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Abstract

The development of refractive index sensors is an expanding field of research, with
applications in fields including medical diagnostics, food safety and public health. Nanotechnology
has become widely implemented in various refractive index sensing techniques, resulting in
substantial progress in detecting minute changes of refractive index. A literature review of the current
refractive index sensing techniques which incorporate nanotechnology demonstrates that two main
strategies for refractive index sensors have been developed, those that provide highly sensitive
measurements and those that provide visual colourimetric measurements that can be detected by the
naked eye. All colourimetric sensors based on gold nanoparticles offer a red to blue shift, however,
this thesis outlines the development of a ratiometric colourimetric refractive index sensor that
provides a unique blue to red shift.

The development began with controlling the deposition of the various gold nanoparticle
populations which are immobilized via electrostatic interactions between a weak polyelectrolyte and
the gold nanoparticles. It was determined that by altering the pH of the polyelectrolyte as well as the
size and concentration of the gold nanoparticles, modulation of the nanoparticle populations could be
achieved. The nanoplasmonic surfaces were then shown to be effective sensors for the refractive
index range of 1.00 to 1.47, providing both red to blue and blue to red colourimetric shifts, depending
on the ratio of the different immobilized nanoparticle ensembles. The sensor surfaces were shown to
be reusable, however the electrostatic interactions responsible for immobilizing the nanoparticles
were weakened when exposed to various cleaning solutions and common solvents, resulting in
nanoparticle loss from the sensor surface. Lastly, the optical response achieved by the refractive index
sensors was simulated using COMSOL Multiphysics, which provided insight on the properties that

resulted in the unique colourimetric shifts.
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Chapter 1

Introduction

1.1 Overview

Traditionally, refractive index measurements have simply been used to analyze material
properties, however, through the incorporation of nanotechnology, substantial progress in the
development of refractive index sensors has been achieved allowing them to be implemented in fields
such as cancer detection[1]-[5] diagnosis of allergies[6], heavy metal detection in water[7], [8] and
bacterial sensing[9]-[14]. With significance in these critical fields, the development of sensors to
detect refractive index has become a rapidly expanding field of research, producing innovative and
effective ways to optimize detection efficiency, cost per test and feasibility of worldwide
implementation.

An area that remains less explored in the field of refractive index sensors is the development
of nanostructured optical ratiometric sensing platforms, which measure the modulation between two
or more optical outputs to provide refractive index measurements. Ratiometric sensors that have
previously been developed use optical fiber-based or microfluidic-based detection techniques[15]-
[18]. Inherent to these sensing designs, elaborate setups and external equipment are required to
analyze the ratiometric outputs and therefore, are unable to be easily implemented onto common
commercial products to passively provide on-site refractive index measurements. Nanostructures have
potential to be implemented as ratiometric refractive index sensors on commercial surfaces, however
these sensing mechanisms have currently been limited to theoretical simulations or modeling and
have yet to be experimentally demonstrated[19], [20]. Therefore, a hanostructured ratiometric
refractive index sensor that has potential to be implemented onto various surfaces for simple,
immediate and on-site refractive index detection, without the aid of external equipment remains a
challenge.

A versatile ratiometric refractive index sensor was designed that contains both single and
clustered gold nanoparticles and provides an immediate colourimetric signal that can be detected by
the naked eye. The deposition of the spherical gold nanoparticles is based on electrostatic interactions
and can be tailored to be deposited on different surfaces as well as to vary the initial colour of the
sensor surface. When exposed to an increase in refractive index, the ensemble of gold nanoparticles

experiences a ratiometric optical response in extinction intensity, which results in a blue to red
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colourimetric shift on the nanoplasmonic surface. This ratiometric response and consequent blue to
red colourimetric shift has not been previously documented and therefore, determining the underlying
cause of this unique occurrence would provide a valuable contribution to the current scientific

literature on the implementation of gold nanoparticles in refractive index sensors.

1.2 Research Objective

This thesis focusses on the development and characterization of a ratiometric refractive index
sensor that provides a novel blue to red colourimetric output using a stationary nanoplasmonic
substrate. The ratiometric response originates from the deposition of various gold nanoparticle
ensembles, which respond differently to changes in refractive index, thus creating a visually apparent
ratiometric response. The optical properties of the nanoplasmonic sensor surface can be tailored based
on the immobilization state of the deposited nanoparticles, which can be determined using a versatile
immobilization method. The explanation behind the optical outputs experimentally achieved can be
understood by recreating similar responses using simulations and studying the optical responses of
the component ensembles. The specific objectives encompassed in the development and

characterization of this ratiometric refractive index sensor include:

1. Immobilize colloidal gold nanoparticles onto a glass surface with a controllable, predictable

deposition profile

e Understand how surface properties can be used to control the deposition of the gold

nanoparticles (i.e. degree of clustering)

o Determine the effect on the optical surface properties when depositing different

concentrations and sizes of gold nanoparticles

o Characterize the colourimetric responses to refractive index changes with sensors

containing various gold nanoparticle deposition profiles
2. Understand the abilities and limitations of the refractive index sensor
e Test the reusability of the sensor surface

e Test the effect of different environmental exposures on the immobilization state of the gold

nanoparticles

3. Develop a mechanistic understanding for the ratiometric response on the nanoplasmonic surfaces



e Simulate component nanoclusters under various refractive index environments

e Utilize component simulations to determine the rationale behind the ratiometric optical

response to refractive index changes

e Combine a representative portion of isolated and clustered simulated nanoparticles to achieve

a similar optical response to that experienced experimentally

1.3 Thesis Outline

This thesis encompasses a chapter of literature review, three experimental research chapters
and a chapter that discusses conclusions and recommendations for future work. The first chapter
provides an overview of the structure and contents of this thesis as well as outlines the motivation and
objectives of this research.

The second chapter provides a literature review on previously developed refractive index
sensing mechanisms. The review focuses on sensors that harness the unique optical properties of
nanomaterials and highlights the sensing principles used to gain refractive index sensitivity. This
review also summarizes how these sensors have been incorporated into biosensing applications,
emphasizing the increasing importance of refractive index sensing in biomedical fields.

The third chapter explores the development of a novel ratiometric refractive index sensor that
immobilizes single and clustered gold nanoparticles on a functionalized glass substrate. By
modulating the deposition parameters, the degree of single and clustered nanoparticle populations
immobilized can be controlled, thus regulating the optical properties of the sensor. The resiliency of
the nanoparticle immobilization to the exposure of various solutions and solvents was also tested to
determine restrictions of the sensor for commercial implementation.

The fourth chapter provides a proof-of-concept for the ratiometric refractive index sensing
capabilities of the nanoplasmonic surface developed in Chapter 3. Depending on the initial
concentrations of isolated and clustered nanoparticles deposited, red to blue and blue to red
colourimetric changes in response to refractive index changes were achieved. The sensor surface was
also tested for reusability.

The fifth chapter analyzes simulations that have been conducted to theoretically confirm the
optical properties of the sensor surfaces observed experimentally. By simulating the individual

nanoparticles and nanoclusters that comprise the nanoplasmonic surface, the different contributions



from the various ensembles can be isolated and analyzed, providing an explanation as to how the
ratiometric property of the sensor is achieved.
Lastly, the sixth chapter summarizes the results obtained from this research and presents

recommendations for future work to improve the commercial viability of this sensor.

Chapter 2

Literature Review

2.1 Summary

Nanotechnology has allowed for unprecedented advances in refractive index sensors, which
have been utilized in biomedical fields including medical diagnostics, food safety and public health.
Refractive index simply describes how light propagates through a medium and is defined as the speed
of light in a vacuum divided by the phase velocity of light in a medium. However, with the substantial
progress made in detecting minute changes in refractive index using nanomaterials, refractive index
sensors have become powerful tools exploited in various biosensing applications. Here, refractive
index sensors that utilize nanostructures are reviewed, providing an emphasis on the descriptions of

the sensing mechanisms and their versatility to be employed as biosensors.

2.2 Introduction

Since the initial conception of refractometers in the 1880s and 1890s, the functionality of
refractive index measurements has expanded beyond the determination of how light propagates
through a medium. With the inherent sensitivity of refractive index on various physical and optical
properties of a medium, refractive index measurements can be used to determine a broad range of
information about a material, as well as its local environment[21]-[24]. In particular, there has been a
growing interest in using refractive index measurements to determine the presence of biological
analytes based on their unique refractive index profiles. Therefore, refractive index detection has
gained popularity in the field of medical diagnostics, food safety and public health. Sensors employed

in these fields generally trend towards providing user friendly and equipment-free optical outputs for
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on-site measurements of bulk solutions or providing highly sensitive and specific measurements able
to detect single cells or bacteria in a clinical or laboratory environment. The former commonly uses
colourimetric outputs that are discernable by the naked eye, whereas the latter often uses non-
colourimetric sensors that utilize prisms or optical fibers. Depending on the specific requirements of
the biosensing application, there is a wide range of techniques that can be employed to provide the
desired refractive index measurement.

As fabrication techniques for intricate nanostructures and uniform nanofilms become more
efficient and economical, the unique optical properties of various nanomaterials are becoming widely
adopted to create new refractive index sensors or enhance existing sensing techniques. The inherent
refractive index sensitivity of metal nanomaterials is imparted by their free electrons, which can be
resonantly excited by light to generate surface plasmon oscillations. Based on the architecture of the
nanostructure, these oscillations can experience different types of plasmon resonances when exposed
to light such as surface plasmon resonance (SPR) and localized surface plasmon resonance (LSPR).
Briefly, SPR is the oscillation of conduction electrons at the interface of two materials, commonly a
metal and dielectric material, whereas LSPR is the oscillation of conduction electrons from metal
nanoparticles. The resonant frequencies of these oscillations are sensitive to the local refractive index
and therefore, shifts in these frequencies provide a means to determine shifts in refractive index. With
the inclusion of these nanomaterials in refractive index measurements, unparalleled advancements
have been made in refractive index sensing and have been applied in fields ranging from bacterial
sensing to cancer cell detection[6], [9]-[12], [25], [26].

This brief review aims to explore the most recent and commonly implemented nanomaterial-
based refractive index sensing techniques, with a view to understanding the mechanisms by which
refractive index sensitivity is achieved. Sections are separated based on the sensing platform used,

and focus will be given to how the sensors have been applied in biosensing applications.

2.3 Refractive Index Sensors

2.3.1 Kretschmann Configuration-Based Sensors

A specific type of SPR-based refractive index sensor is the Kretschmann-type SPR sensor,
which utilizes plane-polarized light, a prism containing a thin metal film, as well as a photodiode
detector (Figure 1). In this sensing mechanism, p-polarized light passes through the prism and is

subjected to total internal reflection at the thin metal film transducer surface, commonly a gold film,



50 nm thick. At a certain angle, known as the resonance angle or the SPR angle, the light reflected
from the prism/transducer interface is attenuated. This attenuation occurs due to the resonance
between the excited plasmon wave produced from the gold film and the evanescent wave created
from the incident light. Since the evanescent wave extends into the local environment and is sensitive
to the local refractive index, changes in the environmental refractive index correspond to changes in
the SPR angle. Therefore, a shift in the angle of light exiting the prism can be correlated to changes in

the local refractive index experienced by the gold film.

Evanescent
wave Plasmon A Detection area
(<500 nm)

Gold film w"e I

50nm >

P-polarizer Ref_lected

light

Incident

Light Detector

(Laser, LED) Prism

Figure 1. Principle of a Kretschmann-type SPR sensor to detect refractive index changes on a
gold surface. Reprinted with permission from Yanase et al., [6] copyright 2016 Optical Society

of America.

Kretschmann-type SPR refractive index sensors have historically provided a sensitivity on the
order of 5 x 10-7 degree/RIU[27], however there has been many advancements in optimizing the
transducer surface to increase the sensitivity. Modifications to the transducer surface often include
replacing the continuous metallic film with nanostructures, which provide an increased active surface
area as well as local field enhancements[28]. A selection of these nanostructures implemented on the
transducer surface are reviewed here, however comprehensive reviews of these advancements can be
found in these excellent reviews[28]-[30].

Gold and silver are commonly employed metals used for the transducer surfaces, both
offering unique advantages. When comparing the two materials, silver provides a sharper SPR
resonance peak whereas gold provides better sensitivity, bandwidth and resistance to oxidation and
corrosion[28]. Therefore, gold has been more frequently chosen for implementation into refractive

index sensors[6], [9]-[12], [26]. However, advancements in silver transducer surfaces have shown
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that using a porous metallic film consisting of silver ellipsoidal nanostructures, provided increased
environmental stability[31] and enhanced sensitivity by a factor of 3 compared to a silver continuous
film. Another modified silver transducer surface was developed where the upper surface exposed to
the environment contained a nano-sized grating structure with periodic troughs and peaks[32]. When
light passed through the prism and reflected off the prism/silver interface, the evanescent field
penetrating the silver film coupled to the surface plasmon on the grating side of the silver film. This
design created almost a 6-fold increase in refractive index sensitivity when compared to the sensor
which only used a smooth silver film. However, this was not specific to a silver transducer, as similar
results were achieved when applying this grating structure to a gold transducer[33]. In addition to
modifying the structure of the transducer surface, it was demonstrated that combining layers of gold
and graphene in the transducer surface, only a few nanometers thick, improved refractive index
sensing for the detection biological analytes[34]. The improved sensitivity originated from the -
stacking interactions amongst the hexagonal graphene cells and the carbon-based ring structure in the
biological analyte. However, a broader and shallower SPR reflectance curve as well as a decrease in
detection accuracy was also experienced with the graphene layers, as they dampened the surface
plasmons from the gold. Therefore, the higher sensitivity came with a trade-off for detection accuracy
and spectral width of the SPR curve.

