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Abstract

Using interferometric lithography (IL) in a double exposure process a library of different arrays of
gold nanostructures was formed. Self-assembled monolayer resists were patterned by exposure to
an interferogram formed using a Lloyd's mirror interferometer, in which a sample and a mirror are
placed at an angle @ relative to each other, and etched using mercaptoethylamine in ethanol.
Patterning using a single exposure yielded gold nanowires with pitches in the range 110 nm — 270
nm and lengths of up to 1 cm. The pitch of these lines was controlled by changing the angle
between the sample and the mirror in the interferometer. Using a double exposure process in which
the sample is rotated between exposures, it was possible to fabricate arrays with a variety of
different geometries. After annealing, extinction spectra were significantly changed and exhibited
strong plasmon bands. It was found that the energy of the localized surface plasmon resonance
(LSPR) was controlled by changing the pitch in the interferometer, the etch time, and the geometry
of the arrays. The LSPR peak was typically in the range 500 nm to 750 nm. The extinction spectra
of samples fabricated using small values of fyielded strong plasmon bands, the gold nanostructure
arrays functioned as label-free LSPR sensors. After the immobilisation of streptavidin and IgG on
the gold nanostructure arrays, a red shift was observed in the position of the LSPR. The adsorption
kinetics of streptavidin on biotinylated gold surfaces were characterised by spectroscopic
ellipsometry, and the measured shifts in the position of the plasmon band following binding of
streptavidin to biotinylated gold nanostructure arrays was found to be closely correlated with the
adsorption kinetic data obtained using spectroscopic ellipsometry. After attachment of synthetic
maquette light-harvesting proteins to gold nanostructures, the surface plasmon resonances were

found to split. This splitting in the spectra was attributed to strong coupling between the localised



surface plasmon resonances and excitons in the proteins. Gold nanostructure arrays can be reused
many times following cleaning in cold piranha solution, thus facilitating the convenient acquisition

of repeat measurements under identical conditions.

Cysteine methacrylate (CysMA) was synthesised via the thia-Michael addition of cysteine to a
commercially available acrylate precursor. Poly cysteine methacrylate (PCysMA) brushes were
grown from gold nanostructure arrays that had been functionalised by adsorption of a brominated
thiol using atom transfer radical polymerisation with the bromine acting as an initiator. The
thickness of the brush layer was controlled by controlling the polymerisation time, while the
kinetics of brush growth were measured using spectroscopic ellipsometry and AFM. PCysMA
brushes exhibited pH-responsive behaviour: at neutral pH, the polymer is zwitterionic, while at
pH <2 and >12, the polymer acquired a net charge, leading to increased repulsion between surface-
grafted chains and an increase in swelling away from the substrate. Using both spectroscopic
ellipsometry and UV-vis spectroscopy, shifts in the plasmon band were observed as a function of
the swelling state of the polymer. AFM was used to measure the growth of PCysMA from gold
nanostructure arrays. It was found that the increased free volume impacts brush morphology by

boosting the brush thickness.



1. Introduction

1.1 Plasmonics

Plasmonics is a rapidly growing field of nanoscience that focuses on investigating the phenomena
caused by the extraordinary, nanoscale optical responses in metals.! At a metal surface, the
conduction electrons oscillate about mean positions at a characteristic frequency known as the
plasma frequency.? Resonant coupling of these mechanical displacements to electromagnetic
radiation leads to the formation of surface plasmon polaritons, quasi-particles in which the
properties of light and matter are mixed.? These are able to propagate on the surface for tens to
hundreds of micrometers, after which they typically fade away due to the absorption that takes
place in the metal and the scattering that occurs via the dielectric medium. The surface electrons
associated with metal nanostructures can also couple to electromagnetic radiation, leading to the
formation of confined optical modes, known as localised surface plasmon resonance (LSPR).*
The field of plasmonics has therefore developed at the interface of photonics, electronics, and
nanotechnology to become a promising field of science and technology.*> The popularity of
plasmonic nanostructures has increased significantly in recent years as such materials produce
extreme from of light concentration and manipulation, making them extremely beneficial for
optical physics and devices.%’

The dielectric constant of the material and the medium used, as well as the geometrical size of the
nanostructures concerned, determine the relevant plasmon resonance frequency.®® Plasmonic
structures, thus displaying sensitivity to the optical constants of the selected medium.'%!! In surface
plasmon resonance, the sensitivity of surface plasmon polaritons to changes in the refractive index
at the surface is used to measure the binding of analytes at the surface of plasmonic.'?!3 Polaritons

are hybrid particles made up of a photon strongly coupled to an electric dipole. SPR biosensors



are capable of detecting even minute changes in the refractive index when biomolecules interact
with immobilized receptors on the surface of the optical transducer while the optical transducer
converts light into electrical charge.'* Plasmonic nanoparticle applications have gained widespread
attention over in the last couple of years'> due to their substantial absorption and broad scattering
cross-sections, which lead to very large extinctions, making these particles are well suited for use
as reporters in a variety of types of sensor. For instance, lateral flow immunoassays (LFIA) can be
used with any protein, hapten, nucleic acid, or amplicon to detect both small and big molecules.
Rapid qualitative tests can also be performed using a visual marker, such as gold, carbon, or
coloured latex nanoparticles, and such tests can then be improved by employing a reader to

transform data into a fully quantitative readout.!>!7:18

1.2 Applications of plasmonics

Plasmonics as a category first emerged in the 1950s when surface plasmon polaritons were initially
discovered.'>?* Nanoplasmonic materials have since attracted interest across a wide range of
applications, in fields including ranging across chemistry, physics, medicine, biology, and

engineering.

The properties of plasmonic structures can be controlled by regulating their structural features such
as nanoparticle size and crystal morphology.?' Their production of a range of spectral responses to
biological, mechanical, and chemical control stimuli then allow them to be employed to create a
variety of plasmonic sensors. Plasmonic biosensing techniques use metal nanostructures, such as
Au, with biomolecules attached to the surfaces of the plasmonic nanostructures directly or through
other linkers, as shown in the schematic diagram in Figure 1.1. Electrons on a bare Au

nanostructure surface resonate at a certain at Aispr prior to binding,?? with the value of ArLspr



changes depending on the nanostructures' shape, size, composition, and surrounding environment.
When biomolecules bind to nanostructures, the local refractive index changes, leading to a change
in the energy of the plasmon band in the optical spectrum as shown in Figure 1.1. The high
extinction coefficients of metal nanoparticles mean that these shifts in the plasmon band are

measurable; they can therefore be used as the basis for the design of sensors.
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Figure 1.1. Schematic of (a) Au nanostructures before and after biomolecules are binding and (b) spectrum before
and after biomolecules binding.??

1.2.1 Solar cells

Plasmonic particles have large extinction coefficients, and plasmonic nanoparticles can scatter
light back into photovoltaic structures.?* Researchers have therefore made significant attempts to
exploit these properties in order to improve the efficiency of solar cells by enabling them to absorb
more light, and the numerous resulting semiconductors and solar cell designs have indeed shown
improvements in photocurrent generation. Through the use of plasmonic devices, light can be
captured, and its energy transferred to incredibly thin semiconductor layers, creating free charge
carriers that can stimulate a flow of current. When a plasmon resonance is activated, energy is

transferred via the robust electromagnetic field that surrounds a nanoparticle. The plasmon energy



can then be transmitted to surrounding semiconductor material through this near-field and excited

charge carriers there.?*

1.2.2 Biomedical applications

In addition to being photostable and thus applicable to bio-nanoprobes, plasmonic nanoparticles
can also scatter light strongly.?> This means that they are easy to identify using dark-field
illumination and similar sensing methods, making them effective for use in various in-vitro

biological settings as shown in Figure 1.2.
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Figure 1.2 Schematic diagram of a nanoparticle functionalised with a probe biomolecule.

Nanoparticles can also be used to examine interactions between other nanoparticles and cells. In
order to identify biomolecules and proteins that can be used to treat specific diseases, gold and
silver nanoparticles are thus used as plasmonic biosensors.?® For example, a nanoparticle is
functionalised with a probe biomolecule, such as an antibody or oligonucleotide, the binds the
analyte can be used as an antigen. In a second step, a reporter (a polyclonal antibody or

oligonucleotide) is functionalised with a fluorophore (exciton) and is bound to the analyte.



The unique optical, electrical, and thermal properties of gold and silver nanoparticles make them
ideal for use in molecular diagnostics and antimicrobial coatings.?’

Metallic nanoparticles and nanoshells are more commonly employed in optical biosensing.?® Each
localised surface plasmon has a resonance frequency that is highly sensitive to the dielectric
constant of its surrounding medium. Thus, any changes to the dielectric constant of this medium
create movement in the surface plasmon resonance frequency, even if only a single molecule
attaches to the metallic nanoparticle. Modern-day optical methods can then be employed to
measure this resonance frequency. As an example of biomedical applications, plasmonic

nanoparticles are now used in microscopy and cancer treatment.

1.2.2.1 Microscopy

Plasmonic nanoparticles are commonly employed in electron microscopy (such as, transmitter
electron microscopes, scanning electron microscopes, and fluorescent microscopes) to label
functional components of cells and other biological structures. In recent studies, attempts have
been made to use 40 nm gold nanoparticles to specifically bind to epidermal growth factor
receptors (EGFRs), in order to determine the density of those receptors on a cell,?® as the shift in
resonance frequency of the plasmonic nanoparticles can be used to provide quantitative data about

EGFR density.3°

1.2.2.2 Cancer treatment

Gold nanorods that have been functionalised with epidermal growth factor can be employed in

some targeted radiation treatments.3!*?



Overall, there is a wealth of applications illustrating that the optical properties of plasmonic

1,2,34,5

systems that make them ideal for use in a wide range of areas, including biosensors, and

optical devices,®” and photovoltaic devices.!®!!:!2

1.3 Motivation for this PhD

The development of fast, effective, cost-effective methods for the fabrication of arrays of
nanostructures with well-defined properties is desirable due to the importance of chip-based
diagnostics to multiple medical and other applications. All such applications further necessitate

the formation of arrays of metal nanoparticles supported on solid substrates.

Electron beam lithography is the most precise method for the fabrication of nanostructures on solid
supports; however, it is slow and depends on the availability of expensive infrastructure and highly
trained personnel.>® Thus, electron beam lithography has not become established as a
manufacturing tool. A number of low-cost routes to the fabrication of gold nanostructure arrays
exist, such as colloidal lithography that are fast and cheap. However, while these are able to
produce certain types of nanostructures effectively, they lack flexibility and they do not offer
significant control over nanoparticle array morphology. For example, in colloidal lithography, gold
is evaporated through the interstitial spaces in self-assembled arrays of colloidal particles, yet the
dimensions and geometry of the resulting array are limited by the availability of polymer colloids

and the natural packing arrangements (e.g. hexagonal) in self-assembled films.?*

The goal of this PhD research is thus to explore a different approach to the fabrication of solid-
supported metal nanostructures, based on interferometric lithography, that combines very high

resolution with a broad range of programmability. The range of accessible morphologies and the



resolution and plasmonic properties of these structures is thus investigated. An important
subsidiary goal of this project is being to explore these sensitivities of nanoarrays to biomolecules,
how they can bind molecules to develop strong coupling modes, and their analytical utility, with
the ultimate goal begin to make a simple chip-based assay that can be used with easy to find

equipment.

1.4 Hypothesis

The aim of this thesis is to determine whether it is possible to fabricate Au nanostructures with a
wide range of sizes, pitches and geometries using IL, as inexpensive and rapid creation method,
while also providing a high level of control and achieving high resolution. IL, as well as being
rapid, is capable of being used to fabricate arrays over large areas. It ca also produce a range of
nanostructures with well controlled properties such as size and shape. The array morphology, and
hence the resulting plasmonic properties, of such nanostructures is thus, in principle,
programmable. The main goal of this work is thus to discover how to control the array morphology
to enable control of the plasmon energy from the visible to the IR region, and to test the properties

of these arrays and their potential application in biological sensing.

1.5 Outline of the research programme

The main aims of the project are:

(1) to develop and validate a nanofabrication process based on IL.
(11) to test the analytical performance of nanostructures formed by IL.
(111)  to determine whether plasmonic nanoarrays can be used to monitor the pH-dependent

swelling of polymer brushes.



l.

Gold films were deposited onto Cr-primed substrates. Nanostructure arrays were then
formed using IL, with the parameters that control the lithographic process (AFM, XPS,
SE, and contact angle) varied systematically. The effect on nanoparticle morphology
was then characterised by using AFM, and the effect on the spectroscopic properties of
the films measured by using AFM.

To test the analytical utility of the nanostructure arrays, a variety of approaches were
used, including the measurement of extinction spectra in a variety of media to
determine the refractive index sensitivity of the arrays, and the attachment of
streptavidin, a protein widely used in bioassays. The possibility of achieving strong
plasmon-exciton coupling was be studied using light harvesting complex 2 from the
purple bacterium Rhodobacter sphaeroides.

Films of a pH-sensitive polymer, poly (cysteine methacrylate) were grown from gold
nanostructure arrays by atom transfer radical polymerisation, and the resulting polymer
functionalised nanostructures characterised by using AFM and UV-vis spectroscopy.
PCysMA is known to undergo pH-dependent conformational changes, swelling
substantially in basic and alkaline conditions. The pH of the medium was thus varied,
to determine whether arrays of polymer-functionalised nanostructures might be useful

in pH sensing applications.
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2. Literature review

2.1 Plasmons

A plasmon is a quantum of plasma oscillation. Just as light consists of photons, or mechanical
vibrations consist of phonons, a plasma oscillation consists of plasmons, the collective oscillations
of the free electron gas.’> The application of an external electric field to fixed ions in a metal
causes the movement of electrons with negative charge relative to the cores with positive charge.
Based on this dislocation, the electrons experience fluctuation at the plasma frequency when the
electric field is removed, and this fluctuation is quantised by the plasmon. Surface plasmons (SPs)
then occur at the interfaces between materials for where the real part of its relative permittivity is
positive (e.g. air, glass, other dielectrics), and those where the real part of the permittivity is
negative at the given frequency of light (typically a metal or heavily doped semiconductor) at a
given frequency of light. At visible wavelengths, interfaces that support surface plasmons are often
formed by metals like silver or gold when these are in contact with dielectrics such as air or silicon
dioxide. Surface plasmons are not only formed on flat surfaces; they can occur on the surfaces of
other structures, including particles, rectangular strips, grooves, and cylinders.’¢37 Resonant
coupling of light to plasmon modes occurs where the incident radiation has a frequency matching
that of the plasmon oscillation. As the energies of the plasmon modes correspond to the visible
region of the electromagnetic spectrum, metal nanoparticles often display pronounced coloration
under such circumstances. When the plasmon mode is restricted to a nanoparticle surface, it is
called a localised plasmon surface resonance (LSPR). Plasmonics is the name given to the
investigation of such interactions between light and matter, which has become the basis of

numerous optical applications.?
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2.2 Fundamentals of Plasmonics

The interactions between metals and electromagnetic fields are classically described using
Maxwell’s equations.**3> However, a plasmon is simply a quantum of plasma oscillation, and its
quantum character cannot be neglected, despite the fact that the classical description often suffices.
Various essential optical properties of the metal can thus be understood by applying plasma theory,
in which the free electrons of a metal are considered to behave as an electron liquid, with a bulk
number density » moving against a fixed background of positive ion cores. The "volume plasmons"
oscillate in response to any external electromagnetic field in a motion is damped by the collisions
of electrons, which occur with a characteristic frequency y. According to the Drude model,® the

frequency dependent permittivity of metal thus:

2
@p

tw)=1- 2.1

w?+iYw
2
where w, = ’% is the plasma frequency of the free electron, with elementary charge e and mass
o

m, and & 1s the electric permittivity of vacuum. All the basic of optical phenomena can be framed
by the understanding that &(w) is the frequency dependent permittivity. This dielectric function
&(w), known as the Drude model,*' thus describes the dispersive properties of metal. For large

frequencies close to wp, &(w)
gw)=1——; 2.2

which gives the dielectric function of the undamped free electron.
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Figure 2.1 The Schematic representation of an electron density wave propagating along a metal-dielectric
interface. The charge density oscillations and associated electromagnetic fields are known as surface plasmon-
polariton waves.*?

Surface plasmons (SPs) are coherent delocalised electron oscillations that exist at the interface
between any two materials that cause the real part of the dielectric function to changes signs across
the interface; an example would be a metal-dielectric interface, such as a metal sheet in the air.
SPs have lower energy than bulk or volume plasmons, and the charge motion in a surface plasmon
thus always creates electromagnetic fields outside as well as inside the metal. The total excitation,
including both the charge motion and associated electromagnetic field, may be a surface plasmon
polariton, where there is a planar interface, or a localised surface plasmon, in a closed surface of a
small particle. The dispersion relationship of SPs is thus an essential theoretical extension of the
bulk plasmon calculations. The oscillation frequency, ®, is related to its wave vector k by a
dispersion relation w(k). Figure 2.1 illustrates a semi-infinite bulk metal surface with the dielectric

function &m = em '+ em, set next to a dielectric &4 such as air or vacuum.**** Thus

kn kg 2.3

€m €d

k%, + k% = &, (3)2 2.4
k%, + k%, = ed(g)z 2.5
where k;i1and k> are the components of the wave vector perpendicular to the interface in the metal

and dielectric while ks, is the wave vector of SP, and c is the velocity of light in vacuum. The

dispersion relationship of SP can be derived from these equations** as

kg =2 (ﬂ)3 2.6

EmtEd
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The real part of ksp is thus

2.7

To obtain a real ks, that requires €' <0 and |em'| > €4, and these constraints are satisfied in metals

such as Au and Ag. The imaginary part of ks is

3

n o _w Eméd em
ki == |(= m_ 2.8
c EmtEd z(gm)

which controls the internal absorption and damping. Where equation (2-2) of the free electron

dielectric function is applied to (2-6), the characteristic SP frequency when ks, — o is

_ _%p

W,y = T 2.9
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Figure 2.2(A) The dispersion curve of SP, always lying to the right of the light line, with surface plasmon frequency
wsp. 1.2(B) Field distribution in the z direction perpendicular to the interface, implying an evanescent wave.*

Figure 2.2a shows that the dispersion curve (ksp) is located to the right of the light line, which
illustrates that SPs have a longer wave vector than light waves of the same energy; thus, SPs cannot

be excited by free propagating light due to the wave vector gap. Momentum-matching techniques
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such as grating coupling or a prism are thus required to compensate for the missing momentum to
create excitation and SP oscillation. At the surface, these charge oscillations temporarily trap an
electromagnetic field, which then decays rapidly into the space perpendicular to the interface (z
direction), with a maximum at the interface, as is characteristic for surface waves. This reveals the

evanescent nature of SPs, as well as their sensitivity to the dielectric environment at the surface.*®

The penetration depth is a measure of how deep the electromagnetic field can penetrate into a
material. As discussed above, the field intensity of the SPs reduces rapidly normal to the surface
as e %/7 as shown in Figure 2.2b. Penetration is thus defined as the depth at which the field

intensity falls to /e (about 37%) of its original value at the interface.*’ In this context,

|Z;| = o 2.10
For a metal with &,
Z;=-< '84';;;‘” 2.11
For a dielectric with g,4
Z=< '84228‘” 2.12

The persistent field distribution in the z direction persistent by penetration depth is of critical
importance to plasmonic sensor performance

2.2.1 Experimental investigation of plasmon modes

The momentum of the incident light beam must be matched to that of the plasmon or polarization
parallel to the plane of incidence. This is achieved by passing the light through a prism to increase
its wavenumber and momentum, yielding resonance at a given wavelength and angle. Plasmons
cannot be excited by s-polarised light as electronic and magnetic surface plasmons obey the
dispersion relation rule. Thus, surface plasmon resonance occurs only with p-polarized light.

Surface plasmons are usually divided into two types: Surface Plasmon Polaritons (SPPs), and the
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Localised Surface Plasmons resonance (LSPRs). Physically, there are no differences between the
SPPs and LSPRs, with the difference occurring primarily due to their boundary condition. Plasmon
modes can thus be characterised by their propagation length and propagation constant. The
plasmon decays with the square of the electric field, while the propagation length, defined as the

distance over which the SPP intensity decays by a factor of 1/e, is 1/2k,”.

2.2.1.1 Surface plasmon resonance (SPR)

Surface Plasmon Resonance (SPR) is an analytical method that uses light to analyse the contents
of a sample for a desired molecule; the quantity of this molecule (as shown in Figure 2.3).4® In the
chip shown, the total internal reflection of the incident light beam leads to the creation of an
evanescent wave in the glass plate that can couple to a surface plasmon propagating at the metal-
dielectric interface where the metal film is not too thick. The absorption of a portion of incident
light causes the reflected light to become less intense based on the reflection angle, with the angle
associated with the lowest reflected light intensity being known as the resonance angle or SPR
angle.*’ The latter displays sensitivity to the refractive index of the fluid closest to the gold side,
and surface binding events cause it to undergo alterations, allowing analytes to be detected in a
label-free manner. The real-time modification of the SPR can be depicted by plotting the SPR
angles in relation to time in a graph referred to as a sensogram. The resulting sensogram is
informative not only about the proportion of analytes bound to the surface, but also about their
kinetics. This is important, as the association/dissociation rate and general interaction robustness

can be derived from the kinetic data.
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Figure 2.3 Schematic diagram of SPR setup in Kretschmann configuration consisting of an optical part (light source,
prism and detector), sensor chip and a liquid handling system (fluidics). SPR metal surface: This figure shows the
configuration of an SPR chip. The metal chip (silver or gold) is prepared with a dextran surface which can bind the
NH; end of protein to conjugate them to the metal surface. At the bottom a single wavelength laser beam enters
a prism which results in many light angles striking the metal surface, all of them are reflected except for the angle
in which the metal will absorb and turn its energy into a plasmon wave onto its outer surface, at this angle no
light is reflected and thus appears with very little intensity on the detector. Since the plasmon wave propagates
on the outer side of the metal, any interaction with the conjugated protein will change the resonance angle.>

Incident light diffraction into the metal-dielectric interface plane can be induced by intermittent
metal surface corrugation, which causes light to couple with SPs in a resonant manner. Figure 2.4a
shows in simplified form how SPs are excited through grating coupling.

Prism coupling or Kretschmann configuration-based coupling is the most basic existing method of
achieving this (Figure 2.4b). It involves SP excitation at the metal-dielectric interface at a certain

incidence angle, which causes the light reflectance to dip abruptly. As in grating coupling, in prism
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coupling, the propagating SPs at the metal-dielectric interface react to dielectric environment
modifications, causing identifiable alterations in the reflected light at a certain angle during the
process of adsorption on the surface of the metal, which causes the effective refractive index of
the surface to shift.

Waveguide-based coupling (Figure2.4 (c)) involves the injection of light into the wave-guiding
layer, followed by its propagation via total internal reflection. SPR then occurs at the metal-

dielectric interface due to the evanescent field produced close to the waveguide boundary.
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Figure 2.4 Schematic diagram showing mechanisms by which incident light can couple with surface plasmons
(SP) to generate SPR.% (a) Grating coupling; (b) prism coupling (Kretschmann configuration); and (c)waveguide
coupling.”!

18



SPs are closely restricted to the surface of the metal, and their propagation occurs in both the x-
and y-directions along the interface between the metal and dielectric materials over spans of tens
to hundreds of microns. SPs also undergo evanescent decay in the z-direction, with 1/e decay
lengths of 200 nm. This is indicative of the binding of SPs to the surface of the interface between
the metal and dielectric materials. SPs have multiple uses in terms of chemical and biological
sensing due to their high sensitivity to alterations in the local dielectric medium near the metal
surface, and the fact that SP excitation can only occur after any momentum incompatibility

between the incident light and SPs is resolved.

