Enriching plasmon-enhanced Raman
spectroscopy via electrochemistry and
hybrid nanomaterials for trace chemical

detection

Tabitha Jones

University College London
Department of Chemistry
2023

A thesis submitted in partial fulfilment of the requirements for the
degree of Doctor of Engineering



Declaration

|, Tabitha Jones, confirm that the work presented in this thesis is my own.
Where information has been derived from other sources, | confirm that this has

been indicated in the thesis.



Abstract

Biomarker detection is critical for effective disease diagnosis and treatment.
Surface-enhanced Raman spectroscopy (SERS) has been heralded as a
technique capable of achieving rapid, low-cost healthcare sensing. However,
improvements are needed to enable quantitative detection in complex media,
such as bodily fluids. This work explores ways to enrich SERS using
electrochemistry, machine learning and hybrid nanomaterials. Two different
approaches are developed in this thesis: an electrochemical SERS (E-SERS)
system based on silver nanoparticle electrodes and a hybrid semiconductor-
plasmonic metal NP system.

The E-SERS system was used to detect two important biomarkers, uric acid
(UA) and creatinine (CRN). Applying an external potential enhances the SERS
signal and enables multiplexed detection of the two analytes. Machine learning
approaches were applied to a large E-SERS dataset (>2,300 spectra) to
achieve quantitative, multiplexed detection of UA and CRN. Finally, proof-of-
concept experiments were performed in dilute synthetic urine to demonstrate

the detection of clinically relevant concentrations of the analytes.

A hybrid SERS system was fabricated using tin dioxide coated silver
nanoparticles (Ag@SnO2 NPs). An unexpected, time-dependent increase in
the SERS signal was observed when the Ag@SnO> NP substrates were
irradiated with the Raman laser. The in-situ laser enhancement enabled lower
concentrations (<1 uM) of analytes to be detected compared to unirradiated
substrates. Potential applications of the Ag@SnO. NP system were
demonstrated including the quantitative detection of uric acid, the indirect
detection of the ketosis biomarker, 3-hydroxybutanoic acid, and the

quantitative detection of ketamine in synthetic saliva.



Impact statement

Early diagnosis plays a critical role in the effective treatment of almost all
diseases. Many of these illnesses can be identified by detecting specific
molecules found in bodily fluids, such as urine or blood, called biomarkers.
While effective sensors exist for certain conditions, for example COVID-19
lateral flow tests and electrochemical glucose sensors, these simple detection
methods often do not have the required sensitivity or selectivity. They also
typically only detect one analyte at a time. Bodily fluids contain a plethora of
different biomarkers, which can be used to give a holistic understanding of a
patient's health. Therefore, the simultaneous measurement of different
biomarkers, known as multiplexed detection, is extremely desirable. Advanced
analytical methods, such as mass spectrometry or high-performance liquid
chromatography, can achieve sensitive multiplexed detection, but they are
time-consuming and require expensive, lab-based equipment. Thus, there is a
need for sensitive, selective chemical sensors which can detect multiple

biomarkers quickly and cheaply.

SERS is a technique which could achieve this goal due to its sensitivity,
selectivity, and ease of use. However, multiplexed quantification can be difficult
in complex media due to the competitive adsorption of analytes on the SERS
substrate and the overlapping of characteristic peaks. This thesis develops
ways to improve SERS using electrochemistry, machine learning, and hybrid

nanomaterials and drive it towards clinical application.

Specifically, in Chapter 3, simple Ag NP electrodes are used to detect uric acid
(UA) and creatinine (CRN) with electrochemical-SERS (E-SERS). UA is an
indicator of preeclampsia, gout, and cardiovascular disease and CRN is used
to assess kidney filtration function. Applying a potential to the SERS electrodes
allows lower concentrations of the analytes to be detected compared to
conventional SERS and enables multiplexed detection. Strategies to improve
the reliability and robustness of the Ag NP electrodes are developed, which

could benefit other researchers working in the field.



In Chapter 4, machine learning approaches are applied to a large UA/CRN
dataset (>2,300 E-SERS spectra) to achieve quantitative, multiplexed
detection of the analytes. Using ML-based concentration prediction reduces
the need for time-consuming visual inspection of SERS spectra by trained
operators, increasing the practicality of SERS as an analytical technique.

Chapter 5 focuses on a hybrid plasmonic metal-metal oxide system. This is an
area of significant academic interest as these systems have recently been
shown to boost SERS enhancements but are not yet fully understood. In-situ
laser enhancement of the SERS signal is observed for tin dioxide-coated silver
nanoparticles (Ag@SnO2 NPs) substrates. This enhancement allows lower
concentrations of target analytes, including UA, to be detected. The Ag@SnO:
NP substrates are used to detect ketamine, an illicit drug responsible for drug-
driving-related road traffic collisions. Quantitative detection in synthetic saliva
is demonstrated and the limit of detection achieved (0.34 nM) offers a
significant improvement over the current non-quantitative commercial lateral

flow tests.
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Chapter 1: Introduction and literature review

Chapter 1Introduction and literature review

N.B. Some sections of this chapter have been adapted from Jones, T.
Fabrication of Nanostructured Electrodes for Electrochemical Surface-
Enhanced Raman Spectroscopy (E-SERS): A Review. Materials Science and
Technology 2023, 1-15.