The Kretschmann-type SPR sensor has been implemented for biosensing applications by
functionalizing the transducer film with biorecognition elements. The device SPREETA™v, made by
Texas Instruments, utilizes this SPR phenomenon, providing a portable, economic and rapid
biosensor that has been applied for bacterial sensing[9]-[12]. In addition to detecting the presence of
certain analytes, this sensing technique can be used to detect biological changes in living analytes that
coincide with refractive index changes[6], [25], [26]. This was utilized for cell-based diagnosis of
allergies and cancer[5],[7] as well as understanding how cells respond to toxins[25]. However, when
using this technigue to measure biological analytes, intrinsic factors that limit SPR detection include
the resemblance of the refractive index of the analyte to the external medium[11] as well as the
sensitivity of the resonance angle to the film thickness, where surface inconsistencies such as analyte
aggregation compromise measurements[9]. Additionally, the sensing SPR electromagnetic evanescent
field experiences exponential decay and consequently has a very restricted penetration depth through
which it can detect surface analytes[11]. Therefore, when detecting refractive index changes induced

by larger biological analytes such as bacteria, employing shorter binding ligands is preferred, as it



allows for a larger proportion of the analyte to be within the SPR range, providing better detection
sensitivity.

Overall, despite this measurement technique being developed almost 4 decades ago, it still
remains a focus of current research. With the known benefits of incorporating nanomaterials into the
foundation of the sensor design, it is likely that nanostructured modifications will continue to be
studied such that this fast and inexpensive sensing platform could perform clinically relevant

biosensing analysis in both laboratory and field settings.

2.3.2 LSPR-Based Sensors

The rise in the popularity of fabrication techniques such as lithography, ion etching, and
electron beam evaporation has allowed for a wide expansion of unique nanosized architectures
exploited for refractive index sensing. Commonly, nanostructures are organized into arrays and
gratings, which can provide colourimetric optical outputs in response to refractive index changes.
These sensing platforms are based on localized surface plasmons generated at the nanostructured
grating surfaces. The LSPR wavelengths experience a red-shift when exposed to an increased
refractive index, often demonstrated as a shift in reflectance peak as well as a visual colour change of
the grating surface (Figure 2A and 2B). With the ability to provide a discernable visual output, these
sensors can be designed for immediate on-site detection, and benefit from the absence of external
equipment to analyze the optical signal.

There have been significant research efforts developing unigue nanostructures to enhance the
LSPR sensitivity to local refractive index changes. Examples of nanostructures that were recently
exploited for refractive index sensing include arrays of nanoforests[35], nanomushrooms[36],[37],
nanoumbrellas[38], nanotriangles[13], nanosquares[39], nanodisks[1], nanorods[40],[41],
nanopillars[42],[43], nanospheres[44],[14], nanomarbles[2], nanohemispheres[45] as well as
nanowire gratings[46] (Figure 2A-2F). This sensing platform was able to provide sensitivities as high
as 2508 nm/RIU[36] with customizable initial colours through altering the size[35],[39] or pitch[46]
of the nanostructures. However, not all sensors provided simplistic colourimetric shifts from one
visible colour to another. In response to an increase in refractive index, a sensor incorporating
aluminum nanowire gratings experienced a resonant peak shift from visible wavelengths to invisible
wavelengths, thus switching from a bright coloured state to a dark state[46]. Furthermore, rather than
detecting the refractive index of the analyte itself, a sensor was designed containing a protein

functionalized on the plasmonic surface, whereby in the presence of a specific analyte, the protein
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underwent a conformational change, altering the refractive index experienced by the plasmonic
surface[40]. This sensing technique created the potential for large optical signals to be experienced by
small analytes that would otherwise not individually stimulate a large optical signal. Another signal
amplification method exploited the formation of metal-organic-framework crystals on the captured
analytes, which increased the change in refractive index and amplified the LSPR shift experienced by
the nanostructures[41]. However, when employing nanostructures for LSPR-based refractive index
sensing, not all nanostructures were organized in arrays or gratings, and some were suspended in
aqueous solutions. This was seen with gold nanobipyramid structures, which combined LSPR sensing
with surface enhanced Raman scattering and able to provide a limit of detection of 10-12 M based on

refractive index[47].

Increasing Refractive Index

Figure 2. (A) Optical microscopy images of a gold nanoforest array to demonstrate reflected
colour sensitivity to refractive index (top). SEM image of the gold nanoforest surface (bottom).
Scale bar is 1 um. (B) Brightfield images of a gold grating surface to demonstrate reflected
colour sensitivity to refractive index (top). SEM image of the gold grating surface (bottom).
Scale bar is 1 um. (C-F) SEM images of (C-D) gold nanomushroom arrays, (E) gold
nanoumbrellas arrays, and (F) gold nanotriangle arrays used in refractive index measurements.
Reprinted with permission from (A) Heo et al.,[35], copyright The Royal Society of Chemistry
2012; (B) Khorasaninejad et al.,[39] copyright 2013 IOP Publishing Ltd; (C) Bhattarai et
al.,[36] copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA Weinheim; (D) Bhalla et al.,[37]



copyright 2017 American Chemical Society; (E) Fan et al.,[38] copyright 2016 Elsevier; (F) Hu
et al.,[13] copyright 2017 American Chemical Society

These sensors have potential in point-of-care and home health care diagnostic applications, as
refractive index changes of bulk solutions can often be detected by the naked
eye[16],[19],[26],[30],[31]. LSPR plasmons generally have a penetration depth from 5 nm to 30 nm,
which provides an optimal range to analyze biological monolayers[48]. Although utilizing LSPR
sensing techniques to detect bacterial species has been limited when using antibodies[49], aptamers
have been successfully employed to capture and detect whole bacteria, with detection limits down to
30 cfu/assay[14] and detection ranges of 10 to 10s cfu/mI[13]. These sensors also demonstrated the
ability to specifically detect various bacterial species in a multiplexed mode[14] and remain
functional after being stored over 2 months in ambient conditions[13]. Furthermore, applications can
be found in pre-biopsy tests for cancers, by detecting cancer specific antigens[1] and epithelial cell
adhesion molecules expressed on cancer cells[2]. To specifically detect cellular secretions, one
particular sensor utilized gold nanopillars on a substrate containing microwells designed to capture
cells. This allowed the nanopillars to detect secretions from the trapped cells with a detection limit of
10 ng/uL for the secretion of anti-IgA[42]. Hydrogels have also been implemented in LSPR refractive
index sensors, either as a means to electrostatically attract analytes of interest to the plasmonic
nanostructures[50], or as a means of immobilizing the nanostructures while the analytes reach the
active surfaces via diffusion[51]. These techniques were seen to detect protein biomarkers for chronic
dry eye[50] as well as BSA molecules[51].

These sensors provide a promising means for user-friendly, on-site refractive index analysis;
however, these sensing platforms experience several tradeoffs. Certain sensor designs require that
specific viewing angles are maintained to see the colour change with the naked eye[52]. Additionally,
in the colourimetric sensor designs discussed in this section, to produce a visually discernable optical
output, bulk sample volumes are required, limiting the scope of the applications. Research has been
conducted to amplify output signals; however, future work is required to apply the technology for the

visual detection of microscopic analytes.

2.3.3 Diffraction-Based Sensors

When light interacts with vertical nanowires or nanopillars, it experiences a degree of
diffraction (Figure 3A and 3B) which is dependent on the refractive index of the local environment
and contributes to the apparent colour of the nanostructured surface (Figure 3C). This allows arrays of
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nanowires or nanopillars to be exploited as colourimetric refractive index sensors. This sensing
principle is understood through Bragg diffraction theory, which explains how a visual output
correlated to refractive index can be achieved through a change in diffraction[53]. Bragg diffraction
theory states that when light interacts with a periodic assembly and is incident along one of the lattice
directions, diffraction occurs, and the light is redirected. When the light is sent in a direction which
has a path length difference of an integer multiple of the incident wavelength, constructive
interference occurs. The path difference of light from neighbouring nanostructures d nm apart is
given by d(n, sin8; + n; sin@,), where n, is the local refractive index of the medium, 6; is the
incident angle, and @,. is the diffracted angle. Since the path difference is dependent on the refractive
index, which in turn determines the wavelengths that undergo constructive interference and

determines the colours generated, refractive index changes can be directly correlated to colourimetric
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Figure 3. (A) Representation of simple Bragg diffraction from a periodic structure. (B)
Experimental setup to observe diffracted colours from silicon nanowires. (C) SEM image of
silicon nanowire array, scale bar is 600 nm (left). Theoretical and experimental colours
observed when the silicon nanowire array is exposed to increasing refractive index (right). (A-
C) Reprinted with permission from Walia et al., [53] copyright 2013 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

Vertically oriented nanowires and nanopillars fabricated from silicon[53]-[55]

and polyvinyltetrazole (PVT)[7],[8] have been implemented as colourimetric refractive index sensors.
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With regards to the silicon nanowires and nanopillars, silicon was selected as a preferred material as it
contains a much larger refractive index than air and therefore provides vivid diffraction-based colours
for refractive index ranges between 1.3 to 1.8[53] or 1.9[54]. Through the higher order diffraction
modes, refractive index resolution on the order of 10-s was achieved[55]. This diffraction-based
refractive index sensing was also utilized to detect specific analytes, as demonstrated with PVT
polymer pillars. These nanopillars exhibited selective adsorption of specific high refractive index
metal ions such as lead[8] or chromium[7] ions which are both harmful to human health and highly
desirable to detect[56]-[58]. The adsorbed metal ions increased the effective refractive index of the
PVT brushes and it was seen that the chromium also caused the collapse of the PVT brushes, further
contributing to the increase in effective refractive index. This corresponded to a diffraction induced
colourimetric shift, thus providing the ability to detect lead or chromium at relevant concentrations

designated by the World Health Organization and Environmental Protection Agency.

2.3.4 Nanohole Array-Based Sensors

2.3.4.1 Extraordinary Optical Transmission Sensors

With advancements in focused ion milling and imprinting nanofabrication methods, periodic
arrays of nanosized apertures containing unique and unusual optical properties have been developed.
Through classical physics, it is expected that the intensity of light transmitted through an aperture in
an opaque metal sheet should decrease with decreasing aperture area. This theory was confirmed in
the 1940s[59] and believed to be true up until 1998, when contradictory data was presented[60]. It
was demonstrated that light with wavelengths larger than the diameter of the apertures in a metallic
film were transmitted through the apertures at unexpectedly high intensities[60]. Furthermore, it was
seen that more light was transmitted through the apertures than was incident on the aperture. Thus,
the metal array of nanoholes played an active role in funneling the light through the film, rather than
simply acting as a passive barrier[60]. This optical phenomenon came to be known as “extraordinary
optical transmission (EOT)”.

Many reports have published detailed theories providing explanations for this unique optical
phenomenon[61][62], and models have been developed to understand this phenomenon on a
microscopic level[63]. These reports provide a general consensus that the excitation of surface

plasmons helps channel light through the apertures and thus provides the EOT effect. The
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wavelengths of light transmitted through the apertures are correlated with the refractive index of the
local environment[63], therefore a change in the refractive index causes a shift in the EOT
transmission peak and apparent colour of the substrate[64]. This measurable transmission spectrum
shift allows EQOT-supporting substrates to be employed as refractive index sensors, providing
colourimetric outputs for refractive index changes.

The EOT optical phenomenon has been employed with varying nanohole-based arrays,
including circular apertures[61],[5] (Figure 4A and 4C) and cross shaped apertures[65] (Figure 4B).
The cross shaped metal apertures imparted polarization dependent characteristics on the array and
allowed for the detection of refractive index changes as small as 1x10-3 RIU with the naked eye[65].
Furthermore, based on the period of the nanohole arrays, the initial colour of the surface could be
altered (Figure 4C). For biosensing applications, EOT plasmonic substrates have been employed in
microfluidic devices whereby the solution of interest is flowed across the sensing surface containing a
biorecognition element to capture the specific analyte and consequently, detecting the presence of the
analyte with the change in refractive index (Figure 4D). This strategy was shown to provide
multiplexed detection and detect different bacterial pathogens in spiked urine samples by containing
nanohole subdivisions functionalized with different antibodies (Figure 4E)[66]. The EOT sensing
platform was also employed to monitor bacterial growth, requiring less than 100 bacteria on the
sensor surface to provide a notable resonance wavelength shift[67]. Furthermore, EOT plasmonic

substrates were also used to detect a breast cancer specific antigen, for tumor diagnostics[3].
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Figure 4. (A-C) Nanohole arrays fabricated by focused ion beam milling. (A) SEM image of
circular nanohole array and (B) SEM image of cross-shaped nanohole array, scale bar is 2.5
pm. (C) Dimple array containing only select holes milled through. Initial colour of array shown
to be dependent on the period of these nanohole arrays. Periods of 550 nm and 450 nm create
initial colours of red and green respectively. (D) Overview of multiplexed EOT biosensor,
functionalized with various antibodies to detect different bacteria. (E) Overview of the multiple
channels contained in the sensor surface allowing for multiplexed detection. Reprinted with
permission from (A) Escobedo, [5] copyright The Royal Society of Chemistry 2013; (B) Langley
et al., [65] copyright Society of Photo-Optical Instrumentation Engineers (SPIE) 2016; (C)
Genet et al., [61] copyright Nature Publishing Group; (D-E) Soler et al., [66] copyright 2017
Published by Elsevier

2.3.4.2 Nanocup and Nanofunnel Sensors

A refractive index sensor which utilized a modified-EOT substrate was developed using gold
plasmonic nanocup arrays[68]-[71], also referred to as Lycurgus cup (nanofunnel)
(nanoLCA)[70],[71]. Rather than contain arrays of nanoholes in opaque metal films, these arrays
were imprinted into plastic substrates. To facilitate plasmonic activity, the imprinted substrates were
coated with a layer of metal, creating metal nanoparticles along the sides of the walls in the nanocup

structures. Unlike traditional EOT substrates, which have multiple transmission peaks, the metal
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nanoparticles deposited in these arrays experience plasmon scattering modes, which allow a single
peak wavelength to be selectively transmitted through the structure, providing a simpler detection
analysis. The transmitted wavelength depends on the local refractive index, providing colourimetric
shifts and a reported sensitivity up to 4.6x104 nm/RIU[70]. Furthermore, these nanocup structures
only require nanoimprint and electron beam deposition fabrication techniques. These are less
expensive, less time consuming and provide higher throughput than electron beam lithography and
focused ion beam milling commonly used to create traditional nanohole EOT surfaces in metal films.
These plasmonic nanocup arrays demonstrated their biosensing capabilities by providing a
colourimetric response to a refractive index change induced by BSA/anti-BSA immune complex
formations[72], as well as the adhesion of a single cell[68]. When analyzing the colour changes
produced by a single cell, a brightfield microscope was required to image the colour change. By using
fast frame rates on the brightfield microscope, this sensing technique provided real time
measurements to analyze the cellular activity such as cellular migration, differentiation and
detachment. An intrinsic limitation to this technique was that the quantity of cells monitored
simultaneously was limited by the field of view of the microscope, however it provided a means to
analyze cellular behaviour when exposed to various biochemical and biophysical stimuli.
Furthermore, a sensing platform using these nanoLCA structures was incorporated into a portable
smartphone-based sensing platform that incorporated an internal reference sample[71]. With the
inclusion of reference colours when imaging the samples, the analyte of interest was less effected by
the light source, filter algorithm, as well as light sensitivity of the camera. In addition to biological
analytes, this sensing platform was used to detect explosive materials such as 2,4,6-trinitrotoluene,

commonly known as TNT, which is desirable to detect in the field of public security[69].