2.2.1.2 Localised Surface Plasmon Resonance

Early Roman experiments with glass-making revealed that the incorporation of small amounts of
gold into glass produced a characteristic ruby coloration. More than a thousand years later, Faraday
studied the abnormal optical features displayed by gold colloid solutions, providing an explanation
for the creation of this ruby glass.’?> During the glass-making process, gold colloids are formed,
leading to strong absorptions now attributed to localised surface plasmon resonances. Compared
to the incident wavelength, the metallic NPs encapsulated in ruby coloured glass are significantly
smaller (~5 to 60 nm). As a result of the interaction between light and these subwavelength NPs,
a plasmon emerges that displays local fluctuation around the NPs at a frequency known as the
localised surface plasmon resonance (LSPR).33:3

The Mie theory is a crucial resource for comprehending how particles scatter light.>>¢ Since its
creation in 1908 by Gustav Mie, it has been used to investigate a variety of physical processes,
from the interaction of light with biological systems to the scattering of light by atoms and
molecules. Mie drew on Faraday’s work and proposed an analytical solution to Maxwell’s

equations that defined the extinction spectra associated with round NPs of random dimensions.>”-*8
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Mie theory can thus reasonably accurately predict spectra of plasmonic nanoparticles under certain
condition. The light-SP interplay was then identified in 1970 as the reason for the emergent in
glass encapsulating metallic NPs.>

Mie scattering is the elastic scattering of light by particles with a diameter equal to or greater than
the incident light's wavelength. The square of the particle diameter thus determines the Mie signal,
and the mathematical relationship between the diameter of the particles (d) and the Mie signal (S)
is described by the Mie scattering theory.®® The formula for the Mie signal is given by:

S=f(Ad)

where S is the Mie signal, A is the wavelength of the incident light, d is the diameter of the particles,
and f (A,d) is a function that depend on the both the wavelength and particle size. The Mie signal
is proportional to the square of the particle's diameter. Due to the nature of the dielectric-metal
interface between the medium and the particles, plasmonic nanoparticles can couple with
electromagnetic radiation of wavelengths much larger than the particle; however, in contrast to
pure metals, where there is a maximum limit on the size of wavelength that can be effectively
coupled based on material size.**%! Based on their shapes and relative placements, plasmonic
nanoparticles also display interesting scattering, absorbance, and coupling characteristics. This
causes enhanced light scattering and absorption at specific wavelengths, resulting in phenomena
such as localized surface plasmon resonance (LSPR) and surface-enhanced Raman scattering
(SERS). Furthermore, at their surfaces, plasmonic particles display substantial electromagnetic
field enhancements, resulting in highly localised and intense scattering effects. Due to these
distinctive characteristics, they have become the subject of research in a variety of fields, including

62,63

spectroscopy, imaging signal enhancement, and cancer therapy, offering excellent options for

the design of mechano-optical instrumentation due to their high sensitivity.
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The coupling of light to metallic particles significantly smaller than the incident wavelength gives
rise to an oscillating dipole, a surface plasmon polariton. As the polariton is confined to the surface
of a nanoparticle. (Figure 2.5), this phenomenon is referred to as localised surface plasmon
resonance (LSPR). In addition to absorption, the interaction between the light and sub-wavelength
particles also gives rise to significant scattering. The interplay between light and metallic NPs is

shown in Figure 2.5.
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Figure 2.5 Schematic diagram of a plasmon oscillation for a metallic sphere showing the displacement of the
electron cloud, positive charge and the fixed atomic nuclei.

Light irradiation of a small round metallic NP determines coherent oscillation of the conduction
electrons under the effect of the oscillating electric field. In the context of electron cloud
displacement in relation to the atom nuclei, a restoring force is produced by the Coulomb force
between the nuclei and electrons that causes the electron cloud to oscillate collectively with respect
to the immobile nuclear array of LSP. The implications of the LSP are both major enhancements
and rapid declines with distance in the electric fields close to the surface of the NPs, and the

achievement of a maximum based on the optical extinction of the NPs at the plasmon resonant
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frequency LSPR, which occurs at visible wavelengths in the case of noble metal NPs. The plasmon
energy is determined by the shape and dimensions of the metal nanoparticle and the refractive
index of the medium, which also influence the performance of the plasmonic nanostructures,

including their refractive index sensitivity, in sensing applications.>®

Plasmonic nanoparticles have a unique property known as "plasmon resonance," that refers to the
way in which they can absorb and scatter light at specific wavelengths. This feature makes them
valuable for many optical, photonic, and nanotechnology applications. They can enhance optical
signals by enhancing light intensity at specific wavelengths,%* which can improve the
performance of lasers, microscopes, and other optical tools.®>% Plasmonic nanoparticles can also
produce highly sensitive sensors that detect light intensity or wavelength changes®’ that can be
used for medical diagnostics or environmental monitoring. The effects of gold nanoparticles on
signal enhancement include increased surface mass as a result of increased surface area, larger
changes in refractive index due to the mass of the particles, and electromagnetic field coupling
between the plasmonic properties of the particles (LSPR) and the propagating plasmons.®® Lyon
et al.®” and Hutter et al.”® published the first reports on the impact of Au NPs on SPR signal, and
it has since been demonstrated that the width and efficiency of the SPR are affected by such
additions, based on comparing experimental SPR data for gold substrates with and without 25 to
30 nm diameter particles connected to the substrate metal via a sandwiched monolayer of 1,6-
hexanedithiol.

Despite the fact that SPR has been utilised for the biomolecular detection of tumour biomarkers
previously, it presents some experimental challenges that may be resolved by incorporating nano-
hole arrays into metallic films. This configuration demonstrates superior optical transmission, and

it is thus now utilised for monitoring biointeractions on the plasmonic metal surfaces.”’’* This
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biosensor type demonstrates excellent sensitivity and linearity. For the detection of the human
epidermal growth factor receptor 2 (HER2) antigen, the surface can be coated with ABI
(biotinylated antibody) via its interaction with streptavidin molecules that have previously been
immobilized. The HER2 antigen is then immobilised, and the AB2 antigen introduced to the
surface. Using a secondary antibody, characteristic of the sandwich detection mode, increases the
sensor's sensitivity, and as molecules become immobilised on the surface, the refractive index

increases at the metal-dielectric interface, resulting in a redshift.”?

One of the basic facts regarding plasmonic nanoparticles is that they can concentrate light into
very small areas.®’* This phenomenon is referred to as a plasmonic hotspots, and it can be used to
make optical fields with very high intensity, which can be used for sensing, imaging, and
photothermal therapy, among other things. Plasmonic hotspots can also be employed to improve
the performance of solar cells by concentrating sunlight onto the surface of the cell. Plasmonic
nanoparticles can also transform light energy into thermal energy via an ability is known as
“plasmon-induced heating”, which has been employed in various applications, such as
photothermal therapy for cancer treatment and photothermal ablation for tissue excision.”
Plasmon-induced heating has also been utilised to move small objects precisely with optical
tweezers.”® Optical tweezers utilise several effects, including trapping forces, trap stiffness, and
the interference effects in spherical particles, as well as those between particle size and relative
refractive index.”” Optical tweezers use a beam of laser light, focused through a microscope
objective lens, to trap, move, and apply calibrated forces to microscopic refractive objects.”®
Optical tweezers act as multifunctional tools in a myriad of applications. including
micromanipulation, nanofabrication, and biological studies of DNA, cells, offering access to

biological micrometers.”
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In addition to these characteristics, plasmonic nanoparticles can be utilised for surface-enhanced
Raman spectroscopy (SERS),% a technology that uses plasmonic hotspots to amplify the Raman
scattering signal from molecules adsorbed on a nanoparticle's surface. This method has been
implemented in numerous disciplines, including chemical analysis, biosensing, and medication

delivery.?!

In addition to their use in optics and photonics, plasmonic nanoparticles have many potential
applications in nanotechnology. For example, they can be utilised to make nanoscale circuits or
devices that interact uniquely with light.®? Plasmonic nanoparticles can also be utilised to produce
tiny antennas capable of transmitting data over short distances without wires or cables.®} Finally,
plasmonic nanoparticles have been investigated as a potential method for delivering medications

directly into cells without causing cellular damage. 4%

Plasmonic nanoparticles are an innovative new technology with numerous potential applications
in various disciplines. The ways they are made, make them particularly effective at amplifying
optical signals, allowing the creation of nanoscale sensors and devices and permitting accurate
imaging for photothermal treatment and drug delivery. As research into this technology continues,

additional applications will also not doubt develop.

2.2.1.3  Weak Plasmon-Exciton coupling

A key stage of the SERS development process occurred in 1974, when Fleischmann provided the
first evidence of SP-organic molecular interaction on rough silver films by means of Raman signal
enhancement.®® At the micro level, scattering enhancement can be undertaken using SP to broaden
the light field.®” Molecular fluorescence can also be improved using SP to generate weak-coupling

effects. There are two distinct variations of this, which are classified by their ability to improve
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levels of either emission,’” or absorption.®® Contemporary steady-state spectroscopy is defined by
SP-coupled emission enhancement (SPCE). Weak coupling is identified through the lack of EM
disturbance in exciton-plasmon interactions; it can thus only occur during exciton dipole coupling
in the SP’s electromagnetic field.®® This was thoroughly examined by Drexhage’s investigation
into planar region surface emission dipoles, with particular consideration given to the rates of

excitation decay observed.”*?!:%2

2.2.14 Strong Plasmon Exciton coupling

Plexcitons are novel quasi-particles that exist in a hybrid matter-light state which possess definite
properties not exhibited by their progenitors. They are formed through strong exciton-plasmon
coupling, defined as occurring when the rate of exchange of energy between the plasmon and the
exciton is faster than the decay rate of either state.”® This resonator (photon and exciton) properties
in this interaction can be characterised using a variety of techniques, all of which provide novel
perspectives with clear opportunities for real world implementation.’* One further consideration is
Bose-FEinstein condensation (BEC), which may arise from the light-exciton relationship, which is
known to create polarons.” Polarons are quasiparticles that form readily in polarizable materials
due to the coupling of excess electrons or holes with ionic vibrations. BEC is a state of matter that
forms when a gas with bosons at low densities is cooled to a temperature very close to absolute
zero. Quantum information processing can only be undertaken where there is an identifiable level
of coherent oscillation,”® and the mediation of chemical reactions, in terms of both rate and
initiation threshold, can thus be achieved by using strong-coupling effects to adjust a fluorophore’s

electromagnetic response.®” Other applications of this effect, based on the considerable interactions
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between quantum bits and applied microwave emissions, include single photon switches and
detectors and routers.”®% It is also typical to describe light-matter interplay in a microcavity as
exciton-plasmon coupling.!? The periodic nature of the light-matter energy transfer ensures that
resonance of both the microcavity and matter is observable in the associated reflection and
transmission spectra.

Rabi splitting, also known as anticrossing dispersion, is also observed in the strong coupling
regime,” and this is perhaps best comprehended through its associated oscillations. The Rabi
frequency is defined as the rate at which a bi-level population fluctuates in a material under laser
illumination. The pulse duration must be set such that it exceeds both the excited particle lifetime,
and the material relaxation time. It is also widely held that the combination of both linear and non-
linear responses that arises due to electron excitation in a medium as a result of light-matter
interaction is the fundamental source of many larger scale physical systems.

Periodical Rabi oscillations are defined as occurring when two-state quantum systems are
subjected to energy transitions via an oscillatory driven field. Light-harvesting (LH) pigment-
protein complexes that absorb light and then transport excitation energy to the reaction centre
initiate photosynthesis.'”! Adding plasmonic particles to LH complexes is thus a viable way to
improve and gain control over light harvesting.!?? In organic photovoltaics, plasmons couple with
the light-harvesting complex IT (LHCII) to improve optical performance.!® Due to its extremely
effective energy conversion, LHCII offers excellent capacity for solar energy harvesting. For
instance, surface plasmon resonances on gold nanostructure arrays split effectively when light
harvesting complexes 1 and 2 (LH1 and LH2) drawn from purple bacteria are included: strong
coupling between the localised surface plasmon resonances and excitons in the light-harvesting

complexes is thought to be the cause of this splitting. '%4
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2.3 Uses of sensing

Recently, attention in the field of plasmonic has moved towards technological applications ranging
from information technology devices to biological sensors.!%:19.107 Research in this field has
facilitated significant enhancement of the understanding of interactions between photons and SP
at the nanometer scale. SP modal properties have been studied in bulk objects fabricated by e-
beam lithography or by colloidal chemistry; however, recently, there has been more interest in the
use of three-dimensional (3D) nanostructured metallic objects structured at the nanometer scale
due to the ability to sculpt their optical properties in 3D.!® Au, Ag, and Cu are the metals most
extensively used to support SP waves in the UV-visible and NIR range, and they offer a wide range
of advantages for applications such as chemical sensors, including facile surface chemistry for the
immobilisation of molecular recognition components;'” simple integration with microfluidics,
leading to minimal device footprints; and high sensitivity.!'"” Chemically reducing these bound ions
makes it easy to make metal NPs, while immobilising biomolecules on biosensing surfaces is a
significant step in making biosensors.!” As plasmonics becomes a mature field, this capacity,
coupled with the availability of durable samples capable of multiple reuses, may be assumed to be
becoming increasingly important.'!

Various sensing applications can be derived from the morphological customisation and
enhancement of refractive index (RI) sensitivity. In particular, metal NPs can be employed to
achieve surface alterations and generate a selective layer. SPR were first used in 1982 for the
purpose of gas detection''? before being subsequently applied to biosensing instruments to
measure antibody adsorption.''3 Furthermore, as they demonstrate high confinement, SPs may be
relevant for various applications where a diffraction limit must be overcome, including plasmonic

lens-based subwavelength focussing''4 and subwavelength lithography.!!>116
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2.3.1 Biosensing applications of plasmonic materials

In contrast to SPR sensors, localised surface plasmon resonance (LSPR) sensors, which occur “as
a result of the confinement of a surface plasmon in a nanoparticle”, demonstrate greater
compactness, portability, and cost-effectiveness owing to the underlying nanotechnology. LSPR
sensors intended for biosensing are label-free, in a similar manner to SPR sensors. The LSPR
method has the critical implication for analysis that it can minimise the quantity of required analyte
due to its capability in terms of single particle sensing. Unfortunately, the signals emitted by
particle sensors are commonly not strong enough for immediate use, leading them to require
amplification in most cases.

A number of selective interactions (e.g. enzyme, biotin-avidin, antibody-antigen, aptamer-protein,
DNA-based) underpin the LSPR sensor selectivity to bioanalytes. LSPR sensors are usually
produced by immobilising one of the pairs on an NP surface, with LSPR spectra undergoing
transformations during the binding of this to the other pair, thus allowing the particular bioreagent

involved to be identified.

2.3.2 Biosensor Detection in COVID-19

Instead of using antibodies to detect COVID-19, researchers at Newcastle University created a
quick test that uses molecularly imprinted polymer nanoparticles.!!” The first step was to affix a
peptide from the SARS-CoV-2 spike protein to a sturdy support. In order to create nanoparticles
with a unique binding site for the coronavirus spike protein, they added nanoparticle building
pieces and polymerised these around the peptide. They then separated the nanoparticles that
bonded to the peptide most firmly and adhered them to an electrode with a screen-printed pattern.

They first demonstrated the ability of the molecularly imprinted polymer nanoparticles
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(nanoMIPs) to bind SARS-CoV-2, and then connected an electrode to a small 3D-printed device
to track any changes in thermal resistance during binding.''” Samples that had previously tested
positive for Covid-19 by RT-PCR showed a change in heat resistance, according to these
researchers, and the test took only 15 minutes. The preliminary findings also suggested that it was

6,000 times more sensitive than a commercial quick antigen test for detecting SARS-CoV-2.

2.3.3 Binding method based on biotin-avidin interaction

Based on its robust conjunction and specificity, as well as being widely available on the market, a
binding method based on the interaction between biotin and avidin is often employed in the context
of LSPR biosensing. With a molecular weight of about 50 kDa, avidin is a large protein molecule
that is commonly known as tetrameric glycoprotein due to its four particular binding sites for
biotin.!'® Biotin and avidin display remarkable affinity, with a dissociation constant (kq) of around
10'* M1, This allows sensors to be fabricated with an LOD level within a range of just a couple of
femtomolars. Furthermore, the small size of biotin molecules also makes the fabrication process
much easier as they can be easily immobilised onto the sensor substrates. Adaptation of the
interaction between biotin and avidin is based on the four binding sites available,!'” which can be
useful in sandwich-type assays. These can be developed by using a pair of receptors to bind to
different sites of the same target to improve sensing capacity. Moreover, there is evidence of
various LODs ranging from pico molar to micro molar level, that can be generated using the same
interaction. Several factors can explain this potential massive difference, including sensor setup
discrepancies, the nature of the employed metals, morphological factors, and the experiment
setting.

One study of silver nanotriangles fabrication using Nanosphere lithography (NSL),'?° saw this

low-cost technique used to fabricate large-area periodic nanostructures based on the tunability
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of nanostructure size, period, and material, and this indicated an LOD better than pM, equivalent
to less than 100 streptavidin molecules for each NP with silver nanotriangles, based on NSL.!2! A
different study observed that streptavidin could be identified in the range between 16 nM and 8uM
in a biosensor fabricated by coating a glass substrate with a nanostructured silver film of minimal
thickness.!?? Barbillon et al. applied EBL to produce a biosensor of high sensitivity consisting of
gold nanocylinders with diameters of 100 nm and distance between particles of 200 nm in glass
substrates.'?* The sensor was reported to be capable of reducing the LOD to 1.25x107'® moles for
streptavidin, corresponding to 75 molecules for each NP.'?* In a subsequent study, the authors
developed gold nanodisks on a glass substrate based on EBL, which showed a lower the limit of
detection for streptavidin, reduced to 7 pM.

It was also suggested that an efficient biosensor with low serum LOD (19 nM) and LOD of 94 pM
in phosphate buffer solution (PBS) could be achieved by using AuNRs on a glass slide.'?> The
superiority of nanoshells as compared to solid spherical equivalents was thus exploited to develop
a biosensor capable of identifying streptavidin in blood samples, with 3 pg/mL LOD and 3-50
png/mL dynamic range. The LSPR of gold nanoshells can be controlled in the near-infrared (NIR)
region of the spectrum, where the optical transmission through tissue and whole blood is optimal.
Gold nanoshells can thus be used as effective signal transduction in whole blood.'?¢ Such studies
highlight the existing preference for the biotin-avidin interaction as a method for developing LSPR

biosensors.

2.3.4 Measurement of antibody-antigen interaction
The interaction between antibody and antigen is also a popular biosensing method, demonstrating

high selectivity, potent binding affinity, and straightforward production. Commonly referred to as

30



immunoglobulins (Ig), antibodies are sizable Y-shaped glycoproteins, products of the immune
system that are designed to detect and eradicate foreign agents.'?” The selectivity of the antibody-
antigen interaction derives from the fact that the tips of the Y shape are binding sites for specific
antigens that work in a manner akin to a lock and key mechanism. This interaction is the highly
suitable for developing sensors with a detection limit in the nM-pM range. Ka is the equilibrium
constant for such reactions, and this can be calculated from the ratio of the molar concentration of
bound Ag-Ab complex to the molar concentrations of unbound antigen and antibody at equilibrium
as follows for the association constant K, (see below, Ab=antibody, Ag=antigen):'?®
Ab+ Ag 2 Ab: Ag

__ [Ab: Ag]

@ = [abjag P

An antibody / antigen biosensor configuration typically involves antibody immobilisation on a
metallic nanomaterial surface. As the antibody and target antigen interact, LSPR spectra undergo
modifications owing to the binding-induced alteration in the surrounding refractive index.

The antibody-antigen interaction has been the focus of extensive research, and the technique has a
wide range of applications owing its capability of biological antibody production in reaction to the
majority of antigens. In particular, the technique has garnered interest with regard to pathogen
identification due to the straightforward nature of the sensing mechanism. The antibody-antigen
interaction has thus already served as the basis for detecting Salmonella,'?® Alzheimer’s disease
biomarkers'3? hepatitis B virus,'*! and influenza virus.!'3? Assessment of the sensing capability of
various systems has also been performed based on human, goat, or rabbit antibodies.!'3*!12%134 This
type of sensing system may have an LOD of just a couple of the colony forming units

(CFU)/mL.'3s
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2.3.5 Sensors for pH

Sensors to detect pH with a specific sensing range can be developed by integrating plasmonic NPs
in materials with pH sensitivity. One study employed block co-polymer PMAA-bPNIPAM to
prepare AuNPs, producing a pH sensor that functioned within the 5 to 8 pH range.'*® A
dithiobenzoate chain was used in the copolymer preparation, which facilitated binding to the AuNP
surface. The optical characteristics of the system were observed to be a function of pH as the
binding event was influenced by pH. Unfortunately, this system is significantly affected by
temperature and the resulting aggregation of particles was permanent. In another study, plasmonic
crystal was used to develop a pH sensor. The plasmonic crystal represented a gold-coated nanowell
array produced via gold film thermal evaporation on a pre-established substrate, with the latter
being subsequently covered in a thin hydrogel film to yield a pH sensing layer. This enabled the
detection of pH within the 1.44 to 7.86 range, with 0.1 pH unit accuracy.'*” What made this
technique most effective, however, was the reversibility of the sensing mechanism. Jiang et al.
also developed a gold nanocrescent system with a poly-HEMA hydrogel coating that yielded a pH
sensor of high sensitivity, with 0.045 pH unit accuracy in the sensing range 4.5-6.4 pH.!3®
Furthermore, even after this was kept in storage for 30 days, the sensor demonstrated both stability

and repeatability.

2.3.6 Plasmonic nano-antennas
The previous section discussed the close interaction between metal NPs and light, demonstrating

that, through incident light absorption and concentration in a sub-diffraction limited volume, NPs
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display receiving antenna behaviour. Furthermore, NPs can also display emitting antenna
behaviour by effectively coupling out stored energy. Based on these properties, NPs could be
employed to enhance and manipulate the interplay between light and emitters, offering advantages
across a range of domains, including surface-enhanced fluorescence (SEF)'3° surface-enhanced

141

Raman scattering (SERS)'*’  plasmonic solar cells,"*' nanomedicine,® and sensing.'#? The

applications of greatest current interest are thus introduced in the next section, 43144145
Nano-antennas are capable of exceptional enhancement and confinement of electric fields. This is
of significance in a number of areas, including surface-enhanced fluorescence, surface-enhanced
Raman scattering spectroscopy, plasmonic solar cells, and nanomedicine

In a recent study, Li et al.'*¢ proposed a noteworthy SERS application that involved the use of gold
NPs with silica or alumina shell of minimal thickness to amplify the Raman signal in a novel
spectroscopy method referred to as shell-isolated NP-enhanced Raman spectroscopy. In this
context, the surface intended for probing was be coated with NPs as a monolayer, with NP
aggregation and direct interaction with the examined material prevented by an ultrathin layer that
covering the metal NPs. The electric field is thus robustly enhanced, and Raman spectra of high
quality are generated owing to the minimal gap of about 2 nm separating the NPs.

A dynamic sensor demonstrating label-free, real-time detection was developed by Fernandez-
Cuesta et al.'*” This sensor was capable of sequential identification and counting of each molecule
and particle within the original medium, regardless of concentration. The underlying principle was
the integration of a 35-nm gap plasmonic bowtie antenna with a 30x30-nm? nanochannel, the latter
supplying an analyte directly to the hot spot through the antenna gap. The authors observed

changes in dark field resonance in the process of filling with a liquid lacking fluorescence, thus

demonstrating the mechanism of antenna probing into zeptoliter volumes within the nanochannel.
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Furthermore, single quantum dots were consecutively identified and counted at extremely high
concentration of up to 25 mg mL!. In contrast to the diffraction limited spot, the observation
volume was diminished five orders of magnitude by light nano-focusing, thus surpassing the limit

of diffraction.

2.4 Comparative analysis of SPR and LSPR

Label-free and real-time kinetic data for binding processes can be derived from both SPR and
LSPR spectroscopy. In 1990, Biacore International AB introduced the first SPR biosensor to the
market'#8, and since then, the usage of SPR biosensors has expanded considerably. Conversely,
the market availability of LSPR biosensors remains limited, as LSPR research is not yet as
extensive as SPR research. Biotin-streptavidin binding has been employed for the comparison of
SPR and LSPR, revealing that the bulk refractive index sensitivity of SPR sensors is significantly
higher than that of LSPR sensors (3300 vs 178 nm/RIU).!*° It has also been established that LSPR
possesses an extremely small actual sensing volume due to its EM field decay being 40 to 50 times
shorter than that of SPR. However, where measurement of short-range refractive index alterations
caused by a biomolecular adsorption layer in biological applications is required, the two methods
operate quite similarly.''>!3° The LSPR sensing surface has a gold-coated area that is a fourth of
the area of the SPR sensing surface; however, an LSPR has higher sensitivity (ng/cm?).

LSPR is thus more advantageous than SPR. For instance, LSPR sensors can detect minute
quantities of adsorbents owing to their small NP dimensions and the possibility of integration with
microfluidics. A thick polymer capture layer or matrix is typically necessary in the case of SPR
and this must be suffused with analyte as a prerequisite for the emission of a signal that can be

detected. Furthermore, LSPR sensors possess miniaturisation capability as, unlike SPR, LSPR has
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a more straightforward setup, allowing coupling to take place without a prism. In terms of costs, a
commercial SPR system is around £ 150,000, whereas an LSPR system assembled at home is
cheaper than £20,000.” Additional innovations are likely to make LSPR even more cost-effective
however, and one strategy for significantly cutting costs is to employ an LED alongside a basic

photodetector instead of using a white-light spectrometer.

