos4)

thickd <-0

r12 = ((k1/epsilon3.1-k2/epsilon3.2)/((k1/epsilon3.1)+(k2/epsilon3.2)))

r23 = ((k2/epsilon3.2-k3/epsilon3.3)/((k2/epsilon3.2)+(k3/epsilon3.3)))

r34 = ((k3/epsilon3.3-k4/epsilon3.4)/((k3/epsilon3.3)+(k4/epsilon3.4)))
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layer2 = exp(complex(re=0, im=4)*k2*complex(re=thick2,im=0))

layer3 = exp(complex(re=0, im=4)*k3*complex(re=thick3,im=0))

layerd = exp(complex(re=0, im=4)*k4*complex(re=thick4,im=0))

r123 = (r12+(r23*layer2))/((complex(re=1,im=0)+(r12*r23*layer2)))

r234 = (r23+(r34*layer3))/((complex(re=1,im=0)+(r23*r34*layer3)))

r1234.1 = (r12+r234*layer2)

r1234.2 = (complex(re=1,im=0)+(r12*r234*layer2))

r1234.3 = (r1234.1/r1234.2)

rconj = ((Conj(r1234.3)))

reflection = (r1234.3*rconj)

reflectionabs = abs(reflection)

angledegree = angle*(180/pi)

alldata <- data.frame(reflectionabs)

finaldata <- cbind2(finaldata, alldata)
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write.csv(finaldata, "results.csv")

compileddata = (read.csv("'results.csv", header = TRUE))

for (column in seq(3,7606,1)){

spectra = compileddata[, c(column)]

minimum <- 49.95+.05*which.min(spectra)

mindata <- data.frame(minimum)

finalmindata <-cbind2(finalmindata, mindata)

write.csv(finalmindata, "minresults.csv')

mindata =(read.csv("minresults.csv"))

finalslopedata = data.frame(1)

for (column2 in seq(3,7602,4)){

mini = unlist(mindata[, c(column2,column2+1,column2+2,column2+3)])

refractiveindex <- ¢(1.333,1.336,1.339,1.342)

minimums <- ¢c(mini)
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mod <- Im(minimums ~ refractiveindex)
slope <- coef(mod)[2]
slopedata <- data.frame(slope)

finalslopedata <- chbind2(finalslopedata, slopedata)

names(finalslopedata?) <- names(finalslopedata)

finalslopedata2 <- rbind2(finalslopedata2, finalslopedata)

write.csv(finalslopedata2, "auresults.csv")
A2. Terahertz Simulations and Chip Fabrication

Terahertz simulations were performed as a possible alternative plasmonic
material for sensing purposes. The sensor chips were designed to take advantage of the
far-IR capabilities of commercial FTIR instruments, while also having a unique THz

microstructure design. All simulations for this were performed using CST studio.
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Figure A2.1 Structural simulation of the “UC” chip, as dual split ring resonators are

optimal for THz response.
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Figure A2.2 Spectral response of the UC chip with noted areas of high absorption.
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Figure A2.4 Fabricated UC chips based upon the specifications simulated.
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