2.3.4.3 Flow-Through Nanohole Sensors

As nanohole array-based refractive index sensors were initially developed, it was assumed
that the top metal surface of the array provided the majority of the plasmonic signal. However, this
was challenged in 2009 when it was established that the in-hole surface played the dominant role in
the refractive index sensitivity[73]. It was demonstrated that a conventional nanohole array had a
sensitivity of around 400 nm/RIU, however when the top surface was covered with silicon oxide, the
sensor achieved a sensitivity of 650 nm/RIU. Therefore, the nanochannels created by default when

fabricating nanoholes were the most plasmonically active. This initiated a distinction between

15



nanohole array-based sensors being either flow-over or flow-through, depending on whether the
analytes passed over the top of the substrate or through the nanoholes.

In depth comparisons between flow-through and flow-over nanohole arrays were calculated
using scaling analysis and numerical simulations[74]. The main overarching conclusions were that the
flux of analyte to the sensing surface and the time response were substantially more efficient in flow-
through sensors, which was supported in multiple experimental comparisons[52],[64],[65]. With the
newly discovered benefits of flow-through sensors, nanohole channels were functionalized with
biorecognition elements, integrated into microfluidic devices and used in biosensing applications.
Flow-through devices were implemented to detect the real time adsorption of an ovarian cancer
biomarker specific monoclonal antibody[5], live viruses[77], uropathogenic Escherichia coli[78], a
cytotoxic protein secreted by Staphylococcus aureus[79] as well as a breast-cancer specific protein[4].
Furthermore, these sensors have been used to capture virus-like particles and analyze the efficacy of
virucidal drugs by detecting virucidal peptide-induced particle rupture[80].

Since these nanochannels are exposed to fluid transfer, the substrate underlying the metallic
film must have sufficient mechanical strength to support the applied fluid forces. Examples of the
substrate materials that were employed were silicon nitride[65],[66],[68],[71], porous silicon
membranes[75] as well as a polycarbonate filter membranes[4]. The polymer membrane provided a
sensitivity lower than the other substrates, only achieving a maximum of 117 nm RIU-1, however it
did achieve a resolution of 4.1 x 10-s RIU showing it was still sufficient for biosensing applications
and did not require cleanroom fabrication[4]. However, to utilize these sensors in point-of-care
diagnostics, the sensing platform and requisite instrumentation must be integrated into a portable
device. Consequently, there has been a progression towards commercially available components with
straightforward circuitry[82], including analogue smartphone components[83]. However, there is still
room for expansion in the development of internalized pumps as most optofluidic sensors using this
sensing platform have used external pumps to transport fluids to the sensing surface. In the field of
microfluidic sensors, there have been pumps designed whereby the fluidic transport was initiated by a
pressing force from a human finger[84]. Therefore, there is potential for these microfluidic sensors to

be utilized in portable refractive index sensors for on-site biosensing applications.

2.3.5 Optical Fiber Grating-Based Sensors

Optical fiber gratings have also been an evolving area of research for refractive index sensors

and have utilized various forms of nanomaterials to enhance the sensitivity of the refractive index
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measurements. An optical fiber grating consists of a diffraction structure in a single-mode fiber
containing a core with a periodically modulated refractive index. When light propagates through an
optical fiber containing a fiber Bragg grating (FBG), once the incident light reaches the grating
structure, specific wavelengths are reflected back, while the remaining light is transmitted through.
The wavelengths that are transmitted and reflected depend on environmental and intrinsic properties
of the fiber, such as temperature and strain, thus allowing its optical response to be used as a sensor
for these properties. However, to enable refractive index sensitivity, an evanescent field must be
emitted from the fiber, parallel to the fiber axis, and interact with the local environment. This
interaction can occur at the cladding/environmental interface or the fiber/environmental interface. To
create a fiber/environmental interface, cladding layers must be removed at the location of the grating,
which can be done through etching[85] and polishing[86]. Additionally, by imprinting the FBGs in
microfibers with diameters on the order of a few micrometers, the evanescent waves intrinsically
extend beyond the fiber, also resulting in interactions with the local environment[87],[88]. With the
evanescence field interacting with the local environment, the spectral position of its resonance
depends on the effective refractive index. Therefore, changes in resonance wavelength can be
measured to determine the refractive index of the local environment. Utilizing this sensing
mechanism, optical fibers have been extensively used to detect refractive index changes based on the
wavelengths of light that are attenuated and transmitted through the fiber[89]-[97], as well as
wavelengths that are reflected[98]-[103].

In these optical fiber devices, the refractive index sensitivity is reliant on the diameter of the
fiber containing the grating, where a lower diameter provides a higher sensitivity. Therefore, a sensor
with a higher sensitivity experiences the drawback of increased fragility and inconvenient handling.
Inherent to this sensing principle, the evanescent field experiences exponential decay as it moves
away from the active interface. Consequently, the refractive index sensitivity is highly dependent on
the penetration depth of the evanescent field. To increase this penetration depth, nanometer thick
coatings which have a higher refractive index than the fiber cladding have been deposited. These
coatings help transfer the resonant wavelengths into the coating, pulling them towards the external
environment, and thus increasing the interaction with local refractive index[104]-[109]. Another
technique used to increase penetration depth is through surface plasmon resonance. By depositing a
thin metallic layer, the core-cladding coupling produces SPR cladding modes whose attenuation is
sensitive to the refractive index of the local environment, thus providing a refractive index sensor

(Figure 5A) [110],[111]. Furthermore, fiber gratings with microstructured optical fibers were used to
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provide enhanced refractive index measurements (Figure 5B)[112]-[114]. Microstructured optical
fibers contain a series of holes in the fiber cladding, and have been demonstrated to create an internal
microfluidic channel[114]. This allows the evanescent field to interact with the liquid passing through
the holes, providing accurate measurements with small volumes of liquid.

For biosensing applications utilizing optical fiber gratings, nanocoatings have been employed
to enhance the sensitivity and provide lower detection limits of specific analytes of interest such as
anti-1gG [106][115], C-reactive protein[116], protein concanavalin A[117] and ammonia[118] (Figure
5C and 5D). With the applied nanocoatings, measurements could be made in the clinical range with
limits of detection as low as 10-11M[106]. These sensors have also been applied for the detection of
bacteria[119]-[122], achieving detection sensitivities up to 1929 nm/RIU[118] and able to detect
concentrations as low as 102 CFU/mI[122]. A reusable Bragg grating sensor was also developed
where antibodies were immobilized on the optical fiber with a cleavable linkage. This allowed for the
antibodies along with the captured bacteria to be removed from the optical fiber and allowed the fiber
to be reloaded with new antibodies and reused[123]. These gratings have also been implemented into
the self-contained optical microchip SpectroSenstm, which can detect bacteria, viruses and
toxins[124]-[126].

When implementing various nanocoatings, the uniformity, surface coverage, homogeneity,
and intrinsic material properties of the nanostructured additions play a significant role in the sensing
performance. The homogeneity and uniformity strongly influence the shape and depth of the
evanescent fields, whereby if a uniform coating is not achieved, the depth of the resonance
dramatically decreases, and the probing field becomes asymmetric, reducing the sensitivity[127].
Furthermore, porous coatings were seen to increase the sensor response time[106], therefore the
trade-off between using nanostructured films and specific substrate materials should be thoroughly

considered.
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Figure 5. (A) Sensor setup employing a long period fiber grating with a gold layer generating
SPR enhanced sensing. (B) Structure and main components of a conventional fiber (left) and
microstructured fiber (right). (C) Deposition of a nano-assembled mesoporous coating of the
polymer (poly(diallyldimethylammonium chloride)) and SiO2 nanospheres on a fiber optic long
period grating (LPG) (left). SEM image the coating cross section (right). (D) Deposition of
graphene oxide on etched fiber Bragg grating, functionalized with dendrimers (DM) with
specific affinity for the protein Concanavalin A (Con A) (left). SEM image of graphene oxide
coating, scale bar is 2 um (right). Reprinted with permission from (A) Schuster et al., [111]
copyright 2011 IEEE; (B) Calcerrada et al., [114] copyright 2015 by WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; (C) Korposh et al., [118] copyright 2012 Elsevier; (D) Sridevi
et al., [117] copyright 2014 Elsevier B.V.

Overall, optical fiber gratings are a competitive refractive index-based biosensing technique
as they intrinsically benefit from compactness, low weight, compatibility with optoelectronic devices,
as well as being capable of multiplexing and on-site detection[127]. With the recent implementations
of thin film overlays, nanocoatings and nanostructures, the sensing capabilities have broadened and
allowed for enhanced sensitivities. However, there are still areas that remain relatively unexplored,
such miniaturization of the optical fibers, allowing for potential implementation into areas
challenging to access such as in vivo clinical applications[127]. Furthermore, applications have yet to
fully take advantage of the ability to inscribe multiple gratings in series along a single fiber, providing

compact multi-target detection. Taking this into consideration, with the abundance of enhancement
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techniques developed as well as the potential areas that can still be investigated, these sensors are a

promising optical platform for refractive index sensing in biological applications.

2.4 Conclusions

With the recent advancements in detecting refractive index using nanotechnology, refractive
index has become a powerful tool utilized in biosensing applications. Many biological analytes have
unique refractive index fingerprints, such that conducting refractive index measurements can
determine the presence of analytes of interest. Functionalizing the sensor surfaces with biorecognition
elements such as aptamers, antibodies and phages, allows for highly specific detection to be achieved.
Furthermore, since the type of biorecognition element implemented is often not restricted by the
sensing principle, the sensors can be functionalized with varying types of biorecognition components,
providing versatile and multiplexed sensing abilities.

With the expansion of refractive index sensors into broad fields such as food safety, public
health, and medical diagnostics, there is an incentive for optimizing detection sensitivity, specificity,
cost per test and feasibility of wide scale implementation. An ideal sensor has been defined by the
World Health Organization through the acronym ASSURED: Affordable, Sensitive, Specific, User-
friendly, Rapid and Robust, Equipment-free and Deliverable to end-users[128]. However, not all
sensor designs strive to attain every ASSURED quality. Sensing principles that allow for
colourimetric detection of refractive index changes in bulk solutions provide an optical output that
can be discerned with the naked eye, thus rank highly in the last four ASSURED principles. However,
due to the inherent nature of the optical output, these sensing designs often are not as competitive in
sensitivity and specificity. Alternatively, there is motivation to develop refractive sensors with
unparalleled sensitivity and specificity for high-level sensing applications on a cellular level, rather
than for bulk solutions. With these sensing techniques, there is often a trade-off on equipment-free,
deliverable to end-users or being user-friendly. However, given the expansive implementation of
nanostructures in refractive index sensors, as well as recent progression in portable microfluidic
devices and smartphone-based technologies, it is likely that future refractive index sensors will excel
in all the ASSURED qualities, providing powerful biosensing abilities capable of improving public

health on a global scale.
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Chapter 3
Controlling the electrostatic immobilization of gold nanoparticles

onto poly(acrylic) acid

3.1 Summary

Due to the inherent sensitivity of gold nanoparticles to refractive index changes, they are
commonly immobilized and used as the active component in refractive index sensing mechanisms.
However, due to their ability to undergo localized surface plasmon coupling between neighbouring
nanoparticles, controlling the deposition of gold nanoparticles and their degree of clustering is
important to achieve the desired refractive index sensitivity. Current immobilization techniques
require multiple steps, specialized equipment or access to a cleanroom. Here, a facile deposition
method is provided that immobilizes gold nanoparticles onto a substrate coated with a weak
polyelectrolyte via electrostatic interaction. By controlling the pH of the polyelectrolyte, as well as
the size and concentration of gold nanoparticles, the degree of single and clustered nanoparticles can
be regulated. This provides tunability of the optical signal strength from each nanoplasmonic
population and different visual colours of the sensor surface. Furthermore, the binding strength
between gold nanoparticles and the substrate was analyzed under different environmental conditions

to determine limitations in which this deposition method can be applied.