2.5 Micro and Nano-patterning techniques

Plasmonic devices and materials enable light routing and manipulation at nano-scale. Plasmonic
structures can thus be adapted for specific technological applications by optimising the distinctive
optical characteristics of metallic nanostructures. The potential integration of plasmonic,
electronic, and traditional dielectric photonic devices on the same chip allows the exploitation and
combination of the benefits of each technology, thereby generating incredible synergy. The unique
surface specific characteristics and diversity of possible applications of plasmonic nanostructures
devices have thus made them a source of huge interest in a wide range of technologies. Plasmonic
nanostructures can be created via several cutting-edge lithographic methods, including colloid
lithography, electron beam lithography, and photolithography, all of which are described in this
chapter. To facilitate integration into chip-based devices, there is, however, further demand for
advancements in fabrication methodologies, with a particular clamour for fast, inexpensive routes
for the production of structures that cover large areas yet remain programmable. An important goal
in this field is thus to produce innovative optical components and systems with sizes comparable
to the smallest modern integrated circuits, which could eventually be incorporated with the
requisite electronics on the same chip. These components might thus be integrated into electronic

chips to facilitate plasmonic data production, transportation, and identification.
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In the following sections, the production of plasmonic devices is thus discussed. The two
approaches most widely used in the literature, electron beam lithography (EBL) and colloidal
lithography, are thus examined first. EBL offers the highest degree of precision, and it has been
used to produce arrays of nanostructures with precisely engineered morphologies such as bow tie
structures that display field enhancements at specific locations. However, the use of EBL requires
very expensive apparatus and highly skilled operators. An alternative approach is the use of
colloidal lithography, in which nanostructures are synthesised in solution and subsequently
transferred to a solid phase. However, colloidal lithography offers comparatively little flexibility
in terms of the design of arrays of nanostructures.

In this work, an alternative approach is thus also explored, based on IL, which promises to be much
cheaper to implement than EBL while offering, in principle, more flexibility and a higher degree
of programmability in terms of nanostructure fabrication than colloidal lithography. Moreover, it
does not require a cleanroom and it is scalable being based on IL techniques designed to process
one-foot wafers in semiconductor fabrication lines. It is thus hypothesised that IL is a method that
can combine the flexibility and control of EBL with and some of the ease of implementation of

colloidal lithography.

2.5.1 Colloidal lithography
Colloid lithography exploits the self-organising properties of thin films of colloidal nanoparticles,

31 Tt is thus also a cost-

which tend to form close-packed hexagonal assemblies as they dry.
effective, easily managed method with a strong output and no excessive or complicated equipment

requirements.** Colloidal lithography is also a straightforward and effective strategy for surface

patterning. The process requires upstream preparation, colloid alteration, and downstream
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nanostructure self-assembly. Metal is evaporated onto a film of nanoparticles, which acts as a
resist. Metal predominantly deposits on top of colloidal particles, passing through the film at
triangular interstices in the hexagonal array. Thus, when the particles are removed subsequently,
a nanostructured of metal remains where interstices were present in the self-assembled film. The
sizes of these features range from a few micrometers to tens of nanometers with high levels of
controllability. Spin-coating, drop coating, or evaporation can be used to enable the sphere layers
to self-construct on a substrate surface.'>

Over recent decades, the colloidal science field has made significant advancements. The synthesis
of intensely monodispersed colloidal spheres such as polystyrene (PS), polymethyl methacrylate
(PMMA), and silica with narrow size distributions and effective phase stability has been achieved

153 emulsion, dispersion polymerisation, and Stober methods.'>*!35 Accurate

via suspension,
modulation of colloidal spheres’ diameters is also possible, with result ranging from a few
micrometers to tens of nanometers, giving results similar or superior to traditional lithographic
approaches. In suitable environs, these colloidal spheres can also self-construct 2D and 3D
colloidal crystals. Fisher and Zingsheim first introduced the lithographic approach employing a
self-constructed PS monolayer as a mask to produce a Pt pattern in 1981.3*!15% Subsequently,
Deckman et al. accomplished scaling of the mask to a considerable area to facilitate patterning.'>’
From that point on, 2D colloidal crystals garnered significant interest due to them being effectively
employed as adaptable templates or masks in surface patterning. Colloidal or nanosphere
lithography refers to any production processes, whether end to end or partial, that encompass the

self-construction of a monolayer of colloidal crystals (MCCs), while maintaining control of their

morphology, and functionalised decoration.'®
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Clearly, the main drawback of these methods is that the particle shape and particle array geometry
are rigid, even where the particle size can vary. In order to better address these limits, several
adjustments have been made to NSL. In relation to the deposition vector, for example, the size and
shape of the hole can be changed by modifying the angle of deposition.

Nanohole-based biosensors are among the most promising biosensor platforms in the coming
generation due to their size selectivity and position-dependent sensing features.'>® Figure 2.6 (a-c)
illustrates SEM images of various Au nanohole arrays. From the SEM pictures, the average
diameters of the nanoholes in the three arrays were 156 £9 nm, 210 +14 nm, and 238 +£9 nm, which
were created by 156, 200, and 230 nm colloid masks, respectively. The smallest hole size possible
was thus around half the original sphere diameter. The film thickness for the larger holes proved
difficult to manage, however, due to shadowing by neighbouring mask colloids during film
deposition. The film deposition rate for larger holes was significantly lower than that of a plane
film without structure. The average film thickness of these three samples was kept to around 25
nm by changing the thickness for each colloid size. Figures 2.6(d) to 2.6(f) show the measured
optical transmission spectra of the samples shown in the SEM pictures (Figure 2.6(a) to 2.6(c),
respectively). The transmission dip wavelengths were 561, 569, and 631 nm, with transmission
peaks at 695, 692, and 840 nm for the 156, 210, and 238 nm holes, respectively. The effective
periodicity was constant at 277 nm for all samples that corresponding to the original colloid mask

packing.
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Figure 2.6 SEM images of Au nanohole arrays with a diameters of (a) 156 nm, (b) 210nm, and (c) 238 nm, and (d-
f) respectively corresponding optical transmission spectra.’>®

2.5.2 Electron Beam Lithography

EBL is a method by which a pattern is formed based on exposing a radiation sensitive resist to
electrons. After development, the resist pattern is transferred to the substrate by means of etching
or lift-off processes. %! EBL is one of the primary direct-write techniques for the high-resolution
fabrication of nanostructures. The sensitive layer of the e-beam resist is deposited on a substrate
by spin-coating; it is then exposed to a focused beam of electrons to generate a chemical change
in both positive and negative resists. Electron beam exposure causes polymer chain scission in
positive resists, decreasing the polymer chain length; therefore, the exposed area in the resist is
thus more easily dissolved in the developer than the unexposed resist. After electron beam
exposure of negative resists of polymer chains in the exposed areas become cross-linked and,
making it more difficult to dissolve the resist using the developer. The exposed areas in the resists

are therefore dissolved in positive resists and remain in negative resists.!%>!6> The developed
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pattern can then be employed for pattern transfer processes such as lift-off or etching as seen in

Figure 2.7.164
Positive Resist Negative Resist
e -
l l Irradiated ll
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NN A A N \
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Figure 2.7 Schematic diagram of the process of EBL technique. A substrate by spin-coating and exposed using a
focused beam of electrons to generate a chemical change in both positive and negative resists

As previously indicated, in addition to size and spacing, the resonances of plasmonic particles also
depend on their form and assembly. Electron-beam lithography thus provides a variety of shapes

and configurations, as seen in Figure 2.8.1%
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Figure 2.8 SEM images of plasmonic structures shape control fabricated by EBL: (a) ellipsoid, (b) dimers (spheres
and bow-ties), (c) trimers, and (d) multiscale concentric structures.!®

2.5.3 Interferometric Lithography

In conventional mask-based lithography, passing the light through a binary mask produces the
intensity modulation.'®6167 In 1L, optical intensity modulation is produced by causing two or more
beams to interfere with each other. Interference is the superposition of electromagnetic waves in
the same region of space and time, and IL as an enabling technology helps meet the increasing
desire for smaller feature sizes in optical lithography.!®%1%* Modern integrated circuits possess very

regular layouts with an underlying grid patterns that describes the smallest feature size in each

41



circuit. IL can support this by fabricating both periodic and quasi-periodic patterns that are
spatially coherent over wide areas.!’”” IL has also improved in the last decade, offering the
advantages of simple optics, large working distances, fast processing, low cost, and high

resolution.l71’172’173’174

IL support a wide range of applications that including nanoscale epitaxial crystal growth,
nanofluidic and nanobiological applications, nanomagnetics, and nanophotonics. To meet the
demands of these applications. IL has been improved and extended over time through the use of

multiple beams, multiple exposures and the integration IL with other lithography techniques. '

2.5.3.1 Two-Beam IL

In 1970, two-beam interference lithography was first used to generate one-dimensional gratings
for use as optical couplers.'”> Two-beam interference lithography is also currently used to fabricate
dense line or space nanostructures in the study of the chemistry and to support the performance of
extreme-ultraviolet photoresists.!’® Two-beam interference can produce a 2D pattern through
multiple exposures.'”7!7817 In practical terms, two beams interference is highly convenient in
facilitating the use of a range of geometries to obtain a wide range of lattices with changeable unit

sizes and large contrast.
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Figure 2.9 Schematic diagram of the basic principles of a Mach-Zehnder interferometer used for the recording of
the periodic interference pattern on a photoresist-coated sample.'®°

The two-beam Mach-Zehnder interferometer used to record the interference pattern on a positive
photoresist is depicted in figure 2.9. A beam from the 325 nm or 442 nm line of a He-Cd laser is
transmitted through a pinhole and collimated. The beams are then split to create two-beam
interference and may be achieved when two coherent optical plane waves with the same
polarization are symmetrically incident on a sample at an angles of 20, as shown in Figure 2.9.'8!
The period of the recorded interference pattern is given by the wavelength of the laser light used
for the exposure, Aexp and the angle 0 between the beams:

n = Agxp/ 2sin0 2.14

Figure 2.10 shows a Lloyd's mirror (Fresnel mirror) two-beam interferometer in which a flat mirror
is fixed perpendicular (or at a set angle) to the sample stage. Half of a beam is pointed directly
onto the sample surface on the stage, whereas another half of the beam is pointed onto the mirror,
from which it is reflected onto the sample surface where it interfered with the other half of the

beam to fabricate a sinusoidal pattern of intensity. This setup can produce quite successful patterns
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if it is used with a high transverse coherence laser beam such as single-mode TEM Ar-ion laser,

as shown in figure 2.10.168.182

Mirror

Expanded Collimated\
laser beam \9<9—‘

Sample

Figure 2.10 Schematic diagram of the two-beam interference apparatus for Interferometric Lithography.

The Lloyd’s mirror interferometer is a simple two-beam IL setup that has been applied to fabricate
a high-resolution nanostructure with half-pitches as small as 19 nm using extreme ultra-violet
(EUV) on polymethyl methacrylate (PMMA) and several photoresist film.'#3!8¢ The large number
of transverse modes in excimer lasers means that they are not easily used for IL, leading to the use
of gas lasers such as frequency doubled argon ion lasers may be used instead. These have higher
transverse coherence and the beam quality may be further improved via the use of a spatial filter.
However, some problems have been solved by building an interferometer setup where the beam is
divided in half and folding it onto itself to control contrast. There persists the requirement of a
vital longitudinal coherence, as the distances between the beam splitter and the sample are different

for the two beams.
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2.5.3.2  Immersion lithography
In 1884, the immersion technique was first explained by Carl Zeiss to raise the resolving power of

the optical microscope. According to Rayleigh the resolution of an optical system is given by

0.61 2
R=———

nsina

2.15

where A is the wavelength and n sin «a is the numerical aperture of the lens.

By working in a fluid with n > 1 it is possible to increase the numerical aperture and thus improve
the resolution.'®>1%¢ In the last two decades, increasing lenses have thus been increasingly used in
the fabrication of integrated circuits. Several technical concerns delayed 57 nm lithography,
thought since then development of 193 immersion lithography has proceeded at speed. This relies
upon the replacement of the usual air gap between the last lens element and the photoresist surface
with a liquid medium with a given refractive index. The resolution is then improved by a factor
similar to the refractive index of the liquid. Immersion lithography tools employ highly purified
water to access feature sizes below 37 nm. In term of the liquid used, a larger refractive index
enables a higher resolution to be achieved.'®” Immersion lithography’s evolution has led to the use
of immersion fluids, topcoats, and novel photoresist components in order to better manage fluid-
resist interactions and to reduce any possible lens contamination. Immersion lithography materials
have thus evolved to support the use of pattern gratings with a 22-nm half pitch. This ultrahigh
resolution was can be achieved by employing 157-nm light, a sapphire coupling prism with a
refractive index of 2.09, and a 30-nm-thick immersion fluid with an index of 1.82.'% Immersion
IL has been used to fabricate nanostructures simply by utilising a Lloyd’s mirror interferometer,

which consists of a triangular prism with one metal-coated side that acts as a mirror. Using a laser
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with a wavelength of 244 nm and water as the immersion liquid has been used for pattern lines

with a width of 45 nm.!%°

2.5.3.3  Multiple-Exposure IL

In 1993 Saleem and Brueck introduced multiple exposures interferometric lithography, facilitating
an important extension to two-dimensional nanostructures.'”® Multiple exposure techniques are

used to build high density gated field emitter arrays.'*":1%?

as well as large arrays of single domain
Co dots to enable high density data storage.'®? Significantly, pairwise exposures have enabled
maintenance of the effectively unlimited depth-of-field while still facilitating complex structures.
Mixing and matching with conventional optical lithography affords additional flexibility, such as
the fabrication of interdigitated structures suitable for high-speed photodetectors and conductive
particle sensors.'** Multiple-exposure IL applying Lloyd’s mirror interferometer connected to a
UV laser at 244 nm has also been employed to pattern SAMs of alkanethiolates on Au'’”’ and

195 surfaces over large areas.'%®

alkylphosphonate on titanium oxide
A square array of posts can be created by first creating one exposure with a periodicity in the x-
direction and then adding a second exposure with a periodicity along the y-direction. An

experimental realisation of this approach using a negative SU-8 photoresist is shown in Figure

2.11.17
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Figure 2.11 A SEM image of a pattern formed by double exposure in a negative SU-8 resist.*®’

For the majority of visible light wavelengths, aluminium is superior to other metals, including
gold, silver, and copper, in relation to the distance it enables plasmons to travel. Paradoxically, the
semiconductor industry recently stopped using aluminium for wiring, opting instead for copper as
a more effective electrical conductor. However, some alloys exceed both aluminium and copper
in terms of their plasmonic characteristics.

Moreover, chip manufacturers must continuously endeavour to safeguard their electronic chips
from overheating, and whilst it is likely that plasmonic components will generate heat, the extent
of the impact of this on device performance is currently hard to quantify. Even if plasmonics offer
comparable levels of heat to electronics, it is likely that they will offer greater data capacity at the
similar heat levels.!'*®

Rapid progress is being made in the development of plasmonic components as they move from

separate, inert constructs towards becoming incorporated, functional devices.'” In terms of

contemporary computational networks, these components could transform a range of bandwidth,
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speed, size, cost, and power needs, thereby facilitating more efficient and effectual solutions to the
increasingly multifaceted issues being encountered.

The activity of plasmon waves on metals is comparable to that of light waves in glass, which means
that multiplexing can be employed. Moreover, further developments in plasmon sources, detectors,
wires, and splitters are all possible.??*2°! Generally, many applications rely on loss control, though

the expense entailed in nanofabrication approaches is also a significant factor.

2.6 Self-assembled monolayers

The field of self-assembled monolayers (SAMs) has seen an enormous increase in synthetic
sophistication and depth of characterisation in the last two decades.?>?% Monolayer films can be
made by using two different process. The first is the Langmuir-Blodgett technique, which involves
the transfer of a film, pre-assembled at an air-water interface, to a solid substrate. The second, self-
assembly, occurs naturally on immersion of a substrate into a solution containing a suitable
amphiphile.?%® This latter approach, based on the existence of SAMs, has rapidly established itself
as the method of choice in many situations, particularly for organosulfur compounds on noble
metals. The fabrication and synthesis of SAMs are very well established in this area, supported by
extensive characterisation using a combination of microscopy, spectroscopy, and physical-organic
studies.

SAMs have been used widely to control the properties of plasmonic nanostructures, particularly
to facilitate binding to an analyte. SAMs have also been used to increase resistance in the
fabrication of metal nanostructures. Metallic (Au, Cu, Ag, Pd, Pt, and Hg) and semiconducting (Si,
GaAs, ITO, etc.) surfaces can both be functionalised by the adsorption of organic molecules (both

aliphatic and aromatic).?’* To form a SAM, a strong specific interaction between the head group
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of the adsorbate and the solid surface; then, by varying the properties of the tail group, it is possible
to control the properties of the surface.

These SAM-modified surfaces are incredibly helpful for examining basic phenomena like
adhesion, corrosion, distance-dependent electron transfer and single-electron transfer mechanism.
These kinds of surfaces also make it possible to see molecular processes on artificially created
nanostructures, such as Coulomb's staircase.?’> The high degree of order and compact packing of
the adsorbates on metallic surfaces in SAMs are crucial for real-world uses such as patterning,
semiconductor passivation, chemical sensing, and control of surface characteristics like wettability

and friction.2%

2.6.1 Concept of SAMs

Self-Assembled Monolayers (SAMs) are ordered assemblies of molecules or ligands produced by
the adsorption of a surfactant from a solution or gas phase onto a solid surface.'” The molecules
that form SAMs on solid surfaces have chemical functional groups, or head-groups, that exhibit a
strong affinity for that surface. Typically, the headgroups have such a high affinity for the surface
that they displace adventitious organic materials;?°"-2% while the tail groups are oriented towards

the outside of the layer, and a spacer chain that links each head and the tail group. Figure 2.12

shows the process of preparation for SAMs.
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Figure 2.12 The process of preparation of self-assembled monolayers, which are formed by simply immersing a
substrate into a solution of the surface-active material and allowing SAMs to form on the substrate.

2.6.1.1 SAMs of Alkanethiolates on Gold

A variety of different methods for the preparation of SAMs have been reported in the
literature.202:209.210.211 There are a broad range of adsorbates that exhibit a similar ability to couple
to precious metals or metal oxides, forming close-packed, ordered films.?'22%7 However, the most
widely investigated class of SAMs is derived from the adsorption of thiol (-SH) molecules on
noble metals and semiconductor surfaces. The properties and behavior of the SAM are affected by
the way in which the headgroup interacts with the substrate, the nature of the tail group, and the
length of the alkyl chain. As it is also possible to modify the tail group chemically, this offers
greater flexibility. The thiol headgroup forms a strong interaction with noble metals leading to a
well-defined organic surface with controllable chemical functionalities exhibited at the outer
surface.?!32!4 Figure 2.13 shows a schematic diagram of a SAM of organic molecules. SAMs are
formed spontaneously by the adsorption of surfactants onto suitable substrates to yield close-
packed, well-ordered assemblies. Gold substrates may consist of either nano- or micro-particulates

in solution, and commonly they are made by thermally evaporating a thin adhesion layer of Cr,
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followed by Au onto a planar substrate.?!>2!6 Alkanethiols then bind to the Au substrate and are

reduced to alkanethiolates.

RSH + Au (0) — RS—Au(l) +1/, Ha

Disulfides will also adsorb onto gold to form monolayers of alkylthiolates, via S-S bond

cleavage.?!”

2Au+ RS — SR — 2Au - SR

Functional group

T 0000330000

>_ Tail

Head Group

Substrate
\ Au

Figure 2.13 Schematic diagram of SAMs of alkanethiolates on gold.
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2.7 Protein Immobilization techniques

Protein Immobilisation on a solid substrate is useful both for fundamental studies and for
applications in devices such as biosensors.

There are various experimental strategies for this in biology that may be used in applications in
diagnostics and drug discovery, leading to a wide range of strategies for immobilizing proteins on
sensor surfaces.?!8219220 The techniques can be divided into three main groups, depending on how

the protein is bound to the surface.??!-22?

Physical immobilization that is driven by intermolecular forces (polar, hydrophobic or
electrostatic) between the surface and the protein results from a weak attachment of ligands with
a heterogenous distribution and random orientation.??*-*?* Covalent immobilization, with surface-
bound functional groups that react with exposed amino acid side chains on the protein surface is
also possible. Coupling to amine and thiol groups is also commonly used,??>?*¢ and photochemical
techniques have been used, including the use of photolabile agents that produce covalent bonds
upon UV light activation.??’ Click chemistry, involving cycloaddition of an azide and an alkyne
has also attracted interest in this regard. Additionally, bioaffinity immobilization approaches that
depend on recombinant affinity tags, for example the naturally occurring biotin-avidin system,
have also emerged.??® Antibody immobilization can be used to selectively bind proteins from
solution, while glycoproteins can be immobilised through the binding of their carbohydrate
moieties to surface bound lectins. Hodneland et al. demonstrated that SAMs of alkanethiolates on

gold enable selective and irreversible immobilization of proteins, a process achieved by utilising
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active site-directed ligands that first connect to an individual protein and subsequently react with
that protein to form a covalent link.??

A diversity of techniques can thus be applied to the process of immobilising proteins. The common
and extensively used processes depend on nonspecific adsorption of the protein to a solid
support,?*° though covalent attachment is also regularly used. Both approaches require extremely
pure proteins, yet they often lead to randomly oriented and partly denatured proteins.?}! The use
of recombinant tags can facilitate proteins connecting to a substrate in a specific orientation,
though the interactions of the tags can be reversible. Tags such as glutathione S-transferase,
oligohistidine are thus unstable over the course of subsequent assays and therefore may need larger

mediator proteins such as antigen-antibody or biotin-streptavidin.?32-233.234

2.8 Polymer brushes
Polymer brushes are thin films that consist of polymer chains that are tethered to a surface. Polymer
brushes began to attract attention in the 1950s when it was first noticed that flocculation could be

restricted by grafting polymer molecules to colloidal particles.?3>23¢ Several of the first quantitative

237 238

treatments of polymer brushes were described by Alexander,>’” de Gennes,?*® and Semenov,?*°
leading to observations that where polymer chains tend to be adsorbed strongly on the surface the
macromolecules typically will be a flat pancake at the surface as shown in figure 2.14(a).?** When
the distance between anchoring points is smaller than the radius of gyration of the polymer, and
the interaction between the polymer and the substrate is weaker, however, the chain collapses to

form a "mushroom" conformation, as shown in Figure 2.14(b). When the grafting density is higher,

such that the separation between the grafted chains is smaller than the radius of gyration, steric
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repulsion between the grafted polymer molecules causes them to swell away from the surface

generating the brush conformation as shown in Figure 2.14(c).

a) Pancakes b) Mushrooms c) Brushes

2

>

Grafting density

Figure 2.14 (a) The Pancake conformation of a polymer on the surface, (b) Mushroom conformation on the
surface that attached polymer and (c)Brush conformation of a polymer on the surface and the arrow increasing
grafting density.?*°

2.9 Types of Polymer Brushes
The two principal methods of tethering brushes covalently to a surface substrate are grafting from

and grafting to.241242

2.9.1 Grafting To
The grafting to technique applies a preformed polymer with a reactive end-group to add the
polymer chain on the substrate (figure 1,12). The most widely used reactive functional groups
are thiols, silanes, amino and carboxylic acid groups.?4>23¢ There are two major drawbacks to
this process, however. The first is that the grafting to technique does not yield the highest
possible density of polymer brushes due to steric repulsion between the grafted polymer chains

and the incoming molecules.?®* As the coverage increases, the grafted chains inhibit access for
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the new polymer chains to the vacant grafting sites on the surface. Additionally, binding of the
polymer to the surface is further inhibited where the molecular weight is large.?** Figure 2.15
shows the grafting to method.
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Figure 2.15 Schematic illustration of polymer brushes using the grafting to process.

2.9.2 Grafting From
The grafting technique has been applied by numerous researchers to apply thin polymer films to
surfaces.?*>?4¢ In surface-initiated polymerisation, the surface is functionalised with

polymerisation initiators, as polymer chains will only grow from initiator sites.?*’*¥ Monomers at
the surface can either add to a growing polymer or react with these initiator sites. Owing to the
extremely small chains forming in the initial step and monomers being continuously added to the
growing chains, polymer brushes with very high grafting densities can thus be synthesised without
steric hindrance.?’¢ The polymer brushes created using this method are very uniform and dense.
To address the limitations of the grafting technique, polymer brushes are commonly prepared using

a "grafting from " technique, as shown in Figure2.16.

Whilst the Langmuir-Blodgett technique can be used to deposit a film on a surface,
functionalisation is more commonly achieved by forming an initiator including a SAM.?** The
choice of the initiator is dictated by the polymerisation chemistry. Surface-initiated polymerisation
is a versatile approach that allows grafted polymer films to be grown from a wide variety of

surfaces. Atom-transfer radical polymerisation (ATRP), ionic, radical, ring-opening, and
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reversible addition—fragmentation chain transfer methods of polymerisation have all demonstrated

their ability to form thick surface-initiated polymer films under well-controlled conditions.

For example, Sumerlin et al.>>* used this approach to apply pre-formed poly((ar-vinylbenzyl)
trimethylammonium chloride), poly (N, N-dimethylacrylamide) and poly (sodium 4-

251 Similarly, Tran and Auroy'® used this technique to form

styrenesulfonate) onto gold films.
dense poly (styrene sulfonate) terminated silane on silicon wafer. By grafting poly (ethylene
glycol)-terminated silanes (PEG silanes) onto silicon surfaces, very smooth ultrathin films have
also been produced.???

SR Sy

Figure 2.16 Schematic illustration of the grafting from process.

2.9.3 Atom transfer radical polymerization (ATRP)

Due to its ease and flexibility, atom transfer radical polymerisation (ATRP) offer a useful
technique for polymerising a wide range of monomers under mild reaction conditions.?> ATRP
is a type of grafting mechanism that offers living radical polymerisation in which the initiator is
transferred to the growing chain after each addition of a monomer; it thus confers excellent control
of polymerisation. The technique, which was first described by Matyaszewski (1995),2>3 relies on

an atom (usually a halogen) being reversibly transferred between a propagating radical and a
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transition metal complex (usually Cu-based). The main value of ATRP is it facilitates the
controlled growth of polymer chains. The catalytic method depends upon the L/Cul (L= Ligand)
activation of halogen chain ends to generate radicals, which are then reversibly deactivated by
means of a halogen atom transferred from an L/Cull-X deactivator (X = Br or CI). Although the
best characterised complexes are copper-based, and these have been widely and efficiently used

in ATRP catalysis to polymerise diverse vinyl monomers,>>*

other examples of transition metal-
based catalysts have emerged, including complexes of iridium,?? iron,>¢ and ruthenium,>’ and
organic-based photo-redox catalysts can also be used.?*® The putative mechanism behind ATRP is
that, following reaction with Cu(I), the alkyl halides homolytically cleave the C-X bond to produce
radicals. Alkyl halides are thus considered efficient initiators of ATRP, providing a straightforward
method of synthesising well-defined alkyl end-functionalised polymers. Key ATRP parameters
are the exchange dynamics and the rate of deactivation. Where the deactivation process is slower

than the propagation process, the system switches to a classic redox initiation process, where

radical polymerisation is not controlled, however.

ATRP is a particularly attractive option as it enables polymerisation in aqueous solutions at room
temperature.?® The yield of a broad range of monomers is high, and as any radical species are
always at the growing end of the surface-tethered polymer chains, few transfer reactions emerge.
The ATRP technique thus offers several benefits.?6%26! These include using catalytic amounts of
transition metal complexes; the availability of a broad range of commercially available initiators
that include hybrid and multifunctional systems; the ability to use it over a wide range of
temperatures; and the fact that ATRP auto-acceleration is not generally a problem due to the
localised increases in the viscosity of the polymerising system that slow termination reactions.

Further, except for unprotected acids, an extensive assortment of monomers can be polymerised,
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and, unlike other controlled radical polymerisation (CRP) methods, achieving block
copolymerisation is not dependent on order with halogen exchange, making end-functionalization
straightforward. However, acidic monomers require protection, and the need to remove the

transition metal complex from the product in most cases is a limitation of the ATRP method.

Novel (co)polymers synthesised using ATRP have precisely controlled compositions (block,
alternating gradient, graft copolymers) and molecular weights, as well as relatively low dispersity
(Mw/Mn < 1.1) and diverse functionalities.?®> Figure 2.17 demonstrates how state of equilibrium
1s maintained in ATRP between the propagating radicals and dormant species, which is achieved
primarily by initiating alkyl halides and macromolecular species (Pn-X).252263 Intermittent
reactions between the dormant species and transition metal complexes in their lower oxidation
state, M{"/L, generate radicals (where L is a ligand, and M;" is the transition metal species in
oxidation state, m). Each radical propagates the vinyl monomer (kp), though it may be reversibly

deactivated or terminated, either by coupling or disproportionation.!'®3: 19

58



—M*1—X/Ligand

Reducing Agent
kact
pP—x + M"— /Ligand‘A P. + X—M™1—X/Ligand
Kgact +M \'»‘
kpb
ot

‘ Pn 'Pm

P -X: initiator or dormant polymer
Mtn:Cu(I) or Fe(Il); X:ClI or Br

Figure 2.17 Kinetic mechanism of ARGET ATRP technique
Due to a continuing radical effect, the concentration of radicals is reduced in ATRP, enabling the
preparation of well-defined polymers. As a catalytic process, numerous redox-active transition
metal complexes can modulate ATRP; the most common is the Cu found in Cul/L and X-Cull/L

complexes. 264263

In AGET ATRP, the activators are generated by electron transfer without the direct involvement
of any organic radicals capable of initiating a radical reaction or forming molecules to act as
initiators. An additional requirement for a successtful AGET ATRP is thus that the reducing agents
should be selected so that reduction occurs without forming intermediates or products that might
form new initiators for ATRP. Some reducing agents can also react directly with alkyl halides;
however, any exchange reactions must then be faster to control polymerisation. A further benefit
of AGET is that the reducing agent can remove any dissolved oxygen in the system, allowing the

reaction to be conducted in the presence of a limited amount of air.26%267 AGET ATRP is a
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technique in which the activators regenerate, allowing, for example, a small amount of copper (II)

deactivators to be continuously regenerated into copper (I) activators by the reducing agents.

Many types of reducing agent have been used in AGET-ATRP but the most widely used are
ascorbic acid, Cu, glucose, and tin (II) 2-ethylhexanoate. In some studies, hydrophilic
macromolecular initiators have been used to synthesise amphiphilic block copolymers, and, in
order to generate fewer rigid conditions for initiating polymerisation, a reducing agent can be used.

This also improves tolerance to oxygen.

AGET ATRP uses much lower copper catalyst concentrations than conventional ATRP.2%® Its
other significant advantage over conventional ATRP is that it can largely reduce side reactions
between the metal/ligand catalyst complex, thus achieving higher levels of monomer conversion
and retaining chain-end functionality, which in turn improves crossover.?®® In turn, this facilitates
the preparation of copolymers with higher molecular weight. Additionally, the lower the
concentration of the copper catalyst, the less likely side reactions and termination events are to
occur, which further improves control over polymerisation. When combined, these features make
ARGET ATRP an appealing and effort method for preparing polyampholyte brushes, particularly
those grown on surfaces with low numbers of active chain ends as a result of chain surface densities
that are typically in the order of 10" or 10'® chains per m? (ch m2).2’° Furthermore, AGET ATRP
facilitates higher control in polymerisation when amine-containing monomers are used, offering a
number of benefits in terms of copolymerisation. For example, it allows for control over the

composition of the polymers, as well as the smooth incorporation of comonomers.
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The mechanism behind ATRP is the creation of a metal halide complex by means of a transition
metal complex (M{"Lm) cleaving an alkyl halide bond (R-X). R-X is an adsorbate that forms from
the reaction of cysteine bromide with an amino propyl triethoxysilane film.?*” The products are an
alkyl radical (R.) and a complex with a higher oxidation state (M{""'LmX); R. is then added to a
monomer (M). This process requires the active propagating radicals from the initiator to be in
equilibrium with the deactivated dormant tend of the polymer chain. The radicals added to the
monomer are then terminated by connection or by disproportionation, as shown in figure 2.18. The
minimal concentration of propagating radicals and minimised probability of termination occur due

to the equilibrium between the active and the dormant chains to the left.
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Initiation step

R—X + Cu(DXL ~—= R + Cu(IX,/L

R—M—X + Cu(DX/L of——= R—M + Cu(I)X,/L

~—/—

Propagation step

R—M—X + Cu()X/L > R—M,,; + Cu(IDX,/L

~

+nM

Termination step

R—M, + R M, R—M,,,—R

Overall reaction
Cu()X/L

R—X + nM > R—[—M—I—x
n

Figure 2.18 The mechanism of ATRP according to Matyjaszewski et.al?’! as a tool for surface functionalisation. In
the initiation step, the radical (R®) is generated from the alkyl halide of the initiator; this then it reacts with a
monomer, forming the radical monomer. The monomer is added to the intermediate polymer radical in the
propagation step.
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There are multiple factors that influence the kinetics of ATRP. These include the initiators, the
monomers, the solvent, and the duration and temperature of the process, as well as the ligands
integrated into the transition metals involved.>® Various vinyl monomers have thus been
polymerised using the ATRP method. Propagating radicals can be stabilised by the substituents in
acrylonitrile, (meth)acrylamides, (meth)acrylates and styrene, making these particularly suitable
for use in ATRP. As the atom transfer equilibrium constant of both the active and deactivated
species is unique to each monomer, even when using the same catalyst under the same conditions,

263.264  and when

each species of monomer has particular requirements for ATRP, however,
equilibrium constants are low, ATRP occurs very slowly, if at all. Equally, an excessive
equilibrium constant causes an excessive concentration of radical, which leads to increased
termination. To address this issue with large volumes of deactivated species, metal complexes with

high oxidation states are used, which shifts the equilibrium toward the dormant species. However,

this slows the rate of polymerisation.

Every monomer species has a distinctive propagation rate constant. Controlling polymerisation of
each monomer thus required the concentration of propagating radicals and their deactivation rate
to be modified. Altering the amount and reactivity of the catalyst then modulates the equilibrium

position.

Typically, ATRP initiators are alkyl halides (R-X),?*” and using an appropriate halide (X), allows
well-defined, narrowly distributed molecular weight polymers to be generated. The halide
migration between the transition metal complex and the growing chains must be rapid, and
controlling polymer molecular weight is best achieved with bromine or chlorine, which work as

highly reactive and efficient catalysts for ATRP. lodine may also be used to polymerise acrylate
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in copper-mediated ATRP, and in combination with rhenium or ruthenium catalysts, iodine can
also be used in polystyrene preparation. Fluorine is not suitable for ATRP, however, as the strength
of its bonding to carbon is too great to enable haemolytic cleavage. The dormant polymers and the
alkyl (R) group of the initiator should also have comparable structures. For the synthesis of
acrylonitrile chain ends, a-halopropionitriles are particularly useful, and 1-phenylethyl halides are
most appropriate for polystyrene. Polymerisation of methacrylate is often achieved using
isobutyrates. Almost any alkyl halide with activating substituents on the a-carbon (e.g. allyl, aryl
or carbonyl groups can thus be used as an ATRP initiator, while compounds with a weak R-X
bond, such as N-X, S-X and O-X, and polyhalogenated compounds (e.g. CCl4 and CHCI3) can also

be used.234257

As catalysts regulate the atom transfer equilibrium or exchange between the dormant and active
species, a catalyst is a key component of ATRP preparation. ATRP catalysis generally involves a
transition metal and ligands. However, although the concentration of catalyst determines the
polymerisation rate, it does not influence the polymer’s molecular weight. For transition metal

catalysts to be effective, numerous factors thus need to be considered:

1) The presence of no less than two accessible oxidation states separated by one electron.

2) The metal-ligand bonds must be relatively strong.

3) The metal centre should form bonds with halogen atoms.

4) The catalytic metal centre cannot be a strong Lewis acid, as otherwise the ionization of certain

initiators/end groups to carbocations may occur.?>*
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5) Upon oxidation, the coordination sphere surrounding the metal centre must be flexible enough

to contain the halogen atom.2%2

Co, Cu, Fe, Hf, Mo, Ni, Os, Pd, Re, Rf, Rh, Ru, Ti, and Zr are all transition metals that can be used
as ATRP catalytic complexes, 96200201 though the most efficient catalysts are copper halides.
Ligands are key components that are frequently central to catalyst solubility, while in the M{"/M"*"!
cycle, they tune the redox potential. Typically, electron-donating ligands increase the
polymerisation rate by stabilising the higher oxidation state of the metal centre. Frequently, ligands
contain a nitrogen atom, and they are commonly combined with Cu and multidentate ligands,
including derivatives of bidentate bipyridine (bpy), terpyridine(tpy), phenanthroline (phen), and
tridentate diethylenetriamine (DETA).2%3 ATRP reactions thus often use a ligand of 2, 2’bipyridine

and a CuCl or CuBr catalyst.?>

Non-polar solvents such as diphenyl ether, p-dimethoxybenzene or p-xylene are common
polymerisation media. However, specific polar solvents for different monomers have also
demonstrated effectiveness. Amongst these are acetone, alcohol, dimethylformamide (DMF),
ethyl acetate, ethylene carbonate, toluene and water.?** One advantage of polar solvents for ATRP
is that they hasten the rate of polymerisation. The choice of solvent must, however, be informed
by multiple considerations, such as the catalyst complex and solvent interactions. The solvent and
solvent-assisted side reactions should not poison the catalyst, nor should the ATRP reaction suffer
due to solvent modification of the catalyst’s structure. Polymer chain transfer to solvent should
also be low, though side reactions might occur in some solvents; for example, in polar solvents at

110 to 130 °C, polystyryl halide end groups can remove HX 264
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2.9.4 Stimulus-responsive polymer brushes

The conformation of polymer brushes is extremely dependent on the solvent

used. If the solvent is good, this will lead to the polymer chains maximising the polymer/solvent
contacts. Allowing them to swell: complete wetting is expected in this case.??® However, if the
brush is poorly solvated, it will collapse to reduce polymer/solvent interactions, as shown in figure
2.19. The features of stimuli-responsive binary polymer brush layers can thus be employed to
produce switchable surfaces. The characteristics of these polymer brushes are strongly influenced
by their surroundings, including the nature of the solvent-polymer interactions, leading to changes
in the degree of solvation and thus to changes to the degree of swelling of the surface grafted
polymer; the pH may also change, via changes in the charge density of polyionic brushes leading
to electrostatic interactions between neighbouring chains; while the temperature also causes

changes in the solvation and hence the swelling of polymers.

In the crowded grafted layers of polymer brushes, chains swell out of the grafting surface into the
excluded volume. The impact of this is compensated for by the elastic energy (stretching entropy)
of the polymer coils. The difference in feature size between good and poor solvents is thus more
significant for polymer brushes as opposed to the polymer chain in solution.?** For a homopolymer,
the difference can be impacted by the grafting density of the brush. For example, in response to
low grafting density (e.g., mushroom), brushes’ responses are equal to those of a coiled polymer
in solution. In contrast, the responses for high-density brushes in a poor solvent are weak due to
their very crowded chains. Copolymer brushes are, however, commonly more complex than homo-
polymers in terms of their response. Thus, a solvent may be a suitable solvent for one co-monomer

while being a poor solvent for another, based on the nature of these individual components.
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Figure 2.19 Schematic diagram showing how changes in solvent interactions lead to changes in the conformation
of a stimulus-responsive polymer. In a good solvent, surface-anchored polymers adopt a brush (left) and
mushroom (middle) conformations in good solvents. However, in a poor solvent, a surface-tethered polymer is
fully collapsed (right).?’2 Here, R; is the radius of gyration of a polymer, and H is the wet thickness of surface-
anchored polymer.

2.9.5 Ton and pH responsive polymer brushes

As well utilising useful neutral brush properties, a wealth of behavioural regimes can be generated
by electrostatic interactions induced using a polymer brush formed from strong or weak
polyelectrolyte molecules. Using pH and temperature responsive polymers to make brushes has
thus become a recent focus of research, with the aim being to devise physiochemical responsive
or smart interfaces to be used in actuator and sensor applications, as well as controlling wetting
properties.?”® This latter point is essential in applications that involve the interfacial wetting of
nanoparticles for the stabilisation of Pickering emulsions of immiscible liquids. The degree of
dissociation of the chains in weak polyelectrolyte (PE) or annealed brushes can be modulated by
varying the pH and ionic strength, offering a further parameter to be used to tune conformation of
polymer reversibly. The degree of dissociation in strong PE brushes is independent of ionic

strength and pH, however; such brushes are known as quenched brushes.?”*
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Many people have used polymer brushes to study response to pH. Klinghammer et al.2”> found that
polymer brushes offer a good complement to SINW-based FETs, as the actual FET response is
stable despite a biocompatible surface being formed. They also found that the large reversibility
of swelling properties promotes high tunability of these systems, lending itself to the application
of brushes as sensors. Mitsuishi et al.?’® discussed the formation of hybrid nanoassemblies with
polymer brushes and gold nanoparticles to allow the detection of nanoscale optical changes based
on localised surface plasmon resonance. They found that the actuation of reversible and
thermosensitive nanoscale effects was triggered by coupling stimuli-responsive polymer brushes
and gold nanoparticles separately and selectively assembling these on substrates. Mitsuishi et al.
also revealed that using SPR technique helps support the hydration transitions of such
thermoresponsive polymer brushes as grafted to gold surfaces: SPR measurements revealed that

the PNIPAAm brush collapses over a temperature range of ~10—40 °C.

2.10 The objectives of the thesis

Plasmonics is a fast-growing field based around light-matter interactions that provides the basis
for new kinds of biological and medical sensors. For many sensor formats, nanoparticles supported
on a solid phase are required. Also, existing nanofabrication methods tend either to be very simple
(e.g. colloidal lithography) or very expensive (e-beam lithography). The goal of this project is thus
to find a fast, flexible method for the fabrication of arrays of gold nanostructures on solid surfaces
that are suitable for integration into sensors. These were tested on various biological molecules,
such as streptavidin, synthetic maquette light-harvesting proteins, and polycysteine methacrylate
(PCysMA). Also, polymer brushes are useful for modification of the nanoparticle surface
(PCysMA is fouling resistant to the adsorption of proteins and cells). Some brushes are smart

(stimulus-responsive) and it might be useful to detect this behavior. The hypothesis is that changes
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in conformation due to the response of a stimulus-responsive polymer to its environment may yield
a change in the position of the plasmon band, enabling the conformational change to be tracked in
situ using a simple optical measurement. The surface grafted polymers grow from nanostructures
by studying brushes on gold nanoparticles. The conformations of polymers grown from
nanostructures were studied by using AFM to measure the effects of brush-functionalised

nanoparticles.
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3. Experimental

The principle aim of this thesis was to develop interferometric lithography as a technique for the
production of gold nanostructure arrays. The methods used to produce self-assembled monolayer
resists are described. The apparatus used for photopatterning and, in particular for interferometric
lithography is described. The characterisation of the arrays and of their plasmonic properties is
described in sections 3.7. To test the utility of the resulting nanostructures, arrays were
functionalism by the binding of proteins, as described in sections 3.8. Novel pH sensors were
produced by functionalising gold nanostructure arrays with poly (cysteine methacrylate) brushes.
The synthesis of the monomer is described in section 3.9, and the characterisation of the brush-

functionalised arrays is described in section 3.7.

3.1 Materials

Microscope coverslip glass slides (22 mm x 50mm, #1.5 thickness) were obtained from (Menzel-
Glaser, Germany). Gold wire (>99%) was procured from Goodfellow Metals (Cambridge, UK)
and chromium chips (99.5% trace metals basis) were purchased from Agar (Cambridge, UK).
OTESPA-R3 tapping probes (Bruker, Germany) with a resonance frequency of ca. 300 kHz and a
nominal tip radius of 7 nm as well as DNP-10 silicon nitride (Si3N4) contact mode probes with
spring constants 0.06 N m and 0.12 N m"! (Bruker, Germany) were used in this study.

Chemicals used as received in this project are listed in Table 3.1.
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Table 3.1 Chemical compounds that were used in the present research.

Compound Purity Supplier
Hydrogen peroxide 30% Fisher Scientific
Sulfuric acid 99% Fisher Scientific
n- Octadecanethiol 98% Sigma-Aldrich
Ethanol HPLC grade Fisher Scientific
Ammonia 35% Fisher Scientific
Cysteamine 99% Sigma-Aldrich
Dichloromethane (DCM) HPLC grade Fisher Scientific
Triethylamine 98% Sigma-Aldrich
Bromoisobutyryl bromide (BIBB) 98% Sigma-Aldrich
Copper (II) bromide >99% Sigma-Aldrich
3-Aminopropyltriethoxysilane (APTES) 98% Sigma-Aldrich
2, 2°-bipyridyl 99% Sigma-Aldrich
Ascorbic acid 99% Sigma-Aldrich
Sodium hydroxide >98 % Fisher Scientific
3-(Acryloyloxy)-2-hydroxypropyl methacrylate 99% Sigma-Aldrich
Dimethylphenyl phosphine 99% Agar Scientific
Streptavidin - Sigma-Aldrich
L-cysteine 98% Sigma-Aldrich
Ethyl acetate HPLC grade Fisher Scientific

IHC Select Secondary Goat Anti-Mouse IgG

Antibody

Sigma-Aldrich
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3.2 Instrumentation

Coherent Innova 300C FreD frequency-doubled argon ion laser (Coherent FreD 300C, Coherent
U.K., Ely, emitting at 244 nm) was used as a light source to create micro- and nano- scale patterns
on SAMs. The essential emission wavelength of this laser is 488 nm and the UV wavelengths (244
nm) are acquired after doubling the frequency of using a Brewster-cut beta-barium borate crystal.
Atomic force microscopy images were acquired using a Multimode V atomic force microscope
(AFM) (Digital Instruments, UK). In tapping mode OTESPA-R3 silicon probes were used at a
scan rate of 1.5 Hz, and the lines per image were 512. Friction-force images were using DNP-10
silicon nitride probes.

Cary-50 UV-visible spectrophotometer (Agilent Technologies, USA) was used to collect
absorption spectra of plasmonic arrays of gold nanostructures. UV-visible absorption spectra at
normal incidence were recorded in both air and liquids using a Cary50 spectrophotometer (Agilent
Technologies, USA). The wavelength scan range was 480 — 900 nm (unless otherwise stated). The
samples were fixed in a home-made PTFE holder enabling absorption measurements of the same
spot on the sample during all experimental stages. During the measurements in liquid, the holder

with a sample was placed in a standard quartz cuvette (10 mm transmitted path length).

The M-2000 spectroscopic ellipsometer (J. A. Woollam, USA) was exploited to measure the
relative amplitude ratio of reductions after reflection, () and the relative phase shift, A(A), of the
thin films investigated in this work. Ellipsometric (1) and A(A) spectra of continuous Cr/Au thin
films functionalized with SAMs, SAMs + proteins and grafted with PCysMA brushes were

collected with an Alpha-SE (J. A. Woollam Co., Inc., USA) ellipsometer operating in a spectral
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range of 370-1000 nm at the incident angle of 75°. All data were acquired and modelled using
CompleteEASE (v.6.6) software. The oval-shape beam was in the size of the ca. 1.46 x 0.35 cm.
Measurements were carried out in the air and each sample was measured at 3 locations to obtain

an average.

3.3 Cleaning Glassware

All glassware was cleaned by washing them with water and sodium lauryl sulfate (SDS) followed
by immersion in Piranha solution (a mixture of 30% hydrogen peroxide, H>O, and concentrated
sulfuric acid, H2SO4 (95%) in the ratio 3:7. Samples were immersed until the solution stopped
bubbling, and allowed to cool to room temperature (caution: Piranha solution is a very strong
oxidizing agent that may explode on contact with organic material), before being rinsed with

copious amount of deionized (DI) water, sonicated for 5 min and finally, dried at 90 °C in an oven.

3.4 Sample handling
All instruments, 1.e., tweezers, metal ruler, glass-cutter, samples, etc. used were rinsed with ethanol

and dried under nitrogen to minimize surface contamination.

3.5 Preparation of self-assembled monolayer (SAMS) resists.

SAMs are layers of molecules that stick together on a surface, usually from a solution. A specific
functional group that has a strong attraction to a particular surface makes their creation possible.
SAMs are a cheap and flexible surface coating that can be used to control wetting and adhesion,
chemical resistance, biocompatibility, sensitization, and molecular recognition for sensors and
nanofabrication. Metal coated glass slides were immersed in 1 mmol solutions of n-
octadecanethiol in degassed ethanol immediately after removal from the evaporation and

immersed for at least 24 hours to form close-packed self-assembled monolayers.
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3.6 Photopatterning of SAMs resist.