3.2 Introduction

Gold nanoparticles contain unique optical and electronic properties, which make them an
attractive platform for sensing applications. Resulting from their nanoscale size, gold nanoparticles
exhibit LSPR, which is dependent on the particle shape, size, interparticle interactions as well as the
surrounding dielectric environment. Gold nanostructures, with their inherent sensitivity to the local
dielectric environment, have been implemented in a variety of refractive index sensing designs, as
described in Chapter 2[16],[17],[19],[20],[28],[57]-[60]. In comparison to solution-based sensing
designs, substrate-based methods offer improved reliability, repeatability, convenience as well as
lower costs and, therefore, is a more attractive sensor design. However, when using deposited gold
nanoparticles, the immobilization state of the nanoparticles must be considered. A variety of
techniques are currently implemented to create gold nanostructured surfaces for refractive index

sensing applications, including lithography, ion etching, focused ion milling, imprinting, and electron
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beam deposition[16],[17],[19],[20],[28],[57]-[60]. These techniques are implemented to fabricate
linearly organized arrays of gold nanostructures; however, they require at least one of the following:
specialized equipment, access to a cleanroom or a series of multiple steps. Therefore, the ability to
control the formation of a gold nanostructured surface with a facile and equipment-free deposition
method is still a challenge.

In this Chapter, a simple tunable gold nanoparticle deposition method based on the
electrostatic interaction between positively charged gold nanoparticles on a single layer of a weak
negatively charged polyelectrolyte is demonstrated. It is demonstrated that by varying the pH of the
polyelectrolyte layer, as well as the size and concentration of nanoparticles, the number of single and
clustered nanoparticles deposited can be modulated. Due to the electrostatic nature of this deposition
method, the binding efficiency of the nanoparticles is influenced by the local environment, and
therefore the resilience of the electrostatic binding strength between the nanoparticles and the

substrate was analyzed when exposed to various solutions and solvents.
3.3 Materials and Methods

3.3.1 Materials

Gold (111) chloride hydrate, silver nitrate, cetyltrimethylammonium bromide (CTAB), sodium
borohydride, L-ascorbic acid, sodium hydroxide (NaOH), (3-aminopropyl)triethoxysilane (APTES),
polyacrylic acid (PAA) (~100,000 g/mol), sodium dodecyl sulfate (SDS) as well as reagent grade
ethanol, dimethyl sulfoxide (DMSO) and acetone were purchased from Millipore Sigma (Oakville,
ON, Canada). Trisodium citrate dehydrate and glass coverslips were purchased from Thermo Fisher

Scientific (Burlington, ON, Canada). All chemicals were used without further purification.

3.3.2 Synthesis of gold nanoparticles

Spherical gold nanoparticles were synthesized using a CTAB-mediated growth protocol using
a gold nanoseed precursor[129]. To prepare the nanoseed precursor, 60 uL of newly prepared 0.1 M
ice-cold sodium borohydride was added to a 20 ml solution of 2.4 x 10-« M gold (111) chloride hydrate
and 10-4 M trisodium citrate dihydrate under 1000 rpm stirring. The solution was then incubated
overnight in dark ambient conditions and passed through a 0.2 um filter before use.

To synthesize the gold nanoparticles, 3 ml of a 7.33 mM CTAB solution was added to 12 ml
of Millipore water (>12 MQcm). Under 900 rpm stirring, 0.641 ml of an 11.67 mM solution of gold

(11) chloride hydrate solution was then added and allowed to stir for 1 minute. During this minute, 96
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pL of a 0.5 mM AgNO:s solution was added. After the 1 minute of stirring, 103 uL ofa 0.1 M L-
ascorbic acid was added dropwise into this solution. After the last drop was added, the appropriate
volume of nanoseed was added and stirred for an additional 1.5 minutes. The amount of nanoseed
determined the size of the nanoparticles synthesized and varied from 300 to 500 uL. The gold
nanoparticle solution was then incubated in dark ambient conditions for 15 minutes. The solution was
then centrifuged at 10 000 rpm for 15 minutes and then resuspended in a 1 mM solution of CTAB. To
prepare samples for characterization, 5 pL of the solution was deposited onto a copper grid and
allowed to dry overnight. The sample was then imaged using a Philips (Eindhoven, Netherlands)

CM10 transmission electron microscope (TEM).

3.3.3 Immobilization of gold nanoparticles

Glass coverslips were washed by sonicating in reagent grade ethanol for 20 minutes and dried
under a stream of nitrogen. The coverslips were then incubated in a solution of 2M NaOH for 20
minutes and then rinsed in Millipore water and dried under a stream of nitrogen. Following this, a
10% v/v solution of APTES was prepared in reagent grade ethanol and then immediately used to
incubate the coverslips for 1 hour on a Stovall Life Science Inc. (Peosta, 1A, USA) Belly Dancer
orbital shaker in ambient conditions. The coverslips were then rinsed with reagent grade ethanol 3
times then dried with nitrogen. The coverslips were then immediately transferred into a
polyelectrolyte solution of 20 mg/ml PAA in Millipore water for 1 hour on the orbital shaker in
ambient conditions. The pH of the PAA solution was adjusted to the desired value using NaOH. The
coverslips were then rinsed with Millipore water 3 times then dried with nitrogen. Before use, the
gold nanoparticle solution was centrifuged at 12 000 rpm for 10 minutes and a portion of the
supernatant was removed and replaced with Millipore water to achieve a CTAB concentration of 20
uM. A volume of 0.5 ml of this gold nanoparticle solution was deposited onto each coverslip, and
then stored in an airtight container in dark ambient conditions overnight (around 16 hours). The
following day, the remaining unbound gold nanoparticles were washed off with Millipore water and
the coverslip was dried under a stream of nitrogen. The coverslips were then stored in dark ambient

conditions until used.

3.3.4 Incubation in Various Solutions
An initial reading of the extinction peak was taken with the BioTek Epoch microplate

spectrophotometer (Winooski, Vermont, USA) of 43 nm diameter spherical gold nanoparticles
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immobilized as described in Section 3.3.3, deposited using a PAA of pH 6. Four readings were taken
at different locations on each sensor surface and averaged to obtain a single representative extinction
spectrum. The glass coverslips were then incubated in 3 ml of Millipore water, PBS (1%), bleach
(6%), SDS (1%), or reagent grade ethanol, acetone or DMSO for a total of 60 minutes, segmented
into 5 minute, 15 minute, 30 minute and 60 minute timepoints. After each consecutive timepoint, the
sensor surface was removed from the solution, rinsed with 10 ml of Millipore water and dried under a
stream of nitrogen. Extinction spectra were collected following the same format as the initial readings
and were conducted after each incubation prior to returning the sensor into the solution for the
consecutive timepoint. To determine the degree of nanoparticle loss from the sensor surface, the
maximum intensity of the extinction peaks after each incubation time point was divided by the initial
maximum intensity of extinction peaks from the original sensor surface. After the final 60-minute
incubation, 0.5 ml of the same gold nanoparticle solution used during the initial deposition of the gold
(see section 3.3.3) was deposited onto the sensor surface and stored in an airtight container in dark
ambient conditions overnight (around 16 hours). The following day, the remaining unbound gold
nanoparticles were washed off with 10 ml of Millipore water, dried under a stream of nitrogen and the
extinction profile was collected. To determine if gold was re-deposited onto the sensor surface, the
maximum intensity of the extinction peaks after the re-deposition of gold was divided by the

maximum intensity of the initial extinction peaks.

3.3.5 Characterization Methods

The atomic force microscope (AFM) MFP-3D infinity (Asylum Research Company, Goleta
CA, USA) with a silicon probe was used under tapping mode to image the sensor surface prior to gold
nanoparticle deposition. To quantify the number of single nanoparticles and clusters deposited, the
scanning electron microscope Quanta 250 FEG (Thermo Fisher Scientific, Burlington, ON, Canada)
was employed under low vacuum mode to visualize the sample surface. Images were taken at 20 000
magnification to demonstrate deposition uniformity and allow for accurate determination of the types
of nanoparticle clusters present.

To visualize the colourimetric response of the gold nanoparticles deposited on the coverslips,
the samples were imaged using a Canon EOS Rebel T3 DSLR camera. Controlled lighting conditions
were used, and the brightness and contrast of the photographs were tuned to provide the best
representation of each sample. These images were then uploaded into the image processing software

where RGB colour histograms were calculated. To quantify the red colourimetric shifts experienced
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by the sensors, the RGB intensity of the red colour was divided by that of the summation of the blue
and green intensities.

Spectrometry was used to analyze the extinction properties of the sensor surfaces and this
was conducted using a BioTek Epoch microplate spectrophotometer. To compare the shape and
intensities of the spectra in different conditions, the spectra were normalized to the maximum peak
intensity within the relevant data set:

Measured extinction

Normalized extinction = - ——
Overall maximum extinction

3.4 Results and Discussion

3.4.1 Effect of polyelectrolyte deposition pH on immobilization

The synthesized gold nanoparticles were stabilized with the cationic surfactant, CTAB, which
provides a positive charge on the nanoparticle surface and allows for electrostatic deposition onto a
negatively charged polyelectrolyte layer (Figure 6A). The initial incubation of the base substrate is in
sodium hydroxide, which deposits hydroxyls onto the substrate. This is followed by an incubation in
APTES, which facilitates a silanization reaction and results in a positively charged surface. This
allows for the electrostatic deposition of the negatively charged PAA, which consequently allows for
the electrostatic deposition of positively charged gold nanoparticles.

It has been previously demonstrated that when layering a weak polyelectrolyte onto an
oppositely charged surface, the pH of the polyelectrolyte is a contributing factor to the resulting
deposited thickness[130]-[133]. This is understood with PAA through its varying degree of
deprotonation. At higher pH values, PAA becomes highly deprotonated and acquires a strong
negative charge, allowing it to deposit as a thin layer, with a flat chain conformation overtop a
positively charged surface. However, at a lower pH value, the PAA is less ionized and acquires a
weak negative charge. Therefore, when exposed to a positively charged substrate, a thicker layer
containing open loop-rich coils of PAA would settle onto the substrate surface to balance the positive
charges on the underlying substrate. In the protocol used for the deposition of gold nanoparticles onto
the PAA functionalized surface, the deposited layer of the PAA is exposed to the gold nanoparticle
solution which has a neutral pH around 6.5 to 7. The pKa of PAA is inherently 4.2, however when it
is exposed to the gold nanoparticle solution, apparent pKa is lowered to around 3 or 4[134]. Due to
the reduced apparent pKa, all conformations of the PAA layers become highly ionized with
comparable charge densities when exposed to the gold nanoparticle solution. In this environment, the
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ionized PAA layers contain varying amounts of total charge depending on the thickness of the
deposited layer. The different amounts of charge overcompensation created by the thickness of the
PAA layers are the source of the various deposition profiles of the gold nanoparticles. Since
deposition at the lower pH values create thicker layers of PAA, these samples have more overall
charge, allowing for the deposition of more gold nanoparticles. Furthermore, due to the extended
physical conformation of the PAA caused by the low deposition pH, the surface is also more prone to
nanoparticle clusters depositing (Figure 6B). In comparison, at higher pH, depositions with a
smoother PAA conformation and less overall negative charge, fewer nanoparticles deposit and less
clusters form. The conformational changes of the underlying PAA with depositions at pH values
ranging from 2 to 8 were observed using AFM (Figure 7). In accordance with the larger degree of
single nanoparticles deposited on a higher pH PAA, the extinction spectrum for these surfaces
showed a dominant extinction peak in the low 500 nm range, confirming their presence (Figure 8A).
This was further confirmed with the SEM images of the substrate samples showing primarily single
nanoparticles and small clusters in pH 6 and 8 samples (Figure 8C). Whereas with decreasing pH, a
more dominant extinction peak appeared in the mid 700 nm range on the extinction spectrum,
representing the increase in cluster deposition (Figure 8A). This was confirmed with the increase in
prevalence of large clusters in the SEM images (Figure 8C). The different extinction spectra with the
various deposition profiles also created unique colours of the gold nanoparticle surfaces, ranging from
dark blue to a red-orange (Figure 8B).
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Figure 6. A) Schematic of the surface functionalization steps used to electrostatically deposit
gold nanoparticles onto the PAA. B) Schematic of the relationship between the pH of the PAA
and the deposition characteristics of the gold nanoparticles.
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Figure 7. Atomic force microscopy topographic images of glass substrates with surface
modifications of (A) PAA pH 2 (B) PAA pH 4 (C) PAA pH 6 (D) PAA pH 8 (E) Sodium
hydroxide treatment and (F) APTES monolayer formation. All images are 2.0 um x 2.0 um.
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Figure 8. A) Peak normalized extinction spectra of gold nanoparticle surfaces with varying

PAA pH depositions. Gold nanoparticles have a diameter of 44.1 nm + 2.7nm (mean + standard
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deviation). B) Photographs of gold nanoparticle sensor surfaces displaying different visual
colours for varying PAA pH depositions. C-F) SEM images of gold nanoparticles deposited on
PAA with a pH of 2, 4, 6, and 8 respectively.