3.6.1 Micron-scale patterning

Micro scale patterning of SAMs was done by using a Coherent Innova 300C FreD argon ion laser
(Coherent, UK). Samples were cut to 5x5 mm?.

The micropatterning set-up (as shown in Figure 3.1) consists of a beam collimator, sample stage,
and a periscope mirror at 45° to the incident beam. The laser spot had a diameter of approximately
Smm measured at the sample surface. A copper grid (2000 and 1500 mesh, Agar, UK) was
employed as a mask. The grid consisted of a pattern of orthogonal bars (masked) that defined
square regions that were exposed to UV light.?”72”8 The mesh grid was placed on the sample, and

a clean quartz disc was placed on top of it to hold it in position during exposure.

S| b Slmirror

collimator

periscope

mirrcy

mesh grid

sample \ Ias:r
mirror

Figure 3.1 Schematic diagram of a micro-patterning set-up.

3.6.2 Nano-scale lithography

Interferometric lithography is a technique used to fabricate large-area arrays of nanosturctures.?”’
A pattern is formed when two coherent beams interfere to generate a sinusoidal pattern of intensity
with a period given by:

period =(M/2) /sin 0 3.1

74



Where A is wavelength (244 nm, 0 is the angle between the sample and the incident beam.

SAMs of octadecanethiol on gold were photo-patterned by interferometric lithography (IL) using
a Lloyd's mirror two-beam interferometer (as shown in Figure 3.2) where half of the coherent beam
is pointed directly onto the sample surface, and the other half of the beam is pointed onto a mirror,
from which it is reflected onto the sample surface where it interferes with the other half of the

beam to yield a sinusoidal pattern.

spatial

§ filter aperture

i}

2 sample
\l/ rotation
/N stage

mirror

Figure 3.2 Schematic diagram of a Lloyd's mirror two-beam interferometer set-up.

The light source used was a Coherent Innova 300C FreD frequency-doubled argon ion laser is UV

light at 244nm. Detailed description of nanofabrication routine is given in the chapter 4.

3.7 Characterisation of films and nanostructures by (a) contact
angle measurement (b) XPS (¢) AFM (d) UV-vis (e)
spectroscopic ellipsometry)

Thin chromium/gold films were deposited on the clean and dry microscope coverslip slides in a
diffusion pumped Edwards 306 thermal evaporator, with a bell jar evaporation chamber and a
piezoelectric film-thickness control monitor. It involves of vaporizing a solid material (pure metal)
by heating it to appropriately high temperatures and recondensing the material onto a cooler

substrate to form a thin film. The heating is acquired by passing a large current through a filament
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container (tungsten boat or material coated tungsten rod). Cleaned glass slides were coated with
two metals: chromium (or titanium) primer layer ca.5 nm thick followed by a 15 to 25 nm thick
gold film. Both metals were deposited using an Edwards 306 thermal evaporator coater system,
with a base pressure of 5-10° mbar and a deposition rate of ca. 0.1 nm s!

Contact angle measurement, spectroscopic ellipsometry (SE), atomic force microscopy (AFM),
and X-ray photoelectron spectroscopy (XPS) were used to analyze the chemical and physical

properties of the thin films.

3.7.1 Contact Angle Measurements

The contact angle can be determined by calculating the relationship between the surface tension
of the liquid and the perimeter of the sample. The measurement of the advancing angle occurs
during the immersion of the sample into the liquid, while the measurement of the retreating angle
occurs when the sample is withdrawn from the liquid. Contact angles were measured using the
sessile-drop method.?%° A drop of liquid is placed on the surface and allowed to spread while being
observed through a telescope. The contact angle at the solid-liquid-vapor interface is measured
using a goniometer scale.

At the perimeter of the drop, the solid, liquid and vapour phases are in equilibrium, as shown in
Figure 3.3. The free energy changes as a result of the spreading of the drop on the solid
281,282,283

surface.

The equilibrium is described by Young's equation:

Vsi+YnCos 0=y s 3.2
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where is the contact angle (the angle between the surface and a tangent to the drop surface at the
three phase-boundary, and ys, yiv and ysv are, respectively, the interfacial free energies for the solid-

liquid, liquid-vapour, and solid-vapour interface.

(A) 6> 90° (B) 8<90°
Hydrophobic Hydrophilic
\Y
L 4 L
) )

S \)

Figure 3.3 Schematic diagram showing the contact angles of water drops placed on (a) a hydrophobic surface and
(b) a hydrophilic surface.

The contact angle of water increases as the surface free energy of the solid decreases. The wetting
hysteresis between the advancing and receding affords a measure of the degree of surface
roughness or morphology of the interface.?8>284

A Rame-Hart model 100-00 goniometer (Netcong, USA) was used to measure contact angles. A
microliter syringe was used to place a drop of water 2 ulL onto the surface of the sample. The angle

between solid/liquid and liquid/vapour interface was measured at three different locations on the

sample and the average was taken.
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3.7.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS, also referred to as electron spectroscopy for chemical analysis (ESCA), is a method for
analysing the surface chemistry of a material. XPS can determine a material's elemental
composition as well as its chemical and electronic states. In XPS a sample in an ultra-high vacuum
environment is irradiated with X-rays causing the emission of photoelectrons, whose energies are
analyzed to yield information about the surface composition and bonding.?8>2% XPS yields
quantitative compositional information and enables the determination of chemical states. The

physical process underpinning XPS is shown in Figure 3.4.2%7

E=hv o E,
ry E, Vacuum level
Work %
Functon (D" E; Fermi level
. - 3s
L, ; ——=fPHp——e h ’ 3s Core level
L, >—S 2s [ electrons
K —_ 1s

Figure 3.4 Schematic diagram illustrates the photoemission process and the relation to atomic band structure.
XPS involves the measurement of the kinetic energies (KE) of photoemitted electrons ejected by irradiation of
the sample with X-rays of energy hv.

Absorption of X-ray photons leads to ejection of core electrons. The binding energy Eg is given
by:

Eg=hv-Ex- @33
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Where hv is the energy of the incident x-ray photon, Ex is the photoelectron kinetic energy and ¢

is the work function of the spectrometer. The binding energy is element-specific and is effectively
the ionisation potential of the orbital from which the photoelectron is emitted. The photoelectron
spectrometer measures the intensity of photoelectrons as a function of kinetic energy, but this is
usually displayed as a plot of intensity against binding energy.

The concentration of the atomic species in the sample surface layer can be calculated directly from
the integrated peak area with a sensitivity of the order of 0.1 atomic %. The chemical sensitivity
of XPS is based on the observation of small shifts in the BE energy of the core level electrons,
which are dependent upon changes in the local bonding environment. Changes in the binding
energy lead to changes in the photoelectron kinetic energy as recorded by the spectrometer.?87-288
The surface sensitivity of; arises because of the comparatively short inelastic mean free paths of
photoelectrons, which are only able to travel a few nm through the solid before they experience
inelastic scattering. The average distance traveled before electrons are inelastically scattered is

identified as the inelastic mean free path ().

I(d)=1,e"® 34

where I(d) is the intensity of photoelectrons emitted from depth d and I, is the intensity emitted at
the surface.

XPS measurements were performed using a Kratos Axis Ultra X-ray photoelectron spectrometer
(Kratos Analytical, Japan), equipped with a delay-line detector and a monochromatic X-ray source.
Monochromatic X-ray sources generate X-rays with a singular energy level or wavelength. X-rays
strike the parallel crystal planes at an angle 0 and are reflected at the same angle. The distance
travelled by the X-rays depends on the crystal plane at which they are reflected. If the distance

between two crystal planes each reflecting X-rays is d, then the path length difference is 2dsinf. If
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this is equal to an integral number of wavelengths, then the X-rays interfere constructively. This

effect produces the Bragg equation:

nA = 2dsin0 3.5

This is commonly achieved by employing an X-ray tube that has a certain anode material, such as
aluminium (Al Ka, 1486.6 ¢V), magnesium (Mg Ka, 1253.6 eV), or copper (Cu Ko, 1486.6 eV).
Monochromatic sources are characterised by their ability to offer exceptional energy resolution,
rendering them well-suited for conducting intricate chemical analyses.

The operating pressure was 1x10- mbar. Survey spectra were acquired at pass energy of 160 eV
and high-resolution spectra were acquired at pass energy of 20 eV. All XPS spectra were analyzed
and curve-fitted using the Casa XPS software (v.2.3) (Casa, http://www.casaxps.com, U.K.) and

were corrected relative to the C 1s signal at binding energy BE = 285.0 eV.

3.7.3 Atomic Force Microscopy (AFM)

The morphologies of nanostructured materials were characterized using atomic force microscopy
(AFM). Tapping and contact mode were used in this study to obtain topographical images.?%>%
In the tapping mode, a stiff rectangular cantilever oscillates, or taps, at or near the cantilever’s
resonance frequency as it traverses the sample. The tip strikes the sample intermittently at the
bottom of each oscillation. In tapping mode, the tip sample contact time is short, and there is little
drag, despite the fact that a mechanical tip-sample interaction occurs. Hence sensitive samples can
be imaged without damage or severe image distortion. These advantages led to improvement in

the resolution of a topographical image relative to contact mode. Tapping mode can be operated

in air and liquid.?*!
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In contact mode, the AFM tip is in mechanical contact with the surface of the sample and the tip-
sample repulsive force is measured. While the tip is scanning the surface of a sample, the deflection
of the cantilever is measured using a laser beam reflected from its back face onto a photodetector.
In constant force mode, instantaneous changes in force as the probe travels across the sample are
measured, and a feedback loop is used to adjust the tip height so that the cantilever deflection is
restored to its present value. With the proper choice of softer AFM cantilevers, contact mode has
been effectively utilized to image the morphology of soft samples, for instance, blood cells and
self-assembled monolayers.!®® Moreover, measurement of local mechanical properties (e.g.
stiffness, friction) is also possible in solution. In contact mode, the application of a load may cause
damage to soft materials. Thus, the conditions used must be optimized carefully and for some
samples it is necessary to use tapping mode instead.

A Digital Instruments Multimode V AFM (Digital Instruments, UK) instrument was used in this
study. OTESPA-R3 silicon tapping probes were used at a scan rate of 1.5 Hz, and 512 lines per
image to reveal the morphologies of nanoarrays samples. DNP-10 silicon nitride contact mode
probes were used to measure the frictional properties and the roughness of micro-patterned
samples. A liquid environment was used in contact mode to eliminate effects due to the formation
of a meniscus at the tip-sample contact, thus reducing the force acting at the tip-sample contact.
Additionally, liquid imaging reduces contamination. A biological buffer can be used to image and
maintain the nature of biological samples in vitro.'¢!

All samples were rinsed with ethanol then dried under dry nitrogen before imaging. The sample
was placed on a metal disc and placed on the scanner head. In both tapping mode and contact
mode, the tip was positioned in the cantilever holder, before being approached towards the sample

under control from the instrument software. The laser was aligned on the end of the cantilever then

81



the horizontal and vertical positions of the photodetector were aligned. Then the tip was moved
manually close the surface until it was very nearly in contact with the surface, after which a routine
in the software was used to detect the cantilever oscillations and bring the probe into interaction

with the surface to enable image acquisition.

3.7.4 UV-visible absorption spectroscopy

UV-visible (UV-vis) spectroscopy determines the absorbance spectrum of a solution or solid
compound. UV absorptions are primarily of an electronic nature and are associated with molecular
resonance structures. UV absorption is an indispensable instrument for qualitative and quantitative
analysis of a single-component substance or isolated extract. The UV-visible absorption spectra
were acquired for samples. Figure 3.5 shows a schematic diagram of the spectrophotometer
containing four essential parts: the light source, monochromator, the sample holder, and the

detection system.
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Figure 3.5 Schematic diagram of a Cary 50 UV-visible spectrophotometer.?2*

Most spectrophotometer instruments cover the spectral range from 190 nm to 1100 nm and they
are used to study the transmittance spectra and absorption of the samples. Near UV refers to the
portion of the ultraviolet spectrum that ranges from 185 nm to 400 nm. This region is just beyond
the visible spectrum and is not visible to the human eye. The visible region of the spectrum ranges
from 400 to 700 nm, while near infrared (NIR) starts from 700 nm and extends to 1100 nm. The
absorption or attenuation takes place when the light passes through a thin film or a translucent
liquid sample.

The samples were mounted on a home-made 3D printed sample holder. A standard quartz cuvette
(10 mm transmitted path length) was used for the measurements in liquids. A zero/baseline

correction was performed followed by the measurements of plasmonic arrays of gold
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nanostructures. Data processing included smoothing and identification of the absorbance

maximum of gold nanostructures.

3.7.5 Spectroscopic Ellipsometry
Spectroscopic ellipsometry (SE) is a non-destructive optical technique commonly used to measure

the thickness and optical properties of thin films.?*?

SE measures the change in polarization when
light is reflected or transmitted from a thin film. Figure 3.6 shows a schematic diagram of an
ellipsometer. The optical part comprises a light source, two polarizing elements, called
respectively polarizer and analyzer, and a photodetector.?

Ellipsometry measures a change in polarization as light reflects or transmits from a material
structure. The polarization change is represented as an amplitude ratio, ¥, and the phase difference,
A. The measured response depends on optical properties and thickness of individual materials.
Thus, ellipsometry is primarily used to determine film thickness and optical constants. However,
it is also applied to characterize composition, crystallinity, roughness, doping concentration, and
other material properties associated with a change in optical response.

The M-2000™-V spectroscopic ellipsometer system used in this study is based on advance diode
array rotating compensator ellipsometer technology from J. A. Woollam Co. The model "V"
(visible) ellipsometer uses a quartz tungsten halogen lamp (beam diameter 2—5 mm and spectral
range 370-1000 nm) and diffraction grating in one unit with beam collimation optics, a fixed
polarizer, and a compensator on a continuously stepped motor. The "output unit" is the stepper
motor that drives an analyzer stage. Detector arrays and four-quadrant detectors align the system

and sample. The ellipsometer may measure in situ (dynamic) and ex-situ (spectroscopic) with its

manually controlled angle-of-incidence mechanism (-40° to 90°).
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Figure 3.6 Schematic diagram of a spectroscopic ellipsometer.

Two measured parameters, ¥ and A by themselves are not very useful in characterizing a sample.
Physical properties of the sample such as film thickness, optical constants and surface roughness
are more informative. Ellipsometry does not directly measure these parameters; however, it
measures functions of these parameters ¥ and A. ¥ is an angle whose tangent gives the ratio of
the amplitude change for the s and p components, while A is the relative phase shift of the p and s
components upon reflection. Analytic expressions can be written for predicting ¥ and A as
functions of optical constants and the layer thickness. Complete EASE software (v. 6.2) was used
to analysis the data that acquired by an ellipsometer. Fitting of the experimental spectra ¥ (A) and
A (M) was carried out using the model presented in the Table 3.2. A Cauchy dispersion function
was used for fitting the adsorbed protein layer. Optical parameter n and k for adhesive Cr layer,

thin gold film and glass substrate were taken from the materials library.
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Table 3.2 The model used for spectroscopic ellipsometry data fitting.

Layer Material | Fitted parameters comments
Organic d is the thickness of the adsorbed layer in nm.
Layer #3 layer d, A The parameters of Cauchy model A,=1.396,
B,=0.01 and C,=0 were fixed during the fitting.
Layer #2 Au d thickness of the evaporated gold film in nm
Layer #1 Cr d thickness of the evaporated chromium film in nm
Substrate | BK7 glass - n=1.515

Plasmonic arrays of gold nanostructures were fitted with a more complex model. Briefly, the Au

layer was replaced with a general oscillator layer containing 4 Gaussian oscillators. A Cauchy

layer model was used to describe polymer film or adsorbed protein layer. In the Cauchy dispersion

function n and B, and C are constants:

.294

n(d) =4, + 2+ 36

With the fixed parameters A,=1.396, B,=0.01, and C,=0 yielding a value of refractive index

n=1.42 (at 633 nm) for all the molecular adsorbed layers. A is a dimensionless parameter: when

A — o then n(A) — A. B affects the curvature and the amplitude of the refractive index for

medium wavelengths in the visible. C affects the curvature and amplitude for smaller

wavelengths in the UV.

Figure 3.7 shows CompleteEASE Software of SE data is measured on the sample and how to

analysis the data. Figure 3.7(A) shows the analysis tab of a layered optical model is built which

represents the nominal structure of the sample. This model is used to “generate” SE data. The

model includes many choices to build model and modify, for example, add, delete, and save. Figure
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3.7(B) illustrates the model fit parameters are defined, and then automatically adjusted by the
software to enhance the agreement between the measured data and model-generated by SE data.

This is known as “fitting” the data.

Data Ti_Au side-Sami_top (Snapshol Model Ti_Au side-Sami_top (Snapshot)

mands. Add Delete Save

Angle Offset

S ale =

Angle Offset = 9,131 (I
+ MODEL Options

FI7T options

+ OTHER Options

Spectroscopic Ellipsometric (SE) Data

[Ps
32 Model

30

(B)

26

24
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200 400 600 800 1000

Figure 3.7 CompleteEASE Software for SE data is measured on the sample. (A) model of Au substrate with SAMs
and (B) illustrate the fitting data.

3.8 Protein Immobilization

A comparatively stable method of protein immobilization is to link a protein to the substrate via a
covalent bond. For protein immobilization, we followed the protocol described in Tsargorodska
et. al.?>> Figure 3.8 shows schematically the procedure used for protein immobilisation. An amine-
terminated self-assembled monolayer is formed on the gold surface, and incubated with
glutaraldehyde, which binds to the amine-terminated SAM via the formation of an imine bond

(Schiff’s base). The free aldehyde is able to couple to aminobutyl nitrilotriacetic acid (AB-NTA),
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to yield an NTA-functionalised surface which, after complexation with Ni?*, is able to bind
strongly to Hiss-labelled proteins.

Gold nanostructure nanoarrays were functionalized with 11-amino-1-undecanethiol hydrochloride
by immersion in a 1 mmol solution in ethanol for overnight, then washed with ethanol and dried
with nitrogen, derivatized with glutaraldehyde (12.5% in water) for 30 min, and immersed in a 20
mM aqueous solution of No,Na-Bis (carboxymethyl)-L-lysine trifluoroacetate salt (AB NTA), pH
5 for overnight. Then the samples were rinsed with DI water, dried under a stream of nitrogen and
immersed in a 10 mmol aqueous solution of nickel sulfate for 5-7 min to ensure complexation of
NTA by Ni?*. The samples were washed with DI water and dried under a stream of nitrogen to
remove excess Ni?*. The samples were then immersed in His-tagged BT6 Maquette in 20 mM
HEPES bufter, 0.03% BDDM, pH 7.5. The samples were left immersed in the maquette/buffer
solution for overnight in a humid chamber in a fridge. The relative humidity is the ratio of the
amount of moisture in the air to the moisture it can hold. Finally, the samples were washed with
2HEPES buffer and deionized water and dried under a stream of nitrogen. To produce the ideal
conditions for particular biological or chemical processes, such as protein attachment or cell
culture, the humidity level is adjusted and maintained at a specific percentage. Humidifiers, water

reservoirs, and other humidity control systems can help with this.
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Figure 3.8 Schematic representation of the method used to couple His-labelled proteins to gold nanostructures.
On the gold surface, an amine-terminated SAM forms. This monolayer is then incubated with glutaraldehyde,
which attaches itself to the amine-terminated SAM by forming an imine bond, or Schiff's base. After reacting with

Ni2+ to form an NTA-functionalized surface, the free aldehyde can couple to aminobutyl nitrilotriacetic acid (AB-
NTA) and form a strong bond with His6-labelled proteins.
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Streptavidin and Immunoglobulin G (IgG) were dissolved in 0.1 M PBS buffer then prepared at
different concentrations. The sample was immersed in protein solution for different times, rinsed

with buffer, and gently dried with a stream of nitrogen.

3.9 Cysteine Methacrylate (CysMA) Synthesis

Cysteine Methacrylate (CysMA) was synthesized following the published method of Alswieleh et
al,>®  via the selective thia-Michael addition of cysteine to a commercially
available methacrylate-acrylate precursor in aqueous solution without recourse to
protecting group chemistry (as shown in Figure 3.9). In a 250 mL round-bottom flask, L-cysteine
(15.13 g, 124.88 mmol) was dissolved in 100 mL of deionized water. Then 3-(acryloyloxy)-2-
hydroxypropyl methacrylate (29.43 g, 137.36 mmol) was added to the reaction mixture, followed
by dimethylphenyl phosphine (20 uL, 1.47 x 10"! mmol). The aqueous reaction solution was stirred
for 2 h at 20°C and subsequently cooled to room temperature. The solution was washed twice with
50 mL of ethyl acetate and 50 mL of dichloromethane. In the final step the concentrated aqueous
solution was freeze-dried overnight, yielding the CysMA monomer product as a pure white solid

(39.8 g, 97% yield). The reaction mechanism is shown in Figure 3.10.
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Figure 3.9 Synthesis of cysteine methacrylate (CysMA) monomer via the selective thia-Michael addition of
cysteine to a commercially available methacrylate-acrylate precursor.
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Figure 3.10 The mechanism of preparing the cysteine methacrylate monomer (CysMA) by a selective thia-
Michael addition.
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4. Fabrication and characterization of gold nanostructures
for biosensor applications

4.1 Introduction

Developing chip-based plasmonic diagnostic systems capable of widespread utilization in
hospitals and GP surgeries, requires the creation of inexpensive methods for the fabrication of
surface-supported films of gold nanostructures with programmable properties. The objective of
this chapter is to examine the possibility of using interferometric lithography to produce films
constructed of gold nanostructures with well-defined dimensions and properties that cover
macroscopic (~ cm?) regions.

The free electrons at a metal surface oscillate about their mean positions with a characteristic
frequency identified as the plasma frequency. Resonant coupling of incident electromagnetic
radiation to these plasma oscillations leads to the formation of surface plasmon polaritons, (or
plasmons). Localised surface plasmon resonances (LSPRs) result from the resonant coupling of
light to the plasmons of sub-wavelength metallic structures. Gold and silver nanoparticles exhibit
plasmon oscillations whose frequencies correspond to the visible region of the electromagnetic
spectrum and are therefore strongly coloured.?” There has been widespread interest regarding the
use of LSPRs in medical diagnostics, by measuring small red shifts in the energies of their plasmon
bands following the adsorption of biomolecules at their surfaces.

Utilising such sensors in healthcare settings requires the fabrication of surface-supported films of
nanoparticles with well-defined properties that are tailored to a specific application, and which

cover large enough areas for convenient analysis with commonly available analytical
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instrumentation (such as, a spectrophotometer). Two approaches have been explored in the
literature: firstly, electron beam lithography (EBL) has been used to fabricate nanostructures that
have precisely controlled structures. The advantage of EBL is that it provides nm precision;
however, it also requires the use of highly expensive apparatus and skilled technical operatives
and therefore, EBL is considered too expensive to be used for the mass production of sensor chips.
Secondly, an alternative approach is provided by colloidal lithography, in which metal is
evaporated through the interstices between polymer nanoparticles in self-assembled films of
particles formed on a suitable substrate. While colloidal lithography provides an inexpensive
solution to the production of nanostructures over large areas, the degree of programmability is very
modest.

This chapter explores an alternative approach based on the use of interferometric lithography (IL)
in conjunction with a self-assembled monolayer (SAM) resist. The aim is to achieve a high degree
of control over nanoparticle morphology, and facilitate nanofabrication over significant areas, thus
combining the superior aspects of EBL and colloidal lithography in a single approach.

SAMs have been used to fabricate nanostructured materials with extremely high resolution via
techniques such as electron beam lithography, interferometric lithography and scanning near-field
photolithography.'®42% SAMs of alkanethiols on gold surfaces can be patterned via
photolithographic techniques. In these processes, the thiol is photo-oxidised, rendering it labile at
the surface, and enabling it to be replaced by a contrasting thiol or displaced from the surface by
an etchant which subsequently erodes the underlying material.

Photo-oxidation is initiated by hot electrons that are produced on the gold surface following

irradiation with deep UV light.?* These hot electrons may tunnel into an antibonding state of the
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adsorbate sulfur atoms which initiates the photo-oxidation reaction that leads to the formation of

alkylsulfonate products as shown.2¢’

Au—SR+ 3/,0,+ e~ — Au+R - 503

In contrast to the strongly bound alkylthiol, the alkylsulfonate is easily displaced from the surface
to expose clean gold substrate which can be modified by the adsorption of a second, contrasting
thiol or treatment with an etching solution.?%0-30!

Octadecanthiol (ODT) monolayers have been utilized as etch resists to fabricate micro- and
nanostructures in 3D by using a solution of mercaptoethylamine (MEA) as a mild etchant for
gold.!"" Etching was achieved after patterning the SAMs via exposure to UV light through an
electron microscope grid, or by scanning near-field photolithography (SNP).

This chapter presents a systematic investigation of the lithographic process. The effects of
variations in the exposure and etching conditions on the morphologies of the resulting
nanostructures are characterised. This research hypothesises that the plasmonic properties of the
resulting nanostructures can be improved by annealing; therefore, the extinction spectra of
nanostructure arrays formed by IL are examined as a function of the annealing conditions. Finally,
measurements are made on a series of model analytes. Under certain conditions, it is demonstrated
that strong coupling of the plasmon mode to the analyte may occur, leading to the creation of new
hybrid light-matter states identified as plasmon-exciton polaritons (or plexcitons) which can be

observed experimentally when splitting the plasmon band.
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4.2 Results and Discussion

4.2.1 Fabrication of Gold Nanostructures

The photooxidation of octadecanethiol SAMs on Au was examined via X-ray photoelectron
spectroscopy (XPS). The composition of the gold substrate and the octadecanethiol SAMs was
assessed using high-resolution XPS to determine that they were free from contamination. The
samples were exposed to light from a frequency-doubled argon ion laser at a range of doses before
the acquisition of the XPS spectra. Figure 4.1 shows the XPS spectra acquired for SAMs of
octadecanethiol before and after exposure to a dose of 64 J cm™ of UV light. The C1s peak remains
unchanged after exposure to UV light. No oxygen is observed in the spectrum of the as-prepared
film, but a substantial O1s peak is observed after expsure to 64 J cm™ of UV light. The spectrum
of the as-prepared sample exhibits a doublet at 161.5 and 163 eV attributed to the S2p32 and S2p1.»
peaks (as shown in Figure 4.1 (b)) that result from the spin-orbit coupling.*! Based on the previous
work of Tarlov et al.'® and Huang , Hemminger and Leggett,>*' it was expected that a feature
would be observed at ~167 eV which correspond to alkylsulfonate oxidation products. However,
such a feature is not observed in the S2p spectrum in Fig 4.1 and instead, a small shoulder appears
at 165 eV and the reason for this difference remains undetermined. As described below, it was
possible to create nanostructured films when the exposure was conducted using an interferometer;
therefore, the SAM must be removed during UV exposure. One possible explanation for the lack
of sulfonate features in the S2p spectrum is that under the conditions of this study, there was only
partial oxidation of the thiolates occurred which yielded an intermediate product (for example,

RSO>") that caused the small peak at 165 eV.
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Figure 4.1 XPS spectra of octadecanethiol SAMs as prepared (top) and after exposure to a UV dose of Jcm™
(bottom). (a) C 1s spectrum. (b) S 2P spectrum and (c) for O 1s spectrum.

The photo-oxidation process was also characterized using atomic force microscopy (AFM). AFM
topographical images were acquired for the photo-oxidation of SAMs of ODT to study their
surface roughness. Friction force microscopy (FFM) images were acquired in parallel with the
height images. In FFM, the lateral photodetector deflection in mV is proportional to the friction
force acting at the tip-sample contact. The FFM images were acquired, and the mean lateral force
was determined by calculating the mean of the lateral photodetector signal along line sections
through the images. Figure 4.2 (a to c¢) contains a series of illustrative friction force images of
samples exposed to different doses up to 32 Jem™2. Figure 4.2 (d) shows the variation in the mean
lateral photodetector signal as a function of the UV for several of samples. It was found that the

friction force of the films increased with the dose: it increases rapidly with doses up to 10 Jem™
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and more gradually thereafter, reaching a limiting a value at a dose of 32 Jem™2. These data suggest

that a dose of 32 Jem is sufficient to cause complete photo-oxidation of the SAMs.
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Figure 4.2 AFM topographical images of exposed samples in different doses (a) 0J cm2 (b) 32J cm? (b) 64 ) cm?
(d) the FF as functions of doses.

4.2.2 Optimization of etch time

The optical properties of metal nanoparticles are determined by their dimensions and
morphologies.!! A fundamental aim of this work was to achieve effective control over
nanostructure morphology during the lithographic process. The etching time can be varied to
control the sizes of the nanostructures produced by determining the height and full width at half
maximum (FWHM) of the structures. If the etch time is too short, the nanostructures will be

inadequately defined and if the etch time is protracted, the nanostructures will be too small, or
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completely eradicated. Arrays of gold nanostructures were fabricated by exposing SAMs of ODT
onto gold surfaces at a dose of 30 J cm™ at 244 nm using a Lloyd's mirror interferometer and
subsequently etching them in a solution of mercaptoethylamine (cysteamine) in ethanol. A drop of
ammonia is added to the etch solution to act as a potential catalyst in the etching process.
Cysteamine dissolves the gold by acting as a bidentate ligand to coordinate with gold atoms by
both the thiol and amine groups.'!! The samples were imaged using AFM (Figure 4.3). To
determine the optimum etching times, the gold nanostructures were immersed in the etch solution
for various lengths of time. Figure 4.3. (a to d) shows samples formed by exposing ODT SAMs
on 15 nm thick gold films to a dose of 32 Jcm and immersing them in the etch solution for 5, 10,
13, and 20 min. As demonstrated in Figure 4.3, the space appears to vary from 250 nm to 500 nm.
In Figure 4.3(a) the peak to trough height (from left to right) varies between 3.6 and approximately
2 nm. The peak to trough height in Figure 4.3(b) appears smaller than in Figure 4.3(a) even through
the etch time is prolonged. Figure 4.3(d) shows that the gold nanostructures began to erode when

the etching time exceeds 20 min.
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Figure 4.3 AFM images with cross sections detailing the effect of etching time on gold nanostructures: (a) 5 min
etching time, (b) 10 min etching time, (c)13 min etching time and (d) 20 min etching time.
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Figure 4.3 shows AFM images of nanostructures formed under optimized conditions created by
adequate exposure and etching time. Although fully formed SAMs of ODT on gold may resist
etching by the cysteamine solution, it was observed that unoxidized areas in the samples patterned
by IL were affected by exposure. This could be attributed to the effect of the etching solution on
the ODT monolayers in unoxidized areas, via undercutting of the SAM (lateral etching) due to the
isotropic nature of the etch process.

Using IL, areas as large as 10 x 5 mm? can be exposed. The pitch was varied by changing the angle
of incidence of the laser beam on the mirror. The dose was kept constant at 34 J cm™, and identical
developing processes and conditions were maintained for all samples. The angle between the
sample and the mirror was varied systematically (from 13° to 35°) and the AFM images were
recorded. As seen in Figure 4.5, increasing the angle leads to the production of narrower features
with a higher density at the surface. At 13°, the FWHM and pitch were 238 and 251 nm, whereas
at 35°, they had decreased to 122 and 131 nm, respectively. Figure 4.6 shows that increasing the

mirror angle leads to a reduction in the period and FWHM.
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Figure 4.4 AFM topographical images of Au nanostructures on SAMs of ODT when exposed to UV-laser (244)
through IL system. The mirror angle was set as (a) 13° + 2, (b)15°, (c)20°, (d)25°, (e)30° and (f)35° respectively
and cross sections.
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Figure 4.5 The change in the period (peak to peak distance between the rows of nanostructures) , space
(distance between one particle to the next particle in the array) , and FWHM ( the width of particle size) of the
lines of nanostructures as a function of the mirror angle 13°+ 2, 15°, 20°, 25°, 30° 35°.

4.2.3 Fabrication of Gold Nanodots by Etching Gold after
Patterning using Orthogonal Exposures

To create arrays of nanocrystals, a double exposure process was developed, in which the sample
is rotated between exposures. The overlapping interferograms enable the fabrication of a wide
variety of structures. A double exposure was carried out after rotating the sample on the stage

through an angle ¢ (as shown in Figure 4.6).
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Figure 4.6 Schematic of the fabrication of nanostructures via two exposures. The sample is rotated through an
angle ¢ between exposures.''!

The sample was exposed to 34 J cm?, rotated by 90° on the stage, and subsequently exposed to an
additional dose of 20 J cm™. After photopatterning, the samples were immersed in the etching
solution for between 12 and 15 min. The resulting samples consisted of arrays of gold
nanostructures of distinct types. Figure 4.7 shows AFM topographical images of these Au
nanostructures. The mirror angle (angle of incidence) varied between 10° and 40°, and the rotation
angle was fixed at 90° for each exposure. The pitch of the rows of nanostructures and FWHM was
found to be 249 nm and 257 nm at 13° respectively, whereas at 35°, they had decreased to 106 and

100 nm, respectively.
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Figure 4.7 AFM topographical images of Au nanostructures on SAMs of ODT formed by IL using a double-
exposure process when the exposure to UV-laser (244 nm) through IL system and the mirror angle was (a) 25°,
(b)15°, (c)20°, and (d)35° respectively and ¢p = 90° for all samples and cross sections.

Figure 4.8. shows AFM topographical images and cross sections of Au nanostructures fabricated
via a double-exposure process which used the same mirror angle (25° angle of incidence) and
different angles of rotation between exposures. The sample was exposed to 34 J cm?, rotated by
20°, 30°, 40°, 50° and 60°, and exposed to a further dose of 20 J cm™. After photopatterning, the
samples were immersed in the etching solution for 12 to 14 min. The resulting samples consisted
of arrays of gold nanostructures. For an angle of 20 between the two beams of 20°, the period was
equal to the laser wavelength. The pitch was 260, 381, 522, and 540 £12 nm for samples a to d,

respectively, and the corresponding FWHM are 162, 161, 216, and 241+12 nm.
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Figure 4.8 AFM topographical images and cross sections of Au nanoarrays formed by IL using a double-exposure
process in which the mirror angle is kept fixed at 25° while the angle of rotation is varied. ¢ =
60°,45°,30° and 20° in (a-d) respectively.

Figure 4.9 illustrates that the period and FWHM decrease with an increasing angle of incidence
and that the rotation of samples between exposures has no effect;-therefore; based on these
studies, can be concluded that the period and FWHM decrease when the mirror angle decreases.

This facilitates the design and creation of gold arrays of specific sizes and pitches for any

specific application.
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Figure 4.9 The change in the period (peak to peak distance between the rows of nanostructures) , space (distance
between one particle and the next particle in the array) , and FWHM ( the width of particle size) nanostructures
as a function of the mirror angles for various samples while the mirror angle caries and the dose remains constant
at 64 Jcm?,

However, calculating the expected angle of incidence based on the period of patterns in the various
samples and comparing it to the predetermined angle of incidence revealed that there is no

significant difference.

4.2.4 Annealing
The gold films employed in nanofabrication are formed via thermal evaporation and are
polycrystalline. To create structures with improved plasmonic properties, arrays were annealed

following nanofabrication. Annealing produced nanostructures with a uniformly high degree of
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crystallinity, which led to the observation of intense plasmon bands. Samples were annealed by
heating at 525 °C for 120 min and characterised by AFM. AFM images of a sample before and
after annealing are presented in Figure 4.10. After annealing, the periodicity of the nanostructures
is retained; however, the morphologies of the nanoparticles are altered. Annealed nanostructures
were found to be higher but smaller, laterally, than was the case before annealing. Data shows the
extent of the change in dimensions that was observed for a representative selection of samples that
exhibited no plasmon absorptions in their as-prepared state. AFM images of representative samples
are shown. The morphologies of the structures also changed because of annealing, undergoing a
transition from being approximately flat-topped to approximately pyramidal in cross-section and
after annealing, all structures yielded absorbance spectra that were significantly altered and
exhibited strong plasmon bands (see Figure 4.10). Gold nanostructures yield strong plasmon
bands, and annealing causes recrystallization of the gold so that all the specimens yield strong

plasmon absorptions.
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Figure 4.10 AFM topographical images of Au nanoarrays with cross sections (a) as prepared by IL before annealing
and (b) after annealing at 525 °C for 120 min.

Figure 4.10 contains AFM images of a sample before and after annealing. After annealing, the
sample still exhibits a periodic structure; however, the morphology is somewhat altered: there is a
significant change in the heights of the nanostructures (which doubled in magnitude from 8 to 18
nm) which is attributed to recrystallization of the gold during annealing. Additionally, in some
locations, a small number of crystallites is formed between rows in the pattern which suggest that

the gold becomes mobile during annealing.

108



4.2.5 Plasmon Absorption and Extinction Spectra of Gold
Nanostructures with Different Shapes
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Figure 4.11 Absorption spectra of the array of gold nanodots shown in Figure 4.10 before annealing (blue line)

and after annealing (red line). Annealing was conducted at 525 °C for 120 min with pitches of (a) 230 nm and (b)
270 nm, FWHM of (a) 250 nm and (b) 287 nm and phi 90°.

Arrays of gold nanostructures fabricated using IL were characterised via optical spectroscopy.
Figure 4.11 shows the extinction spectra of the array of gold nanodots (whose morphology is
shown in Figure 4.10) as recorded before and after annealing. A plasmon band is not observed for
the as-prepared array; however, after annealing a strong feature emerges at 580 nm that is attributed
to a gold plasmon band. There was some variation in the plasmon band depending on the
nanofabrication conditions and the annealing temperature. This is illustrated in Figure 4.12, which

displays extinction spectra for two different arrays, which consist of particles with pitches of (a)
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230 nm and (b) 270 nm and FWHM of (a) 250 nm and (b) 287 nm. The presence of such additional
features means that care must be exercised when examining complex spectra. For example where
there is strong light-matter coupling: it is necessary to carefully compare spectra against the

reference spectrum for the clean gold nanostructures.
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Figure 4.12 Absorption spectra of two arrays of gold nanoline with pitches of (a) 230 nm and (b) 270 nm and
FWHM of (a) 250 nm and (b) 287 nm. In each case the extinction spectra exhibit a main absorption band and a
small shoulder. The positions of these two features are indicated by arrows.

The relationship between the pitch (the peak-to-peak distance between nanostructures) and the
position of the A;¢pg is shown in Figure 4.13. The pitch varied from 220 to 480 nm. The position
of the plasmon band was found to become increasingly red-shifted and increased as the pitch of
the array increased. The particle size (FWHM) increases as the pitch of the array increases, and
this causes a reduction in the energy of the LSPR. The variation in the associated plasmon
wavelengths is shown in Figure 4.13.

The resonance wavelength Aspr of LSPR for gold nanostructures that have been fabricated by the
IL technique using two exposures can be tuned by varying size, height, and spacing. The
dependence of A;gpr on the pitch shown in Figure 4.13 is consistent with published data by

Vazquez-Mena et al.>*> who prepared samples by evaporating gold through a stencil mask. The
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RI sensitivities obtained by Vazquez-Mena et al. were m = 179 nm/RIU for nanodots with spacing

S =300 nm, m = 93 nm/RIU for S =200 nm, and m = 30 nm/RIU for S = 100 nm.
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Figure 4.13 The variation in Aspr as a function of the pitch (the peak-to-peak distance between nanostructures).
¢ varied between 20° and 90° to achieve a range of pitch from 230 nm to 473 nm.

4.2.6 Refractive index sensitivity (RIS)

Adsorption of molecules onto gold surfaces causes a change in the local refractive index, which in
turn yields a change in the measured energy of the plasmon band. In several varieties of plasmonic
sensors, these red shifts in the position of the plasmon band are measured and used for analytical
purposes. The plasmon band will shift as a function of the refractive index of the medium. The

relationship between A, spr and the refractive index of the medium, n, is,'"”

Amax = ApV2n%2 +1 4.1
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Where 4, 5pg is the wavelength corresponding to the plasma oscillation. At optical frequencies, the
relationship between the LSPR wavelength and the refractive index is approximately linear.!"®
Thus, the refractive index sensitivity m, defined as m = A;spg / n Where n is the refractive index of
the mediums used as a convenient figure of merit and is determined from the slope of a plot of
ALspr against n for a series of liquids.

The UV-visible absorption spectra were measured for three replicate gold nanostructure arrays
with a pitch of 360 £ 30 nm in media with different refractive indices, including aqueous NaCl
and a variety of organic liquids including ethanol, dimethyl formamide, acetone, and mixtures of
toluene with ethanol and methanol. Representative spectra are shown in Figure 4.14 (a) which
shows that the wavelength at which the plasmon band was observed varied significantly in each
of the different liquids. The dependence of A;spg on the refractive indices of this set of test liquids
is shown in Figure 4.14(b). A straight line was fitted to the data by linear regression to enable the
determination of the refractive index sensitivity. The error bars are calculated as the standard error
of the data. Based on the fitted line, the refractive index sensitivity (the slope of the fitted line in
Figure 4.14(b)) was 87 nm per unit of refractive index (87 nm RIU™).

The same method was employed to determine the refractive index sensitivity of a series of samples
fabricated with different sizes (FWHM) and these results are shown in Table 4.1. The refractive
index sensitivity increased with the nanoparticle size which is consistent with expectations based
303

on published literature.

Larger nanoparticles tend to have high sensitivities; however, multipolar excitations and radiative

damping broaden their peaks.'"”

112



a) —Air b)
1 —Hy0 7N
EtOH 780
. - Acetone
3 0.8+ DMF
s Toluene and methanol (3:1) ¥
" 760
< 06 £
® < 1
2 =~ i
T 0.4+ x 740
£ £
g ~
0.2 4 7204
8
0 \}‘_ > : 1
700 . T T T T
T T T T T T T T 1 11 1.2 1.3 14 1.5
400 450 500 550 600 650 700 750 800 850 .
Refractive index
Wavelength / nm

Figure 4.14 (a) UV-vis absorption spectra of Au nanostructures with a pitch of 360+30 nm and a FWHM of [330]
nm, fabricated in a double exposure process with g= [25]were measured in media with different refractive
indexes (NaCl at different concentrations and other solutions such as EtOH, DMF, Acetone, a mixture of toluene
with ethanol and MeOH). (b) Variation in Aspr as a function of the refractive index for three replicate samples

with a pitch of 360 + 30 nm. The measurements were repeated in triplicate for each sample.

Table 4.1. The effect of particle size on the refractive index sensitivity/RIU. Different annealing Au nanoarrays

samples reported the sensitivity to UV-vis as measured in media with a different refractive index.

Size of the nanoparticle | Refractive index sensitivity / nm

(FWHM) / nm RIU"!

280

87

300

97

321

104

329

117

330

131

113




4.2.7 Protein adsorption onto arrays of gold nanostructures

One of the primary objectives of this study concerns the development of a new approach to the
fabrication of chip-based arrays of gold nanostructures for biological sensing. A key question
concerns the sensitivity of the arrays to the binding of biological molecules. When proteins adsorb
onto the surface, the local refractive index changes which results in a shift in the energy of LSPR,
the magnitude of which is determined by the number of adsorbed biomolecules; therefore, to
calibrate the sensitivity of the arrays, this research examined the adsorption of streptavidin.
Streptavidin is a model protein which is used to quantify the sensitivity of the LSPR to protein
adsorption. It is a protein that is employed in biosensor design because many antibodies are
conveniently modified in a site-specific way to introduce biotin as a linker which facilitates
binding to adsorbed streptavidin with a controlled presentation. SAMs afford a flexible platform
to modify the surfaces of metals and metal oxides. Protein immobilization is one of the most
important applications of the modified SAMs. Non-specific adsorption (NSA) is a constantly
recurring issue which negatively affects biosensors by making them less sensitive, less specific,
and less reproducible.

Streptavidin is a protein formed by the bacterium Streptomyces avidin which has four binding sites
for biotin (in common with avidin). Both have been widely used as probes in immunochemical
systems, conjugated to antibodies, enzymes, or fluorochromes; however, avidin has a more basic
isoelectric point (pI ~ 10.5) than streptavidin (pI ~ 5-6).304393

The adsorption of streptavidin onto gold nanostructure arrays was characterised using UV-vis
spectroscopy (Figure 4.15). Subsequently, the arrays were immersed in streptavidin solutions for
various times. Following the adsorption of streptavidin, the LSPR peak redshifted by 10.0 nm after

an adsorption time of 30 min and 20.0 nm after an adsorption time of 1 hour (see Figure 4.15).
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Figure 4.15 A.spr extinction spectra of gold nanostructures surfaces (black lines) and (coloured lines) after
immersion in a solution of streptavidin for 30 min (red) and 60 min (blue). The features of the gold
nanostructures’ pitch are 300 +20nm, FWHM 270 +37 nm, and ¢ 25°+2.

Adsorption isotherms were acquired on continuous gold film. The samples were immersed in
protein solutions with a range of concentrations and allowed to equilibrate for one hour before the
adsorption spectra were collected. Spectroscopic ellipsometry was employed to determine the film
thickness. Figure 4.16 shows the variation in the ellipsometric film thickness, proportional to the
amount of adsorbate, as a function of the concentration of streptavidin in the solution. Initially, the
amount of adsorbate increases rapidly as a function of concentration and approaches a limiting
value at a concentration of >700 nM (which corresponds to monolayer formation). The thickness
of the layer of adsorbate formed at this concentration (5.5 nm) is in accordance with the expected

295

height of a streptavidin molecule (5.6 nm).3% Protein adsorption follows Langmuir kinetics,?*> and
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the behaviour observed in Figure 4.16 is consistent with this. Langmuir kinetics are observed
where the adsorbate binds to the surface strongly but where the interactions between adsorbate
molecules are much weaker. Consequently, in Langmuir kinetics adsorption ceases the formation
of an adsorbate monolayer. Proteins interact only very weakly with each other but are expected to
adsorb robustly onto gold surfaces. The equilibrium constant is in agreement with the literature.3?’
The Langmuir adsorption isotherm describes the adsorption of molecules onto a solid surface,
assuming a finite number of identical sites and no interactions between adsorbed molecules. Figure
4.16 shows variation in the fractional coverage with the concentration of streptavidin. The red line

has been fitted to the data using the Langmuir equation:

bC
1+bC

0or q, = 4.2

Where:
Theta is the fraction of the surface covered by streptavidin. b appears to be about 200 nm, related to the affinity of

streptavidin for the gold surface. C is the concentration of streptavidin.
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Figure 4.16 Adsorption isotherm for Streptavidin adsorbed on polycrystalline gold film. (black square) The
ellipsometric thickness of the streptavidin layer is assumed to be proportional to the amount of adsorbate and
plotted as a function of the streptavidin concentration. (red line) Variation in the fractional coverage with the
concentration of streptavidin. The red line has been fitted to the data using the Langmuir equation.

For gold nanostructure arrays, streptavidin adsorption was studied by measuring the redshift in the
position of the plasmon band (see Figure 4.17). The red shift in the position of the LSPR is
proportional to the refractive index change in the vicinity of the gold surface, which in turn is
proportional to the amount of adsorbate.!'® Therefore, the plot of ALspr against the streptavidin

concentration provides an alternative means to measure the adsorption isotherm for the protein.

Initially the size of the red shift increases rapidly; however, the rate of increase decelerates as the

117



concentration increases above 400 nM and reaches a limiting thickness. This data suggests that the
adsorption kinetics are similar for nanostructured and continuous gold films,3*® and no significant
changes were perceived in the extinction spectra of nanostructured gold films when exposed to
protein solutions with concentrations in the range 50 nM to 1 M.

At concentrations of approximately 400 nM, streptavidin’s binding behavior on the Au
nanostructures can be effectively explained using by the Langmuir adsorption isotherm (following
the attainment of saturation coverage). Each streptavidin molecule was independently bound to a
finite number of identical sites on the gold surface until all the sites were occupied. The system
achieved its highest coverage level at 400 nM, implying that the gold nanostructure binding sites

were maximally utilized, thereby promoting the optimal streptavidin-substrate interaction.
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Figure 4.17 (a) Absorption spectra of bare Au nanoarrays following immersion in solutions of streptavidin with
different concentrations. b) The dependence of the red shift in the LSPR, A Aispr, as a function of the
concentration of streptavidin.