3.4.2 Effect of size and concentration of gold nanoparticle on immobilization

By varying the concentration of the gold solution used in the deposition step, the degree of
single and clustered nanoparticles deposited can be modulated. By reducing the concentration of gold
nanoparticles deposited onto the functionalized coverslip, fewer clusters deposit on the sensor
surface, however, this also coincided with fewer total nanoparticles, resulting in weaker extinction
spectra (Figure 9A,B,C). With a significantly lower number of gold nanoparticles deposited, a smaller
active surface area was present on the surface. This lead to a less intense colour, which is not ideal
when observing visual colourimetric signals (Figure 9A,B,C). To combat this reduction in total active
surface area on the sensor, while still maintaining a low cluster to single nanoparticle ratio, dilute
concentrations of larger gold nanoparticles were deposited (Figure 10A,B,C). The larger
nanoparticles provide a greater active surface area per nanoparticle and created a prominent visual
colour on the sensor surface even with the reduced number of total nanoparticles. Consequently, the
ratio of single nanoparticles to clusters could be tailored without losing the intensity of the visual
colour of the sensor. For example, sensors containing gold nanoparticles with an average diameter of
83 nm and concentration of 22 nanoparticles per umz experienced an active gold surface on 11.9% of
the sensor and were bright pink in colour. Conversely, sensors containing gold nanoparticles with an
average diameter of 22 nm and concentration of 158 nanoparticles per umz experienced active gold
surface on only 6.0% of the sensor surface and appeared a very faint yellow colour. Therefore, by
depositing larger gold nanoparticles, lower concentrations of nanoparticles could be deposited while

maintaining a sufficient active surface area for a discernable visual response.
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Figure 9. Peak normalized extinction spectra, photographs and SEM images of 22 nm diameter
gold nanoparticle surfaces with varying gold nanoparticle concentrations. A) 158

nanoparticles/um:z B) 272 nanoparticles/um:z C) 563 nanoparticles/pmao.
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Figure 10. Peak normalized extinction spectra, photographs and SEM images gold nanoparticle
surfaces with varying gold nanoparticle size and concentrations. A) 83 nm diameter and 22
nanoparticles/um:z B) 57 nm diameter and 45 nanoparticles/umz C) 42 nm diameter and 150

nanoparticles/umz D) 22 nm diameter and 563 nanoparticles/um:. Scale bar: 500nm.

3.4.3 Environmental Compatibility of Gold Nanoparticle Deposition

Due to the electrostatic nature of the attachment method of the gold nanoparticles, the
strength of the nanoparticle-PAA interactions is subject to change when exposed to different solvents
or solutions due to their screening effects. Furthermore, since the underlying layer of PAA is also
attracted to the substrate via electrostatic attraction, the strength of the PAA attachment is also
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vulnerable to screening by external solvents or solutions. To analyze how the sensor surface reacts
under various conditions, the gold coated glass slides were incubated in various solutions. To
determine if gold nanoparticles were removed from the substrate during the incubation, the extinction
intensity of the sensor was read before and after each incubation and the intensity of the extinction
peaks were compared (Figure 11). An extinction peak with lower intensity would correspond to lost
gold nanoparticles on the sensor surface, either from a loss of nanoparticles, or a loss of PAA which
in turn, resulted in a loss of nanoparticles. To specify if only gold was removed or if PAA was also
removed from the substrate, after exposure to the test solution, the surfaces were then incubated
overnight with a gold nanoparticle solution, identical to the one used in the initial deposition step.
After the removal of the remaining non-bound gold nanoparticles the following day, the new
extinction profile of the sensor surface was examined. If the extinction peaks of the surface regained
the initial intensities, it was concluded that the test solution removed the gold nanoparticles and the
PAA remained bound, since new nanoparticles were still electrostatically attracted to the sensor
surface. However, if the extinction peaks did not regain the full initial intensity, it was determined
that the test solution removed the PAA along with the nanoparticles, which would hinder the re-
deposition of the new gold nanoparticles.

The sensor surfaces were tested in various washing or cleaning solutions including 1% SDS
(a surfactant commonly found in cleaning and hygiene products), 0.6% bleach, 6% H202, Millipore
water, and reagent grade acetone, ethanol and DMSO. These solutions are either polar or ionic in
nature, therefore providing screening effects between the positively charged gold nanoparticles and
the negatively charged PAA. After the 60 minutes of total incubation time, the percent of the
extinction intensity remaining for both the primary and secondary peaks are given in Table 1.

Table 1. Percent remaining of the maximum extinction intensity of the primary and secondary

peaks after a 60 minute incubation period in various solutions and solvents.

Ethanol 90.6, (0.4) 90.5, (2.7)
Acetone 93.9, (3.9) 89.0, (5.4)
DMSO 85.6, (1.6) 79.6, (2.2)
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Bleach 87.4, (1.3) 76.1, (1.4)
Millipore 94.7, (1.7) 95.7, (2.7)
PBS 83.8, (2.2) 85.2, (1.5)
H202 91.9, (3.2) 94.7, (2.7)
SDS 84.7, (2.4) 85.7, (1.7)

Since all solutions resulted in some loss of gold nanoparticles, this restricts the sensor surface
to be functional in predominantly dry environments. As seen in the sensors exposed to PBS, ethanol,
acetone, SDS, DMSO and bleach, a significant loss of nanoparticles was experienced after 5 minutes
of exposure, thus confirming that even short exposures to these solutions should be minimized to
maintain functionality. Furthermore, with the exception of the surfaces incubated in DMSO, the gold
nanoparticles were effectively redeposited and achieved an average extinction profile intensity within
5% of its initial value (Figure 12). Therefore, the lowered extinction intensities seen in Figure 11,
with the exception of the sample incubated in DMSO, can be attributed to a loss of gold
nanoparticles, without a significant loss of the underlying PAA. In the case of DMSO, the re-
deposited secondary peak reached an extinction peak 14.8% lower than the initial secondary peak.
However, this trend was not seen in the primary peak which regained 99.99% of its initial intensity.
This result is likely caused by an induced change in the surface conformation of the PAA, rather than
the loss of the PAA. Since a linear and smooth surface conformation of PAA was previously
confirmed to promote the deposition of single nanoparticles and hinder the deposition of clustered
nanoparticles, it is probable that the DMSO stimulated a structural change of the PAA, resulting in a
smoother surface, which would explain the full recovery of single nanoparticles and a substantial loss

of clustered nanoparticles.
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Figure 11. Primary and Secondary extinction peak intensity over various incubation times in A)
Millipore water B) 1% PBS C) Ethanol D) Acetone E) 1% SDS F) DMSO G) 6% H202 H)
0.6% Bleach

33



120

-
-
o

100

Primary Peak
= Secondary Peak

% of Initial Peak Intensity
&8

L]
o

70 |
Ethanol Acetone DMSO  Bleach Water PBS Hydrogen SDS
Peroxide

Figure 12. Redeposition efficiency of gold nanoparticles on sensor surfaces after incubation in

various solutions and solvents.

3.5 Conclusions

The ability to deposit gold nanoparticles onto a glass surface allowing for the degree of single
nanoparticles and clustered nanoparticles deposited to be individually tuned was demonstrated. This
immobilization technique utilized the electrostatic attraction between the weak negatively charged
polyelectrolyte, PAA, and the positively charged gold nanoparticles. The ratio of single nanoparticles
to clustered nanoparticles immobilized could be modulated by adjusting the pH of the PAA layer as
well as the concentration of the gold nanoparticle solution used for deposition. Furthermore, the
optical signal strength could be maintained at low nanoparticle concentrations with the use of larger
gold nanoparticles, such that a visual colour could be observed over a range of gold nanoparticle
concentrations. Due to the electrostatic nature of the gold nanoparticle deposition, exposure of the
nanoplasmonic surface to polar or ionic solutions resulted in a screening effect which hindered the
electrostatic interactions between the nanoparticles and the substrates. This resulted in a loss of
nanoparticles from the substrate surface and highlighted the incompatibility of the sensor surface with
common cleaning solutions and solvents. These results act as a guide to outline the restrictions of the

sensor for commercial implementation.
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Chapter 4

Colourimetric refractive index detection

4.1 Summary

The refractive index of a material describes the how light propagates through the medium and
is defined as the speed of light in a vacuum divided by the phase velocity of light in the medium.
Refractive index sensors are commonly employed in a range of fields due to the broad scope of
information that can be deduced from a refractive index measurement. The determination of the
refractive index of a material provides information on the degree to which light is refracted or
reflected when interacting with the material, and can determine the temperature, pressure and level of
stress the material is experiencing. Furthermore, changes in refractive index can indicate the presence
of analytes, which has been frequently exploited in biosensing applications to detect analytes ranging
from bacteria to cancer cells. With the versatility that refractive index measurements offer, refractive
index sensors have been incorporated into applications in the fields of optics, photonics, biomedicine
and materials science. With this large demand and growing need for user-friendly refractive index
sensors that provide rapid and robust detection, the nanoplasmonic surface described in Chapter 3 was
implemented as a colourimetric refractive index sensor. Depending on the deposition profile of the
gold nanoparticles deposited on the surface, a blue to red or a red to blue colour shift can be achieved
in response to an increase in refractive index, allowing for a customizable colour sensing profile.
Furthermore, it was demonstrated that the sensor surface could be re-used multiple times, thus

increasing its desirability for implementation into commercial products.

4.2 Introduction

The inherent refractive index sensitivity of gold nanoparticles is imparted by their free
electrons, which are resonantly excited by light to generate LSPR oscillations. The resonant
frequencies of these LSPR oscillations are dependent on the local refractive index and therefore,
shifts in the oscillation wavelengths provide a means to determine shifts in refractive index. The
relationship between the resonant wavelengths of the LSPR and the local refractive index can be
modelled through the Mie theory estimation in the long-wavelength, electrostatic dipole limit for

spherical metallic nanoparticles, through the equation[135],[136]:
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Where E (1) is the extinction, Ny is the density, a is the radius of the nanoparticle, &, is the dielectric
constant of the environment, 2 is the wavelength of the absorbing radiation, ¢; and ¢, are the
imaginary and real portion of the nanoparticle’s dielectric function and y describes the shape of the
nanoparticle (2 for a sphere). The surface plasmon resonance peak that is responsible for the colour of
the nanoparticle is generated when &, equals —2¢,,, , which corresponds to an enhancement of the
electromagnetic field[135], [136]. For gold nanoparticles, this is satisfied in the visible region of the
spectrum, therefore allowing them to be used as visual detecting agents in sensing applications.

In this chapter, the simple, tunable and equipment-free gold nanoparticle deposition method
discussed in Chapter 3 is employed as a ratiometric refractive index sensor, which can provide a red
to blue as well as a unique blue to red colourimetric shift. The ratiometric design of this
nanoplasmonic sensor incorporates single nanoparticles and clustered gold nanoparticles,
corresponding to extinction peaks around 530 nm and 700 nm respectively. The two populations of
nanoparticles produce competing optical signals, where the single nanoparticles emit a red visual
colour and the clustered nanoparticles emit a blue visual colour. The initial colour of the sensor
surface depends on the ratio of each population of gold present on the surface. However, a colour
shift observable by the naked eye is experienced with a change in refractive index, as the local
dielectric environment modulates the ratio of absorption intensity of the single and clustered gold
nanoparticles. This ratiometric shift in the optical intensities provides the foundation for the unique

ratiometric optical signal observable by the naked eye.

4.3 Materials and Methods

4.3.1 Materials

All the chemicals and containers used in this study were purchased from the same sources as
those mentioned in Chapter 3 unless otherwise stated. In addition, Glycerol was purchased from
Millipore Sigma (Oakville, ON, Canada).
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4.3.2 Synthesis of gold nanoparticles

Spherical gold nanoparticles were synthesized from the procedure using CTAB-mediated
growth from a gold nanoseed precursor described in Chapter 3[129]. Briefly, to prepare the nanoseed
precursor, 60 uL of newly prepared 0.1 M of ice-cold sodium borohydride was added to a 20 ml
solution of 2.4 x 10-+ M gold (I11) chloride hydrate and 10-4 M trisodium citrate dihydrate under 1000
rpm stirring. The solution was then incubated overnight in dark ambient conditions and passed
through a 0.2 um filter before use.

To synthesize the gold nanoparticles, 3 ml of a 7.33 mM CTAB solution was added to 12 ml
of Millipore water (>12 MQcm). Under 900 rpm stirring, 0.641 ml of an 11.67 mM solution of gold
(1) chloride hydrate solution was then added and allowed to stir for 1 minute. During this minute, 96
uL of a 0.5 mM AgNOs solution was added. After 1 minute of stirring, 103 uL of a 0.1 M L-ascorbic
acid was added dropwise into this solution. After the last drop was added, the appropriate volume of
nanoseed was added and stirred for an additional 1.5 minutes. The gold nanoparticle solution was
then incubated in dark ambient conditions for 15 minutes. The solution was then centrifuged at 10

000 rpm for 15 minutes and then resuspended in a 1 mM solution of CTAB.

4.3.3 Immobilization of gold nanoparticles

Gold nanoparticles were electrostatically immobilized onto glass surfaces using the protocol
developed in Chapter 3, using a PAA layer deposited at pH 4. Briefly, glass coverslips were washed
by sonicating in reagent grade ethanol for 20 minutes and dried under a stream of nitrogen. The
coverslips were then incubated in a solution of 2M NaOH for 20 minutes and then rinsed in Millipore
water and dried under a stream of nitrogen. Following this, a 10% v/v solution of APTES was
prepared in reagent grade ethanol and then immediately used to incubate the coverslips for 1 hour on
the belly dancer orbital shaker in ambient conditions. The coverslips were then rinsed with reagent
grade ethanol 3 times then dried with nitrogen. The coverslips were then immediately transferred into
a polyelectrolyte solution of 20 mg/ml PAA in Millipore water for 1 hour on the orbital shaker in
ambient conditions. The pH of the PAA solution was adjusted to pH 4 using NaOH. The coverslips
were then rinsed with Millipore water 3 times then dried with nitrogen. Before use, the gold
nanoparticle solution was centrifuged at 12 000 rpm for 10 minutes and a portion of the supernatant
was removed and replaced with Millipore water to achieve a CTAB concentration of 20 uL. A
volume of 0.5 ml of this gold nanoparticle solution was deposited onto each coverslip, and then stored

in an airtight container in dark ambient conditions overnight (around 16 hours). The following day,
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the remaining unbound gold nanoparticles were washed off with Millipore water and the coverslip
was dried under a stream of nitrogen. The coverslips were then stored in dark ambient conditions until

used.

4.3.4 Ultraviolet-visible spectroscopy

Aqueous solutions of glycerol were prepared with refractive index values of 1.37, 1.41, 1.44
and 1.47. An aliquot of 30 uL of Millipore water was first deposited onto the gold nanoparticle
surface and the extinction profile was read, using the Epoch microplate spectrophotometer, where the
nanoparticles were exposed to the Millipore water. The gold nanoparticle surface was dried under a
stream of nitrogen and 30 uL of the glycerol solution with a refractive index of 1.37 was then
deposited on the nanoparticle surface. The extinction profile of the surface exposed to the glycerol
solution was then collected. The surface was then washed with 10 ml of Millipore water to remove
the glycerol solution and then dried under a stream of nitrogen. This deposition, analysis and washing
steps were repeated for the glycerol solutions, with refractive index values of 1.41, 1.44 and 1.47. The

extinction spectra were read, from a range of 400 nm to 900 nm with a step size of 2 nm.
4.4 Results and Discussion

4.4.1 Optical response of gold nanoparticles to refractive index

A determining factor of the LSPR experienced by gold nanoparticles is the restoring force of
the oscillating electrons, which determines their oscillation frequency and consequently, the
wavelengths of light that couple to the nanoparticles. When gold nanoparticles are exposed to an
increase in refractive index, as explained using Mie theory equation 1, longer wavelengths of light
couple to the oscillating conduction electrons of the nanoparticles. This shift is caused by the increase
in dielectric function, which accompanies higher refractive index solutions and correlates to an
increase in electronic polarizability of the solution. Highly polar mediums are better able to attenuate
surface charges and therefore, the oscillating conduction electrons from the gold nanoparticles
exposed to higher refractive index solutions experience a dampened restoring force. With a smaller
restoring force, the resonance frequency of these electrons is shifted to lower energies and couple to
light with longer wavelengths. This red-shift in LSPR produces a blue-shift in the observed colour of
the gold nanoparticles and has been utilized in colourimetric refractive index sensors designed, using
arrays of isolated nanoparticles or nanostructures[16],[17],[19],[20],[28],[57]-[60].
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With the incorporation of two populations of gold nanoparticles, a novel optical response to
an increase in refractive index was experienced by the nanoplasmonic surface, providing a visual red-
shift rather than the standard blue-shift in the observed colour. Depositing both single and clustered
nanoparticles onto a substrate created two extinction peaks, one at high energy blue-green
wavelengths (565 nm, corresponding to the isolated nanoparticles) and one at low energy red
wavelengths (726 nm, corresponding to clustered nanoparticles). As demonstrated in Chapter 3, the
high energy extinction peak, or primary peak contributed to a red or orange visual colour, whereas the
low energy extinction peak, or the secondary peak contributed to a blue colour. When the sensor
surface was exposed to an increased refractive index, these two extinction peaks experienced different
optical responses, extending beyond the red peak shift caused by the dampened restoring force. Both
peaks demonstrated a red wavelength shift and an increase in extinction intensity, however, the
intensity increase experienced by the primary peak was more significant than that experienced by the
secondary peak. This difference in intensity between the primary and secondary peaks created a
stronger visual colourimetric signal than that from the red-shift experienced by both the peaks, and
therefore, resulted in an overall blue to red colourimetric shift.

This ratiometric trend was demonstrated in sensor surfaces with different concentrations of
single and clustered nanoparticles as well as different sized gold nanoparticles (Figure 13). This
provides the foundation for the visual ratiometric property of the refractive index sensor creating a

colourimetric shift.
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Figure 13. Peak normalized UV-Vis extinction spectra showing ratiometric response to
refractive index values of 1.00 (air), 1.33 (Millipore water), 1.37, 1.41, 1.44 and 1.47 (glycerol
solutions). (A-C) Sensors deposited with gold nanoparticle diameters 43 nm and A) PAA pH 2,
B) PAA pH 4 C) PAA pH 6. Error bars denote standard deviation of readings on different
locations on the sensor surface (N=3). (D-F) Sensors deposited with PAA pH4 and gold
nanoparticles with diameters and concentrations of D) 22 nm, 563 NP/um2 E) 40 nm, 279
NP/umz and F) 83 nm, 22 NP/umaz. Error bars denote standard deviation of readings on

different sensor surfaces (N=3).

As the extinction profile dictates the visual colour of the sensor surface, this ratiometric
response created a set of unique colour shifts with the different nanoplasmonic surfaces. As
mentioned earlier, the primary peak contributed a red or orange visual colour whereas the secondary
peak contributed a blue visual colour. With the combined presence of both these populations, the
observed colour is a blend of the two colour outputs. However, with the increase in local refractive
index stimulating the increase in the primary extinction peak intensity, the red visual colour gained
strength and a red colourimetric shift was observed, opposite of the traditional blue colour shift
experienced from the reduced LSPR restoring force. However, this red-shift was only visible when

there was a sufficient balance between the two extinction peaks. With a dominant primary peak and
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only a subtle secondary peak, the primary peak largely governs the initial colour of the sensor surface
(Figure 14 A). Consequently, the red optical output consistently dominates over the blue optical
output and the ratiometric functionality of the surface is removed. Consequently, when exposed to an
increase in refractive index, a visual blue-shift will be observed, similar to that experienced by the
deposition of a homogenous single gold nanoparticle population. Alternatively, with a large
secondary peak and a weak primary peak, the blue colour from the secondary peak dominates the
colour of the surface. If the imbalance between the extinction peaks is sufficiently large, even with
the increase in primary peak intensity when exposed to the higher refractive index, the ratiometric
shift may not be substantial enough to create a visual colour shift (Figure 14 G). Therefore, in order to
achieve a discernable red colourimetric shift from the sensor surface, the initial ratio of single to
clustered nanoparticles is optimized when the extinction peaks achieve roughly similar intensities,
such that both colours are initially represented, and the increase in the red colourimetric output with
refractive index is not overpowered by the initial blue colourimetric output (Figure 14 B-F). A
summary of the colourimetric shifts for various refractive index environments have been collected for
sensor surfaces deposited with varying PAA pH values as well as for varying gold nanoparticle sizes
and concentrations (Figure 14). The RGB colour profile was also determined for each image, and the
red-shift was quantified by calculating the Red/(Blue+Green) values (Figure 15). An overall trend of
increasing red shift was generally seen, except for the sensor represented in Figure 14A and 15A,
which was dominated by single nanoparticles and experienced the blue colourimetric shift classically

seen for homogenous gold nanoparticles.
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Figure 14. Photographs of representative areas of the sensor surface exposed to refractive index
values of 1.00 (air), 1.34, 1.37, 1.41, 1.44 and 1.47 using various concentrations of aqueous
glycerol solutions. (A-C) Sensors deposited with PAA pH 4 and gold nanoparticles with
diameters A) 83 nm B) 40 nm and C) 22 nm. (D-G) Sensors deposited with gold nanoparticle
diameters 43 nm and D) PAA pH 8 E) PAA pH 6 F) PAA pH 4 G) PAA pH 2.
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Figure 15. Red colourimetric shift using RGB ratio (Red/[Green+Blue]) experienced by the
sensor surfaces when exposed to increasing refractive index. (A-C) Sensors deposited with PAA
pH 4 and gold nanoparticles with diameters A) 83 nm B) 40 nm and C) 22. (D-G) Sensors
deposited with gold nanoparticle diameters 43 nm and D) PAA pH 8 E) PAA pH 6 F) PAA pH 4

G) PAA pH 2.
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As observed in the ratiometric response profiles of the various sensor surfaces (Figure 13),
the nanoplasmonic surfaces containing smaller gold nanoparticles experienced weaker increases in
the primary peak extinction intensity in response to refractive index changes than the sensors
composed of larger gold nanoparticles. Similarly, the primary extinction peaks from the smaller gold
nanoparticles also experienced a smaller red-shift in primary peak intensity. These results suggest that
the smaller gold nanoparticles have a weaker refractive index sensitivity than larger gold
nanoparticles, which is consistent with previously published literature[137]. This finding can further
be explained by the degree of coverage the gold nanoparticles experience from the underlying PAA
layer. As explained in Section 3.4.1, the gold nanoparticles are electrostatically attracted to the PAA
layer, and part of the active surface area of the gold nanoparticles is exposed to the PAA layer and
consequently shielded from the external environment. With a constant PAA pH, the height of the
PAA should be consistent, however, the percent of the nanoparticle surface area exposed to the
external environment would vary based on the size of the nanoparticle. For comparison, a small
nanoparticle would experience a greater relative degree of PAA shielding from the external
environment than a larger nanoparticle, and thus would be less sensitive to changes in refractive index
in the external environment. For confirmation of the differing responses to refractive index changes
corresponding to the gold nanoparticles sizes, the expected optical response of single gold

nanoparticles was simulated. The extinction cross section gy was calculated from the formulas:

o)
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G = FZ(zj +1Re(a; +b;)  Equation 2
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These equations were used to simulate the extinction cross section a spherical nanoparticle

with a radius of r, and complex permittivity of € = n? exposed to a plane wave with an angular
frequency of % = kc/n,, where m =n/n,,, v = kry, ® = mv and embedded in a dielectric medium
0

with an electric permittivity of em= n2,. Simulations were executed with spherical gold nanoparticles
with diameters of 22 nm, 40 nm and 83 nm, which mimic the size of the experimental gold
nanoparticles. Refractive index sensitivities were compared based on the red-shift of the primary
extinction peak from the exposure of air to Millipore water. However, to effectively compare the red-
shifts caused by refractive index changes calculated theoretically and observed experimentally, the
effective refractive index experienced by the gold nanoparticles must be fully considered. In the
sensor design, the gold nanoparticles were deposited on a layer of PAA, and consequently,
experienced a local refractive index that combined both the index of the PAA as well as the external
environment. It has been established that the effective refractive index, n.r ¢, experienced by a gold
nanoparticle, partially enclosed by substrate is calculated using the following equation

Nesr = (1 — ANgyp + ANypeq
where ng,;, is the refractive index of the substrate, n,,.4 is the refractive index of the medium and «
is the section of the particle’s surface area immersed in the medium[138]. For a single isolated
nanoparticle, with diameters of 22 nm, 40 nm and 83 nm, the PAA coverages are estimated to be
93.64%, 88.44% and 42.62% respectively. Therefore, the effective refractive index values when
exposed to air and to Millipore water are 1.468 and 1.489 for 22 nm nanoparticles, 1.4422 and 1.4803
for 40 nm nanoparticles as well as 1.213 and 1.402 for 83 nm nanoparticles. Simulated red shifts from
these refractive index transitions were 2nm, 4nm and 30 nm for 22 nm, 40 nm and 83 nm gold
nanoparticles (Figure 16). This was relatively consistent with the experimental red shifts experienced
which were 2.7 nm + 1.5 nm, 7 nm + 2.6 nm. and 27.7 nm £ 2.1 nm for 22 nm, 40 nm and 83 nm

gold nanoparticles (Figure 16).
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Figure 16. Simulated and experimental red shifts under the external environment shift of 1.00
to 1.33 with the effective refractive index values of 1.468 and 1.489 (22 nm diameter), 1.4422
and 1.4803 for (40 nm diameter) as well as 1.213 and 1.402 for (83 nm diameter). Note: the
experimental red shift error bars denote the standard deviation (N=3).

When comparing experimental results to simulated calculations, it is necessary to note
inconsistencies between the simulated design and the physical design of the prototype sensor.
Experimentally, the single nanoparticles were deposited on surfaces in proximity to neighbouring
nanoparticles whereas the simulation assumed an isolated nanoparticle. As mentioned previously, the
immobilized gold nanoparticles on the sensor surface experience localized surface plasmon
oscillations, stimulated by incident light, which are confined to the nanoparticle surface and known as
near-fields. When nanoparticles are within the near proximity to other nanoparticles, the near-field of
nanoparticles can be felt by neighbouring nanoparticles and near-field coupling occurs[139], [140].
Consequently, the electric field that each particle experienced in the experimental setup would be
composed of the incident light field as well as the near-field of neighbouring nanoparticles. Near-field
interactions result in lower energy coupled plasmon oscillations and a red-shift of the LSPR
wavelength. The relationship between the red-shift in the peak wavelength and the interparticle
distance has previously been established through the following equation[141]:

14.3€,. (1 +y)?
AL/, = m(1+Y)

Equation 7

S 3
(124 (5 + 1) — (1 +7))(464.6 + 14.35,,7)

Where AL/)o is the shift in wavelength normalized by the incident wavelength, €,,, is the
medium dielectric constant, y is a constant that depends on the shape of the nanoparticle, (2 for

spheres), D is the particle dimension parallel to the axis of the nanoparticle coupling (equal to the
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diameter for spheres), s is the interparticle distance and A is based on the other particle dimensions (1
for spheres). From this equation, it is demonstrated that near field coupling increases with decreasing
interparticle distance and increasing nanoparticle size[142],[141]. As the AA/\o increases with
increasing refractive index, the AL/Ao was calculated for each size of gold nanoparticle when exposed
to the highest experimental refractive index, 1.47, to determine if the coupling would have a
significant effect on the optical output. On average, the interparticle distances for the nanoplasmonic
surfaces with the 22 nm, 40 nm and 83 nm gold nanoparticles were 23.2 nm, 30.4 nm and 75.2 nm
respectively. However, the 1/e values of the AA/Ao (above which, coupling is deemed significant) are
at interparticle distances of 7 nm, 12.75 nm, and 26.5 nm for the sensors with 22 nm, 40 nm and 83
nm nanoparticle diameters respectively (Figure 17). Since the experimentally determined interparticle
distances are larger than these values, it can be concluded that the interparticle coupling between the
nanoparticles immobilized on the sensor surfaces does not largely contribute to the optical properties

of the sensor surface.
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Figure 17. Strength of near-field interactions plotted as a function of interparticle distance,
denoted as the change in resonant wavelength divided by the resonant wavelength of an isolated
nanoparticle. Calculated for gold nanoparticles with diameters of 22 nm, 40 nm and 83 nm and
effective refractive indices of 1.498, 1.497 and 1.483 respectively. X markers indicate the 1/e

values and circle markers indicate the average values experienced experimentally.