The extinction spectra of Au nanoarrays following the immobilization of streptavidin with
different concentrations are shown in Figure 4.17. The plasmon band was observed to become

increasingly red-shifted as the concentration of streptavidin increased (see Figure 4.17(b). The
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variation in Arspr With streptavidin concentration in Figure 4.17 (b) correlates closely with the
ellipsometry data contained in Figure 4.16. The amount of adsorbate increased with the
concentration of the streptavidin and reached a limiting coverage at a concentration of ~700 nM.
Above 500 nM, the plasmon band becomes stable when it reaches the limit of detection which is
in agreement with the spectroscopic ellipsometry measurements. The ellipsometric data closely
aligns with the LSPR shift and indicates a coverage level of 400 to 500 nM.

Compared with other plasmonic devices, such as gold nanoparticles and nanorods, LSPR sensors
exhibit equal or superior sensitivity to traditional plasmonic devices. This is attributed to their high
surface-area-to-volume ratio and amplified electromagnetic fields. Performance can be influenced
by factors such as particle size, shape, and surface modification. Performance comparisons
between LSPR sensors and traditional plasmonic devices for protein adsorption are dependent on
experimental conditions and device configurations.

In label-free sensing, streptavidin can be used to anchor a probe antibody in a site-specific manner
via biotinylation of the antibody.

To determine the feasibility of using gold nanoparticle arrays in this way, streptavidin
functionalized nanostructures were immersed in a solution of biotinylated IgG and the extinction

spectra were recorded. A redshift of 17 nm was observed in the extinction spectra following the
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adsorption of streptavidin; however, following the binding of biotinylated IgG, a further redshift

of 15 nm was observed (see Figure 4.18).
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Figure 4.18 The adsorption spectrum of gold (black line) following the addition of immobilized streptavidin (green
line) and the after attached IgG (pink line).

When streptavidin adsorbs onto gold nanostructures, it changes the local refractive index on the
gold surface which leads to a red shift in the position of the plasmon band.

However, a very different kind of behavior was observed when synthetic light-harvesting Maquette
proteins were attached to gold nanostructures. Maquette proteins are synthetic proteins that consist
of a-helical bundles that are designed and created to incorporate cofactors that convey specific

roles. Figure 4.19 is a schematic diagram of the structure of BT6 maquettes, and the location of

the two chlorins.
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Figure 4.19 (a-b) Schematic diagrams showing (a) the structure of BT6 maquettes, (b) the location of the two
chlorins,>®” and (c) maquette design as shown by pigment.310:311,312

For example, Dutton et al. designed maquette proteins that bind oxygen to replicate the biological
function of myoglobin.3!3 They are designed from first principles, with minimal reference to
natural protein sequences, and provide an ideal platform from which to address essential questions
regarding the relationship between biological structure and function. In this chapter measurements
are described for a synthetic light-harvesting maquette protein.

Light-harvesting BT6 maquette proteins containing terminal Hiss tags were attached to gold
nanostructures as described in chapter 3.8. These maquettes contain two binding sites for synthetic
chlorin (a tetrapyrrole structure with robust photosensitizing properties). The Hises tag binds
strongly to nitrilotriacetic acid functionalised surfaces that have been complexed to Ni**. These
surfaces are prepared by binding aminobutyl nitrilotriacetic acid to aminoundecanethiol SAMs via
incubation with a bifunctional linker (glutaraldehyde).

XPS C 1s high-resolution spectra for different surfaces are shown in Figure 4.20. Figure 4.20 (a)
shows the Cla spectrum of a SAM of aminoundecanethiol. It is fitted with two peaks, one with a
binding energy (BE) of 284.5 eV that is attributed to C—C—C and another with a BE of 286.6 eV
that is attributed to C—C—N. Aminoundecanthiol SAMs were reacted with GA and Figure 4.20(b)

contains the spectrum of the product of this reaction. It is fitted with three peaks: a component at
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284.5 eV corresponding to aliphatic carbon atoms; a peak at 286.5 eV attributed to carbon atoms
in unreacted amines (C—C—N) or adjacent to the nitrogen atom in the imine group (C—C=N); and
a component at 288.1 eV attributed to C— C=0 in the free aldehyde group ® to the imine bond.

Figure 4.20(c) shows a Cls spectrum of a sample like that in (b) after incubation with ABNTA.
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Figure 4.20 XPS C1s spectra of SAMs and Maquette BT6: (a) an aminoundecanethiol SAM of gold, (b) an
aminoundecanethiol SAM on gold after reaction with glutaraldehyde, and (c) an NTA-functionalised monolayer.

This is consistent with previous studies regarding aminosilane systems by Xia et al.>!# and previous
studies on gold film systems by Lishchuk et al.>® After the reaction of glutaraldehyde with an
AUT SAM, a component was observed at 288.4 eV corresponding to the aldehyde terminal group.
The area of this peak was 5.6 at%, compared to a calculated value of 12.5 at% (assuming complete
reaction) which indicates slightly less than 50% derivatization of the surface. After the final stage
of the surface derivatization process, the attachment of aminobutyl NTA, a carboxylate peak is
observed at 289.0 eV, with an area of 1.8 at%, compared to a calculated value of 5.6 at %. Although
the overall yield is 32%, it should be noted that surface reactions frequently produce poor yields
because of the severe steric constraints and, moreover, the multiple stages of this process. Given
that the cross-sectional area of a BT6 maquette is ~4 nm?, and the efficiency of NTA-His

complexation is high, this density of NTA groups should be considered adequate for the formation
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of a close-packed layer of maquettes.

Figure 4.21 (b) shows the spectra of a clean gold nanostructure array (blue line) and the same
structure following the deposition of Maquette BT6 (red line). Additionally, the plasmon peak has
shifted to a lower wavelength and split following the adsorption of the protein. The blue line shows
the extinction spectrum of clean Au and a significant change is observed following the binding of
Magquette. The red line shows that the plasmon band splits to yield new components at 570 and
650 nm. The splitting of the plasmon band is attributed to the strong coupling between the LSPR
and the chlorine excitons in the maquette proteins. Surface plasmon polaritons (SPPs) on various
nanostructures can exhibit strong coupling to molecular excitons that depend on the plasmon mode
volume. A linear combination of the exciton and the uncoupled plasmon resonance yields new
states above and below the energy of the SPP mode, and this produces the characteristic splitting
in spectra of plasmon energy. Recently, significant interest has been shown in this phenomenon.
This coupling may be explained by a Fano theory in which a broad mode (the plasmon mode) is

coupled to a narrow one (the exciton) or (by using the coupled dipole approximation).?%’
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Figure 4.21 (a) Adsorption spectrum of maquette protein BT6. (b) Extinction spectra of a gold nanostructure
array before (black) and after (red) attachment of maquette protein BT6. The green line has been fitted to the
red data using a coupled oscillator model. (c) Schematic diagram illustrating the linear combination of LSPR and
exciton states in strong coupling, to yield two new peaks with energies E; and E;.>*°
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In the strong coupling regime, a linear combination of a protein exciton (energy Emo1) and the
uncoupled LSPR (energy Erspr) yields new states above and below the energy of the LSPR
(with energies E1 and E») giving rise to the splitting of the main plasmon resonance (Figure 4.21
(c)). Plasmon-exciton coupling was modelled with a classical model based on two coupled
harmonic oscillators.?%

To establish whether the coupling energies obtained by fitting the model to experimental data
are realistic (considering the dipole moments and densities that can be expected), this study
315,316

relates the coupling energy (Ec) to the microscopic expression for the coupling energy:

252
MZE, N

E,~ 4.3

0ebELspr ViSPR
where p is the transition dipole moment associated with each of the N dipoles within the LSPR
mode volume Vispr, € 1S the permittivity of free space, &b is the relative permittivity of the
background medium (in case one, the medium is air with an ultrathin protein layer). Using this
expression, and the values for Ec, Emorand Erspr yLspr obtained from the earlier modeling and
dipole moments provided by the literature, this study established the basis for further
research.3!7318

The robust correlation between the model and the experimental data (see Figure 4.21) facilitated
the determination of the energies of the coupled modes. The energies of the two plexcitonic
states were found to be 2.03 eV and 1.69 eV and the coupling energy was found to be 2.01 eV.
For natural photosynthetic light-harvesting complexes, coupling energies were found to be in
the range of 0.19 eV (dependent on the type of light-harvesting complex and its pigment

composition).?%
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To determine whether a system is in the strong coupling regime, several criteria are employed.?®?
When the linewidths of the modes are similar, the coupling energy (Ec) must be nearly equal to,
or greater than, the average of the linewidths of the two modes/oscillators for normal mode
splitting (Rabi splitting) at resonance to be observable (modes 1 and 2). However, it should be
noted that this is a wide-ranging criterion as the visibility is dependent on how the linewidths
are shaped. A double-peak structure (on and slightly off-resonance) is more noticeable when
there is one large and one smaller linewidth and, on occasions, the condition. Ec>\/y;y, (where
y;1 and y, are the line widths of the plasmon mode and the exciton) is applied as a guide. In this

instance, it is crucial to take into consideration the fundamental standard for strong coupling:

E. = % (Y1 — 72). By doing so, it is ensured that the word describing the separation between

1 . ..
two modes at resonance \[ E? — Z(h —¥,)?, remains true, and two distinct normal modes

exist.295’1 04

4.2.8 Stability
The research evaluated the feasibility of cleaning and reusing gold nanostructure arrays. Following
the adsorption of streptavidin, the arrays were immersed in cold piranha solution for 4 to 7 min,
rinsed, dried, and re-used. To investigate the effect of the cleaning procedure on the nanoparticle
properties, extinction spectra were collected. Figure 3.22 contains representative spectra which
reveal only a minimal alteration in the position of the plasmon band. The extinction spectra
displayed in Figure 4.22 show a blue shift of less than 4 nm (from ArLspr=617 nm to ALspr=0613 nm)
between a fresh fabricated sample and a sample that has been reused 24 times. Additionally, an
AFM analysis of the reused samples indicated small alterations (less than 1%) in the height, width,

length, and spacing of fabricated gold nanodots.
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Figure 4.22 The extinction spectra of a newly fabricated sample (black line) and the same sample after multiple
uses (blue lines).

SAMs of ODT on 20 nm gold films were patterned by exposure to UV-laser (244 nm) at a power
per unit area of 5.9 mW on the sample for 22 min during the first exposure, and 12 min during the
second exposure with an angle of 30° between the two exposures. The sample was etched by a
solution of cysteamine (0.2 mol) in 4% ammonia in ethanol for 12+1 min. The sample was
functionalized with different dyes. After storing this sample for over 1 year in EtOH, it was
characterized again by AFM (see Figure 4.23(b)) and the images were compared with those of the
as-prepared films (see Figure 4.23(a)) which confirmed that the gold nanostructure has not
undergone any significant change (as illustrated in Figure 4.23). AFM topographical images with
cross sections of Au nanorods in Figure 4.23 show no change in the morphologies of the nanolines
after storing and re-functionalization with different dyes. Gold nanostructures were found to

remain stable after storing in EtOH for up to 1 year.
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Figure 4.23 AFM topographical images and cross sections of gold nanolines (a) after preparation and (b) after

being stored for over 1 year.
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4.2.9 Creating near-IR active nanostructures

The aforementioned results are focused on the visible region of the electromagnetic
spectrum; however, for some applications, it would be advantageous to be able to fabricate
nanostructures arrays that possess plasmon resonances in the near-infrared (NIR) region of
the spectrum, i.e. the wavelength range of 600 to 1,000 nm. Therefore, this study attempted
to fabricate nanostructure arrays by IL that exhibit efficient strong plasmon resonances at
NIR wavelengths.

The samples in Figure 4.24 were exposed using identical conditions to the lithographic
process; however, the primer layers were different. The thickness of the gold is around 25
nm, the etching period is 13 min, the angle between the mirror and the sample is 25°, and
the rotation of the sample is 90°.When Cr was used as an adhesion layer (Figure 4.24 (a)),
the longest wavelength achieved by the LSPR was 750 nm. However, when Ti was
employed as the adhesion primer (Figure 4.24 (b)), it was possible to produce arrays whose
LSPRs appeared at longer wavelengths of 812 nm. Additionally, the FWHM for sample
4.24 is larger and higher.

NIR-active structures can have a variety of morphologies depending on the materials and
manufacturing processes employed. The previous discussion focused on nanoparticles,
specifically gold on Cr or Ti acting as an adhesive primer. Nonetheless, nanorods,
nanoshells, nanocages, nanostars, and other intricate geometries can also be considered
NIR-active structures and when considering their surface-enhanced effects and optical
characteristics, these structures have particular advantages. These diverse morphologies

provide customized surface features and optical qualities that are advantageous for other
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purposes including drug delivery systems, bioimaging, photothermal therapy, and sensing

platforms.
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Figure 4.24 Au nanostructures using Cr (A) and Ti (B) as the adhesion primer.

4.3 Conclusions

SAMs of ODT on gold were patterned rapidly, simply, and inexpensively by using a Lloyd’s
mirror two-beam interferometer over large areas with control of morphology. SAMs of ODT are
photo-oxidized by exposure to a UV dose of 30 J cm™. ODT monolayers were utilized as resists
for wet etching by cysteamine solution to fabricate gold nanodots of assorted size and
morphologies. From the relationship period = A/2 sin 0, the angle (20) between the two beams that
interfere on the sample is the primary parameter controlling the size of the fabricated
nanostructure. The geometry of gold nanodots can be regulated by changing the angle of rotation
of the sample between the two exposures of SAMs on gold. The absorption spectra indicate that
nanorod arrays afford the best-localized surface plasmon resonance. The pitch was between 170
and 280 nm. The particle FWHM was in the range 110 to 370 nm. The period was between 200
and 500 nm. The A, spr Wavelength of the fabricated nanorods was at ca. 530 and 720 nm. It was
found that Maquette protein on gold nanodots provides red-shift of LSPR wavelength 13.0 nm and

18.9 nm, respectively in the A;spg extinction spectra, and yielded a splitting of the plasmon band.
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Additionally, this research used streptavidin on gold nanostructures which provided a red-shift in
the A, gpr wavelength of 17.0 nm, and IgG on the nanostructures provided a red-shift of 15.0 nm.
For the model, the plasmon—exciton coupling is modeled with two coupled harmonic oscillators
which align closely with the experimental data and enables the extraction of the exciton energies.
The fabricated gold nanostructures are very stable, reusable (more than 24 times), and can be stored

for more than six months.
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5. Growth of stimulus-responsive polymers from arrays of
gold nanostructures

5.1 Introduction

Stimulus-responsive (smart) surfaces are attractive for numerous applications because they enable
the regulation of a variety of properties such as wettability, stiffness, biocompatibility, friction
coefficients, and specific binding. For example, smart materials have been used in the design of

nanoparticles for applications in drug delivery and solar cells.?!

In the presence of either lysozyme
or bovine serum albumin, Rosen et al.>'® demonstrated that cysteine-functionalized silica
nanoparticles are resistant to protein fouling (BSA). The reversible adsorption and desorption of
nanoparticles or proteins by pH manipulation, as demonstrated by Jiang and co-workers, is a
second potential use for such brushes.??° The superior in vitro and/or in vivo anti-cancer efficacy
of these dual and multi-stimuli responsive polymeric nanoparticles has been demonstrated by
reports regarding their unmatched control over drug distribution and release. Dual and multi-
stimuli responsive nanoparticulate drug formulations demonstrate enormous potential for targeted
cancer therapy due to their programmed site-specific drug delivery characteristic. For instance,
pH-sensitive nanoparticles have been designed and developed to release drugs in the tumour and/or
endo/lysosomal compartments by taking advantage of the slightly acidic environments in
cancerous tissues (pH 6.5-7.2), endosomes (pH 5.0-6.5), and lysosomes (pH 4.5-5.0) as compared
to the physiological pH of 7.4 in blood and normal tissues.*?!*22 According to research, conformal,

percolating metal nanoparticle electrodes can modify silicon microwire-based solar cells. The

proposed technique employs a thin polymer brush as a guide for forming the metal nanoparticle
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electrode layer. Due to the plasmonic scattering capabilities of the metal nanoparticles, the
resulting films can operate as both an electrode and a light-capture enhancer 33324

Polymer brushes synthesized by the grafting-from method including living radical polymerization
techniques such as atom transfer radical polymerization (ATRP), have been used in the preparation
of polymer films with controlled thicknesses of up to several hundred nanometres on either planar
or colloidal substrates. Polymer brushes are dense polymer films attached to a solid surface and
are prepared either by solution phase synthesis of a polymer that is subsequently attached to a
surface (grafting to) or by growth from a surface-bound initiator (grafting from), (as detailed in
Chapter 2, Section 2.9.2).252233:254 Polyelectrolyte brushes have attracted interest because of their
stimulus-responsive character. Several recent studies have considered polyacid and polybasic
stimulus-responsive polymer brushes, which change their behaviour with pH and ionic strength.
For example, at basic pH levels, polyacid brushes become anionic leading to electrostatic repulsion
between chains which causes increased swelling of the polymer and leads to an increase in
height.?3-256 The responses of poly(acrylic acid) brushes to such changes have been investigated,
and established a threshold at pK. (pKa describes a molecule's acidity and measures acid strength
by how tightly a Bronsted acid holds a proton). Above this limit, swelling was observed whereas
below this limit, collapse typically occurs.?’®> Both atomic force microscopy (AFM) and
ellipsometry have been applied to poly(methacrylic acid) brushes, enabling their pH response to
be observed as capable of switching between collapsed and stretched. Similar responses have been
shown in typical polybase brush materials, such as poly(2-(diethylamino)ethyl methacrylate)
(PDEAEMA )?*?¢ and poly(2-(dimethylamino)ethyl methacrylate) (PDMA ).327-328

Zwitterionic polymers are highly resistant to biological adhesion, resisting protein adsorption, cell

adhesion, and preventing biofilm formation. Minimal fouling is observed for poly(sulphobetaine
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methacrylate) (PSBMA) and poly(carboxybetaine methacrylate) (PCBMA) brushes when applied
as grafts to glass slides.’?° Zwitterionic brushes also display pH-responsiveness, although the pH
dependence is not considered a universal trait, with some, such as PSMBA and PMPC exhibiting
no change whereas some substances such as poly (carboxybetaine methacrylate) transition to
polyelectrolytic behaviour when pH is reduced.?”3-3°

Comparatively few authors have considered amino acid side chain branching polymers. lonic
transport mediation has been conducted using pH variation across a silica substrate activated using
surface-initiated radical polymerization to grow cationic poly(methacryloyl-L-lysine) brushes. Liu
et al. employed surface-initiated photoinitiator-mediated polymerization (SI-PIMP) to create
zwitterionic poly(serine methacrylate) (PSerMA) brushes, which were grafted onto a planar gold
substrate to test its potential as an anti-biofouling material.?’> The most notable recent publication
regarding this area involves the application of 3- or 5-step protocols to a pair of novel amino-acid-
based methacrylic monomers to produce polycarboxybetaine brushes.?*® pH- responsive polymer
brushes are widely used in biomedical and engineering applications. Poly (cysteine methacrylate)
(PCysMA) was prepared by Alswieleh et al.?%¢ who noted that the polymer was highly resistant to
biofouling and provided effective support for lipids. A commercial methacrylate-acrylate
precursor bilayer was coupled to cysteine using a thia-Michael addition, providing a simple and
inexpensive method for CysMA synthesis at multigram scale (Figure 3.9 in experimental Chapter
3, Section 3.9). This protecting group chemistry free process operates at a multigram scale and
notably, only requires water as a solvent. Effectively, this guarantees the availability of a cost-
effective zwitterionic polymer brush system, which compares favourably against extant methods

such as PMPC. AFM and ellipsometry were employed to monitor the stimulus-responsive
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behaviour of PCysMA brushes grown on gold nanostructures and gold substrates using ATRP
method which facilitates an assessment of any alterations in pH and ionic strength.?%

In this chapter, the stimulus-responsiveness of PCysMA brushes grown from gold nanostructure
arrays is investigated. Gold nanostructures were functionalised to introduce surface-bound initiator
species, and the brushes were grown using surface-initiated atom transfer radical polymerisation
and the resulting zwitterionic brush nanostructures were characterised to determine their pH-
responsiveness. Brushes with dry thicknesses in the range of 5 to 26 nm were prepared and
characterised in solutions with low pH (<2) and very high pH (>12). The influence of such brush
films on the extinction spectra of gold nanostructure arrays was measured to determine whether

such functionalised gold nanostructures may have utility in the measurement of pH.

5.2 Results and Discussion
The chemical structure of the purified CysMA monomer was confirmed by 1H and 13C NMR

spectroscopy, mass spectroscopy, and elemental analyses.

NMR

1H NMR (400.13 MHz, D,0, 298 K) & (ppm): 1.79 (s, 3H, -CHs); 2.60-3.11 (m, 6H, -SCH,-CH,-
COO-, -S-CH,-CH(COO-)NH? *); 3.73 (m, 1H, CHOH); 3.80 (m, 1H, -CH(COO-)NH? *), 4.10-
4.40 (m, 4H, -CH2-CHOH-CH.,-); 5.65 (s, 1H, vinyl), 6.10 (s, 1H, vinyl).

13C NMR (400.13 MHz, D,0, 298 K) & (ppm): 17.29 (-CHs); 26.25 (-S-CH,-CHa-); 31.004 (- S-
CH,-); 33.78 (-S-CHy-CHa-); 53.50 (-CHo-CHOH-CHa-); 65.20, 65.24 (2C, -CH,-CHOHCH.-);

67.01 (-CH(COO-)NH?*); 127.40, 135.60 (2C, vinyl); 169.40, 172.65, 174.00 (3C, carbonyls).
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Mass spectrometry

Theoretical 336.17111

Experimental 336.1

Elemental Analysis

Calculated: C: 46.56%; H: 6.31%; N: 4.18%; S: 9.56%

Found: C: 46.33%; H: 6.30%; N: 4.30%:; S: 9.57%

5.2.1 Wettability and Contact Angles (CA)

Wettability was studied via contact angles. For PCysMA, the contact angle (CA) is less than 90°
which designates the surface as hydrophilic and this is caused by the presence of polar groups such
as amines and carboxylic acids. Numerous contact angle measurements were taken from PCysMA
samples prepared using polymerization. Figure 5.1 shows the variation in the contact angles of
PCysMA films alongside the polymerisation time. The contact angle of the initiator layer was
measured at 77°+.3°. After 60 s growth of PCysMA, the contact angle was found to have decreased
to 59°. This decreased further with additional polymerisation time and attained a limiting value of

27¢ after 15 min of polymerization.
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Figure 5.1 Contact angle measurements as a function of polymerization time of a deionized water droplet on a
PCysMA on Au substrate. The error bars represent the standard deviation of at least three separate
measurements.

5.2.2 Roughness

Measurements concerning the surface roughness provide insights regarding the polymerization
reaction: well-controlled ATRP should give rise to smooth film with low roughness, whereas
poorly controlled or very rapid polymerization may yield film with higher roughness.
Measurements of surface roughness may also be employed to calculate the skew and kurtosis

parameters. Skewness is a method for measuring the size of the two tails when compared to each
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other while kurtosis is used to calculate the total size of two tails and measure how likely it is that
the tails will occur. The value is frequently compared with the kurtosis of the normal distribution.
To examine surface roughness, this study obtained the AFM topographical images for unpatterned
PCysMA brushes and the gradual change in brush roughness as a function of the polymerization
time (see Figure 5.2). The interpretation of measurements of surface roughness by AFM is based
on the hypothesis that the probe tip faithfully traces the peaks and valleys of highly convoluted
surfaces. These measurements aimed to determine the existence of a correlation between the
roughness of the polymer brushes and the polymerisation time.

Figure 5.2(a-d) contains a selection of representative AFM height images of PCysMA films grown
for different polymerisation times. The morphology of the surface noticeably changes overtime:
after 1 minute, the surface is covered with comparatively small features; however, as the
polymerisation reaction progresses, the dimensions of these features increase. To quantify the
change, the surface roughness was measured (Figure 5.2(e)) and the data indicates that, initially,
the roughness increases rapidly decelerates and reaches a limiting value after 16 min. The mean
thickness of the PCysMA film was measured by SE. The thickness of the polymer brushes was
constant at 12.7 + 3 nm after a polymerisation time of 32 min (as shown in Figure 5.2¢). The
roughness increased in line with the sample thickness, up to a polymerisation time of 30 min,
following which it demonstrated very little change. The roughness of clean gold was measured as
0.52 + 0.2nm which is less than the roughness of the polymer film (~ 0.9 nm). Therefore, the
roughness of the polymer film correlates with the morphology of the surface grafted polymers,

rather than that of the underlying gold substrate.
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Figure 5.2 (a-d) Height images of PCysMA brushes grown from gold substrates by ATRP for different
polymerisation times. (e) Variation in the roughness and the ellipsometric film thickness of PCysMA on gold as a
function of the polymerization time.