Another important difference between the experimental setup and the simulation assumption
is that experimentally, the gold nanoparticles immobilized by PAA are deposited onto a glass
substrate whereas the simulation is conducted as though the nanoparticles are surrounded by a

homogeneous medium. To make the assumption that these systems experience similar optical
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responses to their local surroundings, it is important to understand how the glass substrate affects the
optical properties of the deposited nanoparticles. Since the substrate used to deposit the gold
nanoparticles is a dielectric material, it does not experience inherent plasmon resonances.
Consequently, the surface does not interact directly with the plasmon resonance of the deposited
particles nor generate surface-hybridized plasmon modes. However, the substrate does provide a
screening effect on the electromagnetic fields responsible for the restoring force on the gold
nanoparticles’ plasmon oscillations[143]. This screening effect reduces the symmetry around the
nanoparticle, such that the electromagnetic fields from a nanoparticle close to a dielectric surface
differs from that of a nanoparticle surrounded by a homogeneous environment. The strength of the
screening produced from the dielectric substrate is equivalent to the potential generated by a
nanoparticle image with its image charges reduced by a factor of (¢ — 1)/(e + 1) where ¢ is the
permittivity of the substrate[143],[144]. Dielectric substrates with larger permittivity create stronger
nanoparticle “images” and thus, experience larger interactions with the deposited gold nanoparticles.
These interactions result in plasmon resonance red-shifts where the degree of red-shift is based on the
nanoparticle-substrate distance, the substrate permittivity as well as the polarization of the incident
light. A shorter nanoparticle-substrate separation, higher substrate permittivity and incident light
polarized perpendicular to the substrate result in a larger nanoparticle-substrate screening interaction
and therefore, create a larger red-shift in the plasmon resonance of the deposited nanoparticle[145]. It
was previously determined that a vacuum approximation of the behaviour of a nanoparticle can be
used when the nanoparticle is supported on a low-index substrate and using incident light parallel to
the substrate[143]. It was also seen on glass substrates, which have a low-index (n=1.52), that there
was a relatively small difference between the spectra of gold nanoparticles with incident light
polarized perpendicular and parallel to the substrate, and the difference only manifested itself strongly
in substrates with higher permittivity[143]. For these reasons, along with the PAA preventing the
direct contact between the gold nanoparticles and the glass surface, it is approximated that the glass

substrate did not create a significant effect on the gold nanoparticles.

4.4.2 Repeatability

For commercial use of this gold nanoparticle-based refractive index sensor, it is desirable for
the sensor surface to be re-used multiple times. Consequently, repeatability tests were conducted on
various sensor surfaces to show the ability for the sensor to return to its original ratiometric state after

the deposition and removal of various refractive index solutions (Figure 19). It was observed that
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regardless of the initial ratio of deposited single and clustered gold nanoparticles or the underlying pH
value of the PAA layer, the extinction peaks from the gold nanoparticles were efficient at returning to
their initial intensities. The small degree of gold nanoparticle loss that was experienced was likely due
to the mechanical force exerted on the surface during the washing step to remove the glycerol
solutions. Glycerol has a moderately high viscosity of 1.412 Pascal seconds, and since the shear stress
exerted on the surface by a fluid is proportional to the viscosity, when the glycerol solutions are
washed from the surface, they exert relatively strong shear stress on the gold nanoparticles, which is

probably the main contributing factor to the nanoparticle loss.
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Figure 18. Reusability of sensor surface, shown through restoration of initial extinction spectra
after deposition and removal of refractive index solutions. (A-D) Sensors deposited with gold

nanoparticle diameters 43 nm and A) PAA pH 2 B) PAA pH 4 and C) PAA pH 6. D) PAApH 8
(E-G) Sensors deposited with PAA pH 4 and gold nanoparticles with diameters E) 22 nm F) 40
nm and G) 83 nm. Iteration 1: refractive index 1.33, Iteration 2: refractive index 1.37, Iteration

3: refractive index 1.41, Iteration 4: refractive index 1.44.

4.5 Conclusion

A novel nanoplasmonic surface using immobilized gold nanoparticles was implemented as a
refractive index sensor with a proven detection range of 1.00 to 1.47. Based on the gold nanoparticle
deposition profile, a red to blue as well as a unique blue to red colourimetric shift has been achieved.
The colour changes were dependant on the initial ratio of the immobilized single and clustered
nanoparticles and were produced by the ratiometric optical response experienced by the two
populations. It was demonstrated that the colour change could be interpreted by the naked eye and
thus, allow for easy user adaptation. For those with difficulties visually identifying colours, the colour
change could be quantified through simple image analysis techniques and a smartphone application
can be developed in the future for easy interpretation of the results. In addition, the sensor surfaces
were shown to be reusable after the deposition and removal of various refractive index solutions,

improving its cost efficiency and ability to be implemented as a commercially viable sensor.
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Chapter 5
COMSOL Simulations Study

5.1 Summary

The ratiometric response achieved in Chapter 4 using various ensembles of gold
nanoparticles provides a new avenue for ratiometric refractive index sensing. Nanoplasmonic sensor
designs implemented for ratiometric refractive index sensing have currently been limited to
theoretical simulations of specialized nanoparticle architectures and have yet to be demonstrated
experimentally or theoretically with simplistic gold nanospheres[19], [20]. So far, a prototype for a
ratiometric refractive index sensor by depositing ensembles of gold nanospheres was developed,
however, extending beyond this experimental demonstration and analyzing how the unique response
is achieved would greatly enhance the impact of this research. Here, each nanoparticle ensemble was
individually simulated, allowing the contribution of each nanoparticle component on the sensor
surface to be analyzed. This provides a mechanistic understanding of how the refractive index

induced ratiometric response achieved.

5.2 Introduction

To date, there has not been a nanoplasmonic-based ratiometric refractive index sensor
observed in the literature similar to the sensor described in Chapter 4. Therefore, developing a
mechanistic understanding of the sensor properties involved in this novel ratiometric response would
create a valuable contribution to existing scientific literature surrounding the use of gold nanoparticles
in refractive index sensing. It has been previously demonstrated in the literature that LSPR coupling
increases the refractive index sensitivity of the component nanoparticles[146], [147]. However, in the
sensor developed in Chapter 4, the optical shift observed for the coupled LSPR extinction peak was
weaker than that of the uncoupled LSPR peak, which is an unexpected finding. The reasoning for this
unique observation lies in the unigque positioning of the gold nanoparticle clusters and will be

analyzed in this Chapter.

Simulations of the constituent nanoparticle ensembles observed experimentally were
compiled to achieve a theoretical ratiometric response similar to the experimental response, thereby
elucidating a mechanistic understanding as to how the ratiometric response occurs. By simulating

each component nanoparticle cluster separately, the contributions of the individual ensembles could
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be isolated and analyzed. Since the nanoparticle clusters were stochastically deposited with
nanometer variances in interparticle distances and variations in PAA surface coverage, each cluster
type was represented through multiple models to produce an optical response accounting for the
inherent variations. The result of the stochastic deposition was that clusters with identical shapes
experienced a wide range of interparticle LSPR coupling, and thus, varying secondary extinction
peaks. On the contrary, the uncoupled LSPR was not largely affected by the stochastic deposition and
thus, the primary extinction peaks remained relatively consistent between models with a single cluster
shape. Similarly, the secondary extinction peaks experienced greater variances than the primary
extinction peaks when comparing extinction profiles of clusters with different shapes. Consequently,
when combining the simulated models to create a representation of the overall sensor surface, the
intensity of the primary peaks had a larger overlap and was more additive than the intensity of the
secondary peaks. Therefore, when exposed to an increase in refractive index, the primary extinction
peak experienced a concentrated intensity increase, whereas the intensity increase experienced by the
secondary extinction peak was diluted over a broader wavelength range. This resulted in the intensity
change to be more pronounced in the primary peaks compared to the secondary peaks, creating a

ratiometric response similar to that experienced experimentally.

5.3 Methods of Simulation

The extinction cross section of the nanoplasmonic surface was numerically calculated using
the commercially available COMSOL Multiphysics 5.4 with the built-in Wave Optics Module. The
simulation was composed of three sections, the gold nanoparticle or gold nanoparticle cluster, an
embedding medium and a perfectly matched layer. The gold nanoparticle clusters were oriented in the
y and z plane and the calculations were taken with electric fields polarized along both the y and z
directions in the perfectly matched layer. The perfectly matched layer was used to prevent reflection
effects at the simulation boundaries. The space was discretized with a fine meshing algorithm and the
extinction cross section, .., (Equation 10) was calculated by summing the scattering cross section,

osc, (Equation 8) and the absorbance cross section, g, (Equation 9).

1 Equation 8
Jsczsz(n'ssc)ds q

1 Equation 9
Oaps — E ff Qdv q
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Oext = Osc + Ogps Equation 10

In Equation 8, n is a normal vector pointing away from the nanoparticle, Ssc is the scattered intensity
vector and lo is the incident intensity with the integral calculated over the surface area of the
scattering nanoparticles. In Equation 9, Q is the power loss density of the nanoparticles and the
integral is calculated over the nanoparticle volume. The g, and o, values calculated for electric
fields polarized along the y and z directions were averaged together and summed for a final g,
value. The wavelength range that the simulations were conducted over was 390 nm to 760 nm in
increments of 10 nm and the calculations used the real and imaginary part of the dielectric constant
for gold previously determined in the literature[148]. The simulations used gold nanoparticles with a
radius of 20 nm and cluster sizes and orientations were based on the experimentally determined

ensembles present on a pH 6 deposition of PAA.

5.4 Results and Discussion

To theoretically confirm the ratiometric profile experimentally observed on the
nanoplasmonic surfaces, simulations were conducted with nanoparticle arrangements and local
environments specified to match the experimental values. As mentioned in Chapter 4.4.1, the gold
nanoparticles experienced an effective refractive index, Neffs that combined both the refractive index
of the PAA as well as the refractive index of the external environment. The influence on the
nesr from the PAA and the local environment depend on the proportion that the gold nanoparticles
are surrounded by each medium, which is determined by the thickness of the PAA layer as well as the
gold nanoparticle size. As determined in Chapter 3.4.1, the conformation of the deposited PAA layer
depended on its pH, where higher pH values favour the deposition of thin layers and lower pH values
result in thick layers. By matching the experimentally determined primary extinction peak locations
with the simulated primary extinction peak locations, it was found that with the PAA deposited at pH
6 and gold nanoparticles 40 nm in diameter, the nanoparticles experienced a n, ¢ that corresponded
to approximately 56% of the surface area covered by the PAA and 44% of the surface area exposed to
the external environment. However, since the PAA coverage of the gold nanoparticles and clusters is
not strictly controlled, it is likely that the various nanoparticles and nanoclusters experience a range of
PAA coverage. Therefore, the simulations were conducted for PAA coverage of 46%, 56% and 66%
and given weightings of 0.25, 0.5 and 0.25 respectively, which provided effective refractive index
values of 1.23, 1.28 and 1.33 (Figure 19). With these effective refractive index values, the primary
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peak locations ranged from 522 nm to 528 nm with a standard deviation of 3 nm, and the secondary
peak locations ranged from 598 nm to 620 nm with a standard deviation of 11 nm. It can therefore be
concluded that the change in effective refractive index creates a larger variation in the secondary peak
location than the primary peak location. The significant shift in secondary extinction peak is a result
of the changing degree of interparticle coupling experienced with changing refractive index. As noted
from Equation 7, a higher refractive index environment allows for increased interparticle coupling,

thus resulting in progressively red shifted extinction peaks.
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Figure 19. Simulated normalized extinction cross section of gold nanoparticles with
interparticle spacings of 0 nm, 1 nm and 2 nm weighted at 0.25, 0.5 and 0.25 respectively.
Shown for effective refractive index values of 1.23, 1.28 and 1.33 corresponding to PAA
coverages of 46%, 56% and 66% respectively and exposed to an external environment with a

refractive index of 1.00.

In addition to conducting simulations using realistic effective refractive index values, the
different nanocluster arrangements as well as their prevalence must be taken in consideration as they
strongly influence the extinction spectrum experienced by the nanoplasmonic surface (Figure 20).
The frequencies of the various gold nanoparticle cluster types were determined by counting their
occurrence in representative SEM images, totaling an area of 6.5 umz. Based on the different
nanoparticle orientations, the primary peaks observed in the single nanoparticles as well as the
clustered nanoparticles were relatively consistent ranging from 525 nm to 538 nm, with a standard
deviation of 4.49 nm (Table 2). Conversely, the secondary peaks observed in the different cluster

shapes experienced larger variations in the peak location ranging from 611 nm to 680 nm, with a
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standard deviation of 27.72 nm (Table 2). Thus, when combined together, they create a broader

secondary peak compared to the primary peak and do not stack as efficiently.
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Figure 20. (A-H) SEM images along with model representations of cluster shapes simulated.
Scale bar 50 nm. A) Single B) Dimer C) Angled Trimer D) Trigonal Trimer E) Linear Trimer
F) L Shape Quadrimer G) Curved Quadrimer H) Linear Quadrimer 1) Simulated normalized
extinction cross sections of gold nanoparticle ensembles from (A-H) exposed to a refractive

index of 1.33 with interparticle spacing 0 nm.
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Table 2 Primary and secondary peak locations of the nanoparticle ensembles deposited on the

sensor surface with percent prevalence.

Nanocluster  Primary Secondary Peak Location; Prevalence

Shape Peak Sub Secondary Peak in PAApH 6
Location Location (if applicable) (%)
(nm) (nm)
Single 527 - 57.45
Dimer 529 618 34.11
Linear Trimer 526 651 2.87
Angled 535 648 3.59
Trimer
Trigonal 538 611 0.72
Trimer
L Shape 531 663; 608 0.36
Quadramer
Linear 525 680 0.18
Quadrimer
Curved 530 671;617 0.72
Quadrimer
Standard 4.49 27.72
Deviation

A known property of PAA is its ability to swell and expand when exposed to aqueous
solutions of neutral pH around 6.5 or 7[149]-[151]. Therefore, the PAA beneath the gold
nanoparticles experiences a more compact and denser surface conformation when the surface is dry
compared to when exposed to an aqueous solution. These changes in surface conformation of the
underlying PAA likely induce changes in the gold nanoparticle deposition profiles, which also need to
be taken into consideration in the simulated models. Gold nanoparticles that form clustered
arrangements on dry compact PAA surfaces likely deposit in close proximity to neighbouring
nanoparticles within a cluster and therefore, would experience small or no inter-nanoparticle gaps.
Conversely, under an aqueous environment, the PAA would swell and expand, potentially moving
nanoparticles within a cluster further apart. Consequently, when simulating the optical response of the
sensor surface, the inter-nanoparticle gaps (or lack-thereof) within clusters would be modified
accordingly to accurately represent the nanoparticle deposition profile. A result from varying inter-
nanoparticle gaps within the deposited clusters is the changing extinction profile. With a decreasing

inter-nanoparticle gap, it was seen that the LSPR of the nanoparticles comprising a cluster are more
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strongly coupled together and therefore, result in a red-shifted secondary extinction peak (Figure 21).
This is exemplified through the simulated extinction cross sections of a cluster with a trigonal trimer
shape with interparticle distances ranging from 1 nm to 5 nm (Figure 21). However, when the
interparticle distance was 0 nm, there was a slight blue shift in the secondary extinction peak. This
can be explained by the presence of quantum tunneling, which becomes possible at sub-nanometer
gaps between the gold nanoparticles. Quantum tunneling can be simply described as the passing of
electrons through a potential barrier, without sufficient energy to be achieved in the classic realm.
However, using quantum mechanics, there is a non-zero chance that the electrons will successfully
“tunnel” through the potential barrier and reach a new location. When the interparticle distance
between gold nanoparticles is below 1 nm, this tunneling property comes into effect and electrons are
able to travel between the gold nanoparticles. It has previously been demonstrated that quantum-
tunneling screens LSPR charges and reduces the amount of plasmonic coupling between the
nanoparticles[152]. Therefore, the nanoparticles with interparticle distance of 0 nm experience this
guantum-tunneling screening, which explains the slight shift towards shorter wavelengths for the
extinction peak observed going from an interparticle distance of 1 nm to 0 nm.
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Figure 21. A) Normalized extinction cross section of simulated isolated trigonal trimer cluster
with varying interparticle distances exposed to a refractive index of 1.35 B) Secondary peak

location of trigonal trimer cluster for varying interparticle distances

To incorporate the PAA swelling and consequent variations in interparticle distances into the
simulations, the sensor exposed to an external environment of ambient air, was simulated with
interparticle distances of 0 nm, 1 nm and 2 nm with a 0.25, 0.5 and 0.25 weighting. When simulating
the sensor surface exposed to an aqueous external environment, the interparticle distances used were
0nm, 1 nm, 2 nmand 3 nm and given a 0.2, 0.3, 0.3 and 0.2 weighting. When incorporating all the

cluster types with the various effective refractive index values, it was demonstrated that the secondary
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peaks were affected to a larger degree by the changing interparticle distances compared to the primary
peaks (Figure 22). This is expected as the primary peaks correspond to the coupling of light to
individual nanoparticles, either as an isolated nanoparticle, or light coupling in a perpendicular
direction to the length of the cluster and therefore, would not be significantly affected by the distance
of neighbouring nanoparticles. To demonstrate this trend, interparticle distances of ensembles
representative of the nanoplasmonic surface were simulated and shown to have consistent primary
peak locations of 535 nm for interparticle distances of 0 nm, 1 nm, 2 nm and 3 nm. Whereas the
secondary peak locations were 639 nm, 651 nm, 620 nm and 599 nm for interparticle distances of 0

nm, 1 nm, 2 nm and 3 nm respectively with a standard deviation of 22.75 nm.
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Figure 22. Simulated normalized extinction cross section of gold nanoparticles exposed to an
aqueous external environment with a refractive index of 1.33. Incorporated weighted averages
of PAA coverage resulting in effective refractive index values of 1.4082, 1.4252 and 1.4422 given
weights of 0.25, 0.5 and 0.25 respectively.

It can be concluded that the extinction profile is highly dependent on the degree to which the
nanoparticles are exposed to the underlying PAA, the shape of the nanoparticle clusters as well as
interparticle distance between the component nanoparticles. However, when comparing the resultant
extinction profiles with these variations, the secondary extinction peaks are more heavily influenced
by these properties than the primary extinction peaks. Therefore, when the component extinction
profiles are summed together to create an overall representation of the nanoplasmonic sensor surface,
the secondary peaks experience less overlap than the primary peaks and result in a broader overall
spectrum peak. Consequently, when exposed to a higher refractive index, the increase in extinction
intensity of the secondary peak is spread out over a larger wavelength range compared to the increase
experienced by the primary peak. This resulted in the primary peak appearing to experience a greater
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increase in intensity than secondary peak and thus, creating a ratiometric response to the change in
refractive index. With the combination of the effective refractive index, shapes prominence and
interparticle distances, the simulated trends were similar to those demonstrated experimentally
(Figure 23A and B). The red-shifts calculated on the simulated primary peaks were similar to those
experimentally observed, being 10 nm and 4 nm compared to 14 nm and 4 nm respectively (Figure
23C). However, the simulated secondary peaks experienced greater shifts than experimentally
demonstrated being 29 nm and 12 nm in the simulations and 28 nm and 2 nm experimentally (Figure
23D). Furthermore, the location of the secondary peak is blue-shifted in the simulated spectrum
compared to the experimentally determined spectrum, with the peak (when exposed to air) being 609
nm in the simulation as opposed to 666 nm experimentally (Figure 23 D). The discrepancy in the
secondary peak locations might be due to the limited sample size that was used in collecting the data
on the cluster profile. There might have been a greater portion of large clusters deposited that were
not accounted for on the sample images that the cluster profile was based on, rendering a blue-shifted
simulated coupled LSPR peak compared to that observed experimentally. Furthermore, it is important
to note a source of error in the simulations is the large step size of 10 nm between calculated values.
By graphing the points, the expected peak locations can be extrapolated, however the relatively large
step size could be a cause for slight inaccuracies in peak location. However, the overall ratiometric
trend that was observed in the simulations was consistent with those observed experimentally,
confirming that the unique assortment of deposited gold nanoparticles is key in achieving the

ratiometric profile in response to refractive index changes (Figure 23D).
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Figure 23 A) Simulated normalized extinction cross section of gold nanoparticles exposed to
mediums with a refractive index values of 1.00, 1.33 and 1.41. Incorporated weighted averages
of PAA coverage and interparticle distances. B) Peak normalized UV-Vis extinction spectra
showing ratiometric response to external refractive index values of 1.00, 1.33, and 1.41. Sensors
deposited with gold nanoparticle diameters 43 nm and PAA pH 6. (C-D) Simulated and
experimental peak shift in response to refractive index changes for C) Primary peaks D)
Secondary peaks E) Primary to secondary peak ratios for simulated and experimentally

determined extinction profiles in response to refractive index changes.
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5.5 Conclusions

Simulations were conducted in COMSOL Multiphysics that theoretically confirmed the
ratiometric responses experimentally achieved. Based on the simulations of the component
nanoparticle ensembles, it was determined that the weaker response to refractive index changes
exhibited by the secondary peak was caused by unique variabilities in the deposition parameters. It
was demonstrated that the coupled LSPR peaks were strongly affected by variations in the effective
refractive index values and interparticle distances within clusters. Furthermore, the different cluster
shapes that were deposited experienced a wide range of coupled LSPR wavelengths. When all the
component nanoparticle ensembles were added together, they resulted in broad secondary extinction
peaks, compared to relatively narrow primary extinction peaks, as the uncoupled LSPR were not as
affected by the variations in the deposition parameters. Consequently, when exposed to a change in
refractive index, the increase in intensity experienced by the secondary peaks was stretched over a
larger wavelength range than the primary peaks. This resulted in the secondary peaks exhibiting a
lower extinction intensity increase compared to the primary peaks and was responsible for the optical

ratiometric response.

Chapter 6

Conclusions and Future Work

6.1 Summary

This thesis presents a new ratiometric nanoplasmonic refractive index sensor that provides
visually red shifting colourimetric outputs, which can be interpreted by the naked eye. Beginning with
a literature review summarizing refractive index sensing mechanisms that utilize nanotechnology, the
nano-scale properties currently exploited for refractive index sensing are established. With this
knowledge, gold nanoparticles and nanoclusters were manipulated to achieve a unique optical
response to refractive index changes, creating a novel ratiometric and colourimetric signal. This
ratiometric response was shown both experimentally and theoretically and was mechanistically
explained, providing a novel contribution to existing scientific literature surrounding gold

nanoparticles and refractive index sensors.
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6.2 Conclusions

A nanoplasmonic ratiometric sensor based on the deposition of static and spherical gold
nanoparticle ensembles has been demonstrated that provides a blue to red colourimetric output for
increasing refractive index. This is the first time that both single and clustered spherical gold
nanoparticles have been immobilized with the intent of creating a colourimetric refractive index
sensor. The optical and colourimetric properties of the nanoplasmonic refractive index sensing
surface were shown to be regulated by controlling the degree of nanoparticle coupling of the
immobilized nanoparticles. By using the novel electrostatic deposition technique implemented in this
nanoplasmonic sensor, the degree of nanoparticle coupling was easily regulated without complex
nanolithography or microfabrication techniques. This control was gained by varying the pH of the
underlying PAA, as well as the size and concentration of the gold nanoparticles used in the deposition
step. This allowed for varying ratios of dispersed isolated nanoparticles and aggregated nanoparticle
clusters. It was demonstrated that for the varying amounts of single and clustered immobilized
nanoparticles, the sensor surfaces all maintained a ratiometric response to the environmental local
refractive index. The initial ratios of single to clustered nanoparticles did affect the initial colour of
the sensor surface as well as the colour transition experienced in response to refractive index changes.
However, all sensor surfaces demonstrated repeatable colourimetric and ratiometric shifts in response
to refractive index changes, such that the sensor surfaces could be reused multiple times. Due to the
electrostatic nature of the deposition, the attraction of the gold nanoparticles to the sensor surface was
vulnerable to ionic and polar solutions that would screen the attractive charges holding the gold
nanoparticles onto the sensor surface, therefore, limiting the applications where this sensor could be

implemented.

Furthermore, to understand the origin of the ratiometric response to refractive index changes,
the component nanoparticle ensembles were simulated independently allowing their contribution to
the extinction profile to be isolated and analyzed. The deposition properties that resulted in the
ratiometric response were variations in the PAA coverage of the gold nanoparticle surface area,
variations in the interparticle distances as well as the deposition of various cluster sizes and shapes.
These deposition features created a broad coupled LSPR extinction peak such that the increase in
extinction intensity caused by a refractive index change was spread over a large wavelength range.
This caused the extinction intensity change to appear to be weaker in the coupled LSPR peaks than in

the uncoupled LSPR peaks, which were less sensitive to the deposition parameters mentioned above
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and consequently experienced more additive peak intensities. By accounting for the varying
deposition properties in the simulations and combining the simulated component nanoparticle
ensembles based on their experimentally observed prevalence, a similar ratiometric response was
simulated to that achieved experimentally, thus supporting the accuracy of the theoretical

explanations.

6.3 Recommendations for Future Work

The current gold nanoparticle sensor benefits from numerous qualities such as ease of
fabrication, a wide colourimetric range providing signals decipherable by the naked eye, as well as
reusability. However, the current gold nanoparticle deposition method to achieve this optical response
uses electrostatic interactions to immaobilize the ensemble of gold nanoparticles. Due to the inherent
weakness of electrostatic attractions in different environmental solutions and solvents, a more
resilient covalent deposition method could be attempted to achieve more robust immobilization.
Furthermore, the developed sensor surface is vulnerable to mechanical abrasions and therefore, thin
porous overlays could also be attempted to be deposited over the immaobilized nanoparticles to
increase the durability of the sensor surface and consequently increase its applicability for
commercial implementation.

To broaden the applications of this sensor, attempts could be made to fabricate the sensor on
various substrate surfaces. Currently, the gold nanoparticle deposition has been achieved on glass
surfaces, however, immobilization onto various types of consumer care products and industrial
surfaces would further expand its potential for commercial applications. Specifically, there is a need
for a colourimetric refractive index sensor that can be deposited inside contact lens cases to detect
bacterial biofilms. The primary component in a bacterial biofilm is a matrix of extracellular polymeric
substances which has a refractive index around 1.3 and is colourless[153]. Since these biofilms inside
contact lens cases protect bacteria from disinfectant solutions used to sterilize contact lenses, they
increase the risk of users contracting microbial and infiltrative keratitis[154], [155]. With bacterial
contamination documented in over 50% of contact lens cases[154], [155], visually detecting the
presence of a bacterial biofilm inside of the contact lens case would provide a huge impact on the
ocular health of contact lens wearers. Preliminary experiments were conducted (not shown here)
which observed ratiometric shifts on nanoplasmonic surfaces exposed to various bacterial biofilms.
Therefore, it is a promising technology to output an easily interpreted signal to alert users of the

presence of bacterial biofilms on consumer care surfaces.
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Lastly, this sensing mechanism currently experiences a limitation for people who are
colourblind and are unable to interpret the optical output for the refractive index measurements. To
overcome this obstacle, developing a smartphone application or a portable digital analyzer to interpret
the colourimetric response would aid in the accessibility of this sensor as well as potentially improve
user compliance.
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