5.2.3 PCysMA Brush Growth pH-Responsiveness

PCysMA contains a carboxylic acid and an amine group in each CysMA repeat unit which confer
pH-responsive behavior on the PCysMA brushes. This complex pH-sensitive behavior has been
examined by several studies. Alswieleh et al.>?® who synthesized zwitterionic PCysMA brushes
grown from BIBB-APTES-functionalized silicon wafers via SI-ATRP. PCysMA brushes were
grown from DTBU-functionalized gold substrate via ATRP, which is recognised to be an effective
and convenient technique for the synthesis of dense uniform polymer brushes with controlled

thickness.

The polymerization kinetics of fully dense polymer layers were characterized using spectroscopic
ellipsometry (SE) which measured brush thicknesses as being between 4 and 33 nm. Using

ellipsometry they determined that the thickness of the PCysMA films was 33 £+ 3 nm after 270
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min. PCysMA brushes exhibit complex pH-responsive behavior. For example, the mean brush
thickness increased significantly less than pH 2 and above pH 9.5, as judged by ellipsometry and
AFM studies.

In the present work, gold nanostructures were prepared and coated with a monolayer of DTBU.
PCysMA brushes were grown from initiator functionalized monolayers (as shown in Figure 5.3);
and ellipsometry was employed to establish the brush thickness on the gold substrate. Figure 5.4
shows the variation in the ellipsometric brush thickness as a function of polymerisation time. Gold
films were brominated by using DTBU, PCysMA brushes were grown from these initiator-
functionalized gold substrates via ATRP and the dry brush thicknesses were determined using
ellipsometry. Over time, the brush thickness increased to become more stable until it reached the
limiting brush thickness of 33 nm in the dry condition. The thickness of PCysMA brushes on gold
films collapsed into a mushroom-like structure in the dry condition. The swelling of PCysMA
brushes was compared in different media and revealed that in water, the PCysMA brushes are
zwitterionic between pH3 and pH9.2%¢

Figure 5.4 shows the polymer film thickness as a function of polymerisation time. In a 1:3 mixture
of DMF and H>O, the polymer brushes swell because the surface-grafted polymers become
solvated and cause additional steric repulsion between neighbouring chains. There is an additional
swelling of 50% for PCysMA brushes in 1:3 DMF: H>O and these chains also swell in water
(relative to dry brushes in air). Any adjustment of the pH to very high or low values yields
additional swelling and, at a neutral pH, the chains are zwitterionic. However, below pH 3 the
PCysMA brushes on gold film carry a net positive charge and above pH 9 the PCysMA brushes
are negatively charged. The charges in these brushes repel each other which causes additional

swelling away from the gold surface. The brush thickness increases from 9 nm in the air to

139



approximately 118 nm above pH 12.56 because the carboxylic acid groups become deprotonated,
and the brush chains acquire anionic character which causes interchain repulsive interactions that
lead to increased swelling. Conversely, at low pH, the amine groups become protonated and the
brush becomes cationic. Thus, at low and high pH there is an additional swelling of the polymer

brush of approximately 30%.
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Figure 5.3 Polymer brush growth on gold nanostructures films after initiated the surface DTBU then growth
PCysMA.

These findings are consistent with the work conducted by A. Lishchuk.*! In research conducted
by Abdullah M. Alswieleh et al,?*¢ PCysMA brushes were grown from silicon wafer surfaces using
ATRP, and brush thicknesses of roughly 27 nm were attained in 270 min at 20 °C which is

consistent with the work presented in this chapter.
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Figure 5.4 The variations in ellipsometric brush thickness with polymerization time for the synthesis of PCysMA
brushes via the ATRP method on Au in dry condition and different mediaH,O, pH 1.57 (HCl), pH12.89 (NaOH) and
a mixture of (DMF:H,0(1:3)). Three measurements were recorded for each brush sample and reported as the
mean * standard error.

It was concluded that the amine groups and carboxylic acid in the CysMA present pH-responsive
behaviour on the PCysMA brushes. This is reflected in their diverse behaviour which can be
attributed to weak acid or weak base brushes. The carboxylic acid group enters a neutral state while
the amine groups continue to be protonated at pH values below their pKa. There are four primary
outcomes of the brush layer stretching away from the surface with the intense electrostatic
repulsion between neighbouring cationic chains:

a) The amine groups become deprotonated when pH > pKa.
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b) The carboxylic acid groups remain in an ionised state.
¢) The brushes become anionic and extremely enlarged at basic pH.

d) Interaction between brushes may cause the overlap.

5.2.4 Photopatterning

To verify the kinetic data obtained by spectroscopic ellipsometry, a series of complementary
measurements were taken from photopatterned samples. A 2000 mesh copper electron microscope
grid was placed on the samples to function as a mask and the sample was exposed to UV light (244
nm, frequency-doubled argon ion laser). In the exposed regions, photolysis of C-Br bonds caused
the removal of the Br initiator; however, in masked areas the initiator remained intact. PCysMA
was grown from the masked regions of the samples via ATRP, but in the exposed areas, no
polymerisation occurred because the Br initiator had been removed. The samples were
characterized by tapping mode AFM, and the height difference between the masked and exposed
regions was measured for a range of polymerisation.

Figure 5.5 shows AFM height images of a series of samples. In square regions, the initiator has
been removed by UV photolysis of C-Br bonds; consequently, polymer brushes will not grow from
these regions. However, in the bars, the initiator has been masked during UV exposure; therefore,
the Br remains at the surface and ATRP takes place in these regions. The height difference between
the square regions (no polymer) and the bars should be equal to the thickness of the surface-grafted
polymer film.

For the samples shown in Figure 5.5, the UV dose was varied and maintained a constant
polymerisation time of 64 min. The height difference between the masked and exposed regions at
doses of 8 and 16 Jcm™? was between 2 and 4 nm. At these doses, the initiator is not fully removed

from the exposed regions; therefore, some polymer is observed across the entire sample, albeit
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with lower grafting density in the square regions. However, if the dose is increased further, the
square exposed regions become increasingly depleted in the initiator. At a dose of 32 Jem™, the
limiting height difference between the masked and exposed regions of 12 nm is achieved; however,
the height difference does not increase further at higher doses (such as 64 Jem-?). The thickness of
the polymer film grown from the masked areas is 12 nm which should be equal to the thickness of
a brush layer grown from a fully dense layer of initiators. The maximum values between these line

sections arise from interference between reflected beams, which slightly reduces the dose in the

centers of the square regions.
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Figure 5.5 The AFM images recorded for micro-patterned initiators in different exposure times (Dose) (a) 8 J cm™
(b) 16 J cm (c) 32 J cm?, and (d) 64 J cm™%,then growth PCysMA, and the cross-section for each image (e) 8 J cm™
()16 Jecm™2(g) 32J cm™?, and (h) 64 J cm™.

The height differences were measured as a function of the polymerisation time. Figure 5.6 shows
the variations in height difference between the exposed and masked areas, following the growth
of PCysMA as a function of time. The brush height increased by approximately 10 nm after 128

min. The dry samples were imaged by AFM and the height difference was measured between the
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masked and exposed regions (as shown in Figure. 5.6). The difference between the masked and

exposed areas increased rapidly in a brief time and reached a limiting value of 9 nm after 64 min.
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Figure 5.6 A comparison of the AFM produced by the masked and exposed areas when grown PCysMA for
different times: (a) 3 min,(b) 4 min,(c) 8 min, (d) 16 min, (e) 32 min, and(f) 128 min.
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Figure 5.7 The variation of polymer brush height in dry condition as a function of the polymerization time. Three
measurements were recorded for each sample and data are reported as the mean * standard error.

The AFM data (Figure 5.7) indicates that after 32 min the height of the PCysMA brushes reaches
a limiting value. Measurements by spectroscopic ellipsometry were broadly in agreement with
this, although film thicknesses measured by AFM were slightly smaller than those determined by

SE because the films tend to be slightly compressed during imaging even in tapping mode AFM.
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5.2.5 Plasmonic analysis of stimulus-responsive swelling of PCysMA
brushes

PCysMA displays stimulus-responsive behaviour. In particular, its swelling state fluctuates in
response to the pH of the medium (see Fig 5.4). To establish whether plasmonic methods could be
used to measure stimulus-responsive behaviour, gold nanostructure arrays were functionalised
with PCysMA brushes grown by ATRP and extinction measurements were determined for both
dry samples and arrays immersed in different media. Figure 5.8a shows the extinction spectra of
clean gold nanostructure arrays in dry conditions and following their immersion in different media
(H20, HCIl, NaOH, and mixture of H>O: DMF (3:1)). The surface plasmon peak of clean
nanoarrays shifts to longer wavelengths when immersed in different media, as was expected given
the larger refractive indices for these liquids (nwater = 1.33, npmr = 1.43). Figure 5.8b shows the
extinction spectra of arrays after the growth of PCysMA brushes and immersion in the identical
media. Notably, there is a shift in the position of the plasmon band after immersion in liquid,
relative to the ALspr 1n air.

The shift in the position of the plasmon band relative to Amax for the clean arrays was determined
both in air and in liquid as a function of the polymerisation time (Figure 5.8(c)). In agreement with
the data presented in Figure 5.4, the magnitude of the shift in the surface plasmon peak increases
as a function of the polymerisation time (for all of the liquids studied); additionally, for all of the
studied liquids, the size of the shift in Amax is larger than in air. However, while the data in Figure

5.4 indicates a large significant change in the swelling state of the polymer as a function of the
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liquid medium, the data in Figure 5.8 indicates that this is not accompanied by any corresponding
change in the position of the plasmon band.

This is best understood in terms of the changes in the refractive index of the region adjacent to the
gold surface. For gold nanostructures, the plasmon mode extends at most a few tens of nm from
the surface. The refractive index of air is 1.00, and the refractive index of the polymer is ~1.43.
For thin polymer layers, the plasmon mode penetrates through the polymer layer and into the air
above it; however, as the polymer film thickness increases, the composition of the material within
the plasmon mode volume changes to become pure polymer for the thickest layers (~40 nm thick).
As the effective refractive index of the medium increases in correlation with the polymerisation
time, there is a progressive red shift in the position of the plasmon band. The shift in the plasmon
band of the dry polymer film increases from 5 nm (following a polymerization time of 1 min) to
23 nm (after 64 min polymerization).

For small film thicknesses, the medium above the gold is largely water (n = 1.33); consequently,
the plasmon band is red-shifted in liquid relative to the measurement made in air. As the polymer
thickness increases, the contribution made by the dielectric properties of the polymer to the
refractive index in the region near the metal surface becomes larger. This change in the refractive
index leads to an increase in the red shift of the position of the plasmon band and the red shift
increases in size as the polymerisation time increases from 5 nm (at 1 min) to 33 nm (at 64 min).
The data in Figure 5.8c shows that for all of the liquids studied, the red shift in the position of the
plasmon band is larger for a given polymerisation time than is the case for samples measured in
air. However, despite the significant differences in swelling behaviour observed for different
liquids in Figure 5.4, the differences in the accompanying red shifts in the position of the plasmon

band in Fig 5.8c are modest (compared to the experimental error). This is explained by the fact
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that although the swelling state of the polymer is very diverse among the different liquids, it is
accompanied by only a small change in the refractive index within the plasmon mode volume,
because the surface-grafted polymer and the medium have refractive indices that are comparative
in size (1.43 and 1.33 respectively). Therefore, the changes in the swelling state are not
accompanied by statistically significant changes in the shift of the plasmon band. The red shift in
the plasmon band A\Arspr for gold nanostructure arrays after the growth of PCysMA agrees with

those previously studied by Lishchuk et al.?*!
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Figure 5.8 (a) Absorption spectra of clean gold nanoarrays in different conditions (dry conditions and following
immersion in different media (H,0, HCI, NaOH, and mixture of H,O: DMF (3:1))). (b) Absorption spectra of PCysMA
on gold nanoarrays in different conditions (dry conditions and following immersion in different media (H,O, HCl,
NaOH, and mixture of H,O: DMF (3:1))). (c) Lambda shift relative to uncoated sample as a function of the
polymerization time of PCysMA brushes.
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5.2.6 The effect of free volume brush morphology.

Existing literature, such as the work of Zauscher,*3? indicates that when polymer brushes are grown
from nanopatterned initiators, their heights are typically less than those of continuous brush films
prepared under identical conditions. It was hypothesized that when surface-grafted polymers are
grown from nanopatterned initiators, the free volume of the polymer will be increased. Thus, steric
repulsion between neighbouring chains will be reduced, leading to a reduction in swelling
perpendicular to the surface when compared to what is observed for a polymer grown from an
unpatterned surface with the same grafting density. AFM measurements were made before and
after the growth of PCysMA brushes from gold nanostructure arrays and the dimensions of the
nanostructures were determined. Subsequently, the impact of the changed free volume on brush
morphology was examined in the nanostructures. The mean width of the particle increases as the
period is increased, and this was found to be correlated with an increase in brush height because
the grafted chains become progressively more extended and fully packed. In a previous study, al
Jaf et al** reported that the thickness of surface-grafted PCysMA approached that of a continuous
brush layer (for nanolines wider than 300 nm); however, for lines narrower than 300 nm, the
heights were also reduced and declined with decreasing line width. Structures with a width of 100
nm were only 2 nm high. This study conducted a similar analysis for arrays of particles formed by
IL.

Figure 5.9 (a) shows AFM images of clean gold nanoarrays alongside images acquired following
growth PCysMA. The height changes can be determined via an analysis of the cross sections

contained in these images.
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Figure 5.9 Height profiles of gold nano arrays before (a-d) and after (e-h) growth of PCysMA brushes.

Figure 5.10 shows the variation in the heights of the nanostructures after brush growth as a function
of the FWHM of the clean gold nanostructures. The heights of the brush-functionalised particles
increase as a function of particle size. The largest gold nanostructures had a FWHM of 500 nm
and the height after brush growth was four times greater than that of the sample with a FWHM of
100 nm. The polymerisation time was identical for all the arrays characterised in Figure 5.10;

therefore, the differences in height can be attributed to differences in the conformations of the
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polymer chains. The most probable explanation for this is that for the smallest nanostructures, the
free volume for the surface grafted polymers is high; however, as the particle size increases, the
free volume is reduced because the changing geometry of the nanostructures reduces the free
volume of the surface grafted polymers. This causes a progressive increase in swelling as the

particle size increases, and results in an increase in height.
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Figure 5.10 Heights of PCysMA brush films grown from gold nanostructures of varying sizes. The samples were
measured at various locations on different days and the average was taken.

5.2.7 Temperature-responsiveness of PCysMA brushes in
nanostructure arrays

In thermo-responsive polymers, a stretch-to-collapse transition occurs at a transition temperature
because of a change in the solvation state. Polymers that are soluble upon heating have an upper

critical solution temperature (UCST) which is defined as the critical temperature above which the
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components of a mixture are miscible in all proportions. A typical UCST system is a zwitterionic
polymer, in which electrostatic interactions that stabilize the collapsed state at temperatures below
the transition temperature become unsuitable above that temperature. Polymers with dispersive
interactions with a solvent can also exhibit a UCST behavior. A more extensive explanation of the
nature of these contributions in the context of UCST polymers may be found elsewhere;>**
however, it is widely accepted that a UCST results from strong polymer-polymer and solvent-
solvent interactions rather than weak polymer-solvent interactions. The hydrophobic (entropic)
impact is less dominant; consequently, UCST behavior is referred to as enthalpy driven.33#333

To determine whether PCysMA brushes exhibit temperature-dependent conformational changes,
the ellipsometric thickness was measured as a function of temperature (in the range 8 — 40 °C).
Figure 5.11 shows the thickness of a PCysMA brush sample in water as a function of temperature.
For reference, the thickness of the dry sample (in which the polymer chains are in a collapsed state)
was 32 nm. The maximum thickness was measured at 8°C. When the temperature of the water was
increased, a gradual decline in the polymer film thickness was measured, and the thickness was
reduced by 20 nm at 40°C. This is attributed to a reduction in the degree of solvation of the polymer
as the temperature increases, leading to a reduction in steric repulsion between solvated chains and
a subsequent reduction in the amount of swelling. Three measurements were recorded for each
brush sample on different days and reported as the mean + standard error.

In the range of temperature covered in Figure 5.11, the refractive index changes very slightly,
(from 1.344 to 1.341).3% Because of the sensitivity of spectroscopic ellipsometry to the optical
properties of the sample, it cannot be ruled out that some of the changes displayed in Figure 1.11

are attributable to temperature-dependent changes in the refractive index. However, the magnitude
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of the change (from a thickness of 117 nm at 8°C to a thickness of 105 nm at 40°C) is too significant
to be attributed solely to changes in the refractive index.

However, while there appear to be evidence regarding a temperature-dependent conformational
change in PCysMA, the behaviour in Figure 5.11 does not exhibit the sharp transition that would
be associated with a UCST. While there is evidence for temperature-dependent change in swelling,
there is no evidence to support the stimulus-responsive behaviour that accompanies the
observation of a UCST; therefore, future research should explore the use of a larger range of

temperatures.
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Figure 5.11 The change in the ellipsometric thickness of PCysMA brushes in water as a function of temperature.
(For reference, the thickness of a dry brush is also shown).
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5.2.8 Conclusions

This research investigated the growth of stimulus-responsive polymers from gold nanostructure
arrays. In an aqueous solution, a cysteine methacrylate (CysMA) monomer was prepared at 97%
yield by employing a selective thia-Michael addition reaction. This monomer was utilised to
prepare PCysMA brushes using ATRP. The mean dry brush thicknesses were between 4 and 27
nm after polymerisation times of between 1 and 64 min. In H,O, pH 1.57 (HCI), pH12.89 (NaOH)
and 1:3 DMF:H>0 mixtures produced thicknesses of between 9 nm and 118 nm. Spectroscopic
ellipsometry revealed that PCysMA brushes demonstrate pH-responsive behaviour between pH
1.6 and 12.9. The swelling state of the surface-grafted polymer layer was strongly dependent upon
the composition of the medium. In water and DMF:water mixtures, the ellipsometric thickness was
found to be ~1.5 times that of the dry brush, while in pH 1.57 and 12.89, the thickness was more
than twice that of the dry brush. Extinction spectra of brush-functionalised gold nanoparticle arrays
displayed red shifts in the position of the plasmon band that increased as a function of
polymerisation time in both air and liquid. Additionally, the increases in the size of the red shift
correlated with the increase in the ellipsometric thickness. This change is attributed to the increase
in the mean refractive index within the plasmon mode as the polymer layer thickness increases.
However, there was no statistically significant difference between the size of the red shift measured
in different liquid media, because of the similarities in the refractive indices of the surface-grafted
polymer and the liquid medium. AFM was used to measure the growth of PCysMA from gold
nanostructure arrays and the nanostructure size of the FWHM particle. In small particles the free
volume of the polymers is large, and the polymer height is small; however, as the particle size
increases, the curvature decreases and results in a reduction in the free volume which is

accompanied by an increase in the swelling of the surface-grafted polymer.
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6. Conclusions and Future Work

6.1 Conclusions

In this research, a Lloyds’ mirror interferometer was used to conduct interferometric lithography.
Exposure to a dose of 34 J cm™ enabled the photo-oxidation of self-assembled monolayers of
octadecanethiol. By conducting exposure with an interferometer, it was possible to fabricate
nanometer-scale patterns. Exposed samples were etched using a cysteamine solution to create gold
nanostructures. The shape and size of these gold nanostructures were managed by altering the
angle 20 between the two beams that interfere with the surfaces of the samples. Line structures
(wires) were produced using a single exposure, while double-exposure processes, in which the
sample was rotated between exposures, were used to create gold nanodots and other structures.
Absorption spectroscopy was employed to determine the gold nanostructures’ localised surface
plasmon resonance as a function of the sample morphology. It was found that nanodot arrays
provide the optimum A;spr. Gold nanostructures can function as label-free LSPR biosensors. In
protein adsorption, LSPR sensors outperform traditional plasmonic devices due to their enhanced
sensitivity and quicker response time. The plasmon wavelength shifts during streptavidin
monolayer adsorption were comparable to, or smaller than, those reported for other sensors. This
was demonstrated by measuring the extinction spectra of streptavidin and IgG immobilised on
gold surfaces. Spectroscopic ellipsometry was employed to measure the fractional coverage of the
protein at the gold surface as a function of the protein concentration in the solution. At monolayer
coverage, the streptavidin thickness was found to be 5 nm. The formation of a protein monolayer
on gold nanostructure surfaces produced a red-shift in the position of the LSPR of 17 nm and 15
nm, respectively. For biotin, streptavidin has four binding sites. Additionally, a range of

biotinylated molecules are accessible, such as biotinylated DNA; therefore, other biomolecules
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can be strategically introduced when a surface is coated with streptavidin. This research revealed
that samples of gold nanostructure can be reused many times for the immobilization of proteins by
exposing them to UV to cause photocatalytic removal of the biomolecule coating; therefore, it was

possible to re-use them on multiple occasions to conduct UV-vis spectroscopic analysis.

Stimulus-responsive PCysMA was grown from gold nanostructure arrays. Cysteine methacrylate
(CysMA) monomer was prepared using a selective thia-Michael addition reaction. This monomer
was utilised to prepare PCysMA brushes via ATRP, by incubating samples in an aqueous solution
of the monomer and the ATRP catalyst. The dry brush thickness ranged from 4 to 27 nm after
polymerization for 1 to 64 min. In different environments (H.O, pH 1.57, pH 12.89, and DMF:H,O
mixtures), the thickness varied between 9 and 118 nm. The brushes exhibited pH-responsive
behavior between pH 1.6 and 12.9, with swelling dependent on the medium composition.
Ellipsometry revealed that in water and DMF:water mixtures, the thickness was approximately 1.5
times that of the dry brush, while at pH extremes, it was more than double the dry brush thickness.
In basic (pH 12.89) and acidic (pH 1.57) conditions the mean brush thickness increases
substantially because the chains acquire, respectively, net negative and positive charges. The
charges on the surface-grafted polymers repel each other, causing enhanced swelling, as confirmed
by spectroscopic ellipsometry. UV-vis spectra of polymer brushes under conditions of varying pH
displayed varying red shifts in the plasmon band that could be correlated with changes in the
swelling of the polymer: as the polymer becomes increasingly swollen, the local refractive index
near the gold surface increases, leading to a red shift in the position of the plasmon band. AFM
was used to measure the growth of PCysMA from gold nanostructure arrays and determine the

nanostructure size of the FWHM particle. The results showed that the increased free volume
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impacts brush morphology by boosting the brush thickness. Additionally, PCysMA was
responsive to temperature: at lower temperatures (5 °C) it increased by 20 nm and at higher

temperatures (40 °C) it increased by 20 nm.

6.2 Future Research

This research focussed on the development of fabrication methods for the creation of arrays of
gold nanostructures for use in biosensor applications and nanoscience. Therefore, it was essential
to fully comprehend the process for creating extended gold nanoarrays via interference lithography
and their optical characteristics. Additionally, a strong understanding of their use as refractive
index sensors, biosensors for identifying molecules, and pH-responsive sensor applications is
critical. This research was highly attentive to the crucial details, no matter how seemingly
insignificant they may have appeared. Moreover, operating with diverse chemical moieties with a
recognised robust binding interaction with protein allows the specific identification of that protein
via a shift of LSPR. Likewise, the structures can potentially be utilised as antennae for creating
nanoarrays with substantial plasmonic energy (circa 760-820nm) and to prepare the surface with
molecules for applications concerning single-molecule spectroscopy. For example, the gold
nanostructures could be used to drive excitation into pigment molecules in light-harvesting
complexes. Light-harvesting complex 2 (LH2) from purple bacterial possesses essential absorption
bands at 800 nm (the B800 band) and 850 nm (the B850 band) and there have been previous
attempts to use gold nanostructures to enhance fluorescence in single-molecule studies of LH2 by
achieving resonant coupling to the B800 and B850 bands.*}” Using IL, it is possible to quickly
pattern very large areas, unlike the work of Wientjes et al who were only able to pattern a small
area using electron beam lithography. These nanostructures display enormous potential for

investigating and improving the coupling of light-absorbing proteins and their energy.
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There has been significant interest regarding the use of plasmonic materials, particular the use of
LSPRs for label-free medical diagnostics. However, one obstruction to the widespread use of
LSPR-based diagnostic is the absence of rapid, inexpensive, programmable methods for
nanostructure fabrication which facilitate control of the plasmon energy, to match requirements
for specific applications, and nanofabrication over macroscopic areas which will eliminate the

requirement for expensive apparatus to interrogate arrays.
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