1.1 Motivation

Early detection and diagnosis play a critical role in the effective management
of almost all diseases."? This is exemplified by the NHS Long Term Plan’s
objective to diagnose 75% of individuals with cancer at stage 1 or 2 by 2028.3
If this target is achieved, it would result in 55,000 more people surviving their
cancer for at least five years after diagnosis each year.

Many illnesses can be identified by detecting specific molecules found in bodily
fluids, such as blood, urine or saliva, called biomarkers.4® They can include
proteins, DNAs, RNAs, lipids and metabolites.”-° Examples include uric acid,
which is a biomarker for preeclampsia in pregnant women'-'% gout and
cardiovascular disease'®'%, and 3-hydroxybutanoic acid, an indicator of

diabetic ketoacidosis.2°

Effective sensors do already exist for certain conditions, for example, COVID-
19 lateral flow tests and electrochemical glucose sensors?'. However, often
the simpler, cheaper detection methods, such as colourimetric assays or
lateral flow assays, do not have the required sensitivity or selectivity.??22% They
also typically only detect one analyte at a time. Although this is acceptable in
some scenarios, bodily fluids like urine contain a plethora of different
biomarkers, which can all be used to give a holistic understanding of a patient’s
health. Therefore, the simultaneous measurement of different biomarkers,

referred to as multiplexed detection, is extremely desirable.

Sensitive multiplexed detection of biomarkers is possible with advanced
analytical methods, such as mass spectrometry and high-performance liquid

chromatography, but these techniques are time-consuming and require
1
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expensive, specialist, lab-based equipment.?4-27 In light of this, there is a need
for sensitive, selective chemical sensors which can detect multiple biomarkers

quickly and cheaply.

SERS has been heralded as a technique which could overcome these
limitations.?® In SERS, the Raman signal of a molecule is significantly
enhanced when it is adsorbed onto a nanostructured noble-metal surface,
allowing analyte molecules to be identified by their vibrational fingerprints.?%30
It is a promising technique due to its sensitivity, selectivity, and ease-of-use.
Despite this, it is still yet to achieve clinical use.

Some of the current obstacles to widespread SERS adoption include
difficulties detecting multiple analytes due to competitive adsorption of
molecules and overlapping characteristic peaks; the need for trained operators
to interpret the spectra; variability in the SERS substrates; and limited
enhancement factors for simple, cost-effective SERS substrates made without
specialist nanofabrication equipment. This thesis focuses on ways to
overcome these issues using electrochemistry, hybrid nanomaterials, and

machine learning.

1.2 Raman spectroscopy

Raman spectroscopy is an analytical technique used to determine the
vibrational modes of a sample.3! It can provide a “vibrational fingerprint” of a
substance by detecting the small fraction of light (approximately 1 in 107
photons) which is inelastically scattered.®? This inelastic scattering was first
postulated by Smekal in 192323 and then observed experimentally in 1928 by

Raman and Krishnan.34:35

During Raman spectroscopy, a monochromatic laser is used to irradiate a
sample. When the laser is incident on a molecule, the oscillating
electromagnetic field of a photon polarises the molecular electron cloud.3* The
energy of the photon is transferred to the molecule and a virtual energy state
is formed. This virtual energy is not stable, and the photon is re-emitted almost

2
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immediately, as scattered light. In the vast majority of cases, the photon that is
re-emitted has the same energy (and therefore wavelength) as the incident
photon. This is called elastic or Rayleigh scattering (Figure 1.1).3

Raman scattering occurs when there is a difference between the energy of the
incident and scattered radiation.3" If the molecule gains energy from the photon
during the scattering, then the scattered photon loses energy and its
wavelength increases. This is called Stokes scattering. On the other hand, if
the molecule relaxes back to a lower vibrational state than it had originally, the
scattered photon will gain energy and its wavelength will decrease. This is
called anti-Stokes scattering. Anti-Stokes scattering is less common than
Stokes scattering, as it requires the molecule to be in a vibrationally excited
state before the photon arrives. Consequently, Stokes scattering is normally
used for Raman measurements. In Raman spectra, the intensity of photons
detected is plotted as a function of Raman shift, which is the energy difference

between the incident and Stokes scattered photons, given in wavenumber, ¥

(where # =~ and E = =) (Figure 1.1).
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Figure 1.1: lllustration of the different types of light scattering. In Rayleigh scattering, the
energy of the incident and the emitted photon is equal, resulting in no change in the photon
wavelength. In Stokes Raman scattering, energy is transferred from the incident photon to the
molecule, and in anti-Stokes Raman scattering, energy is transferred from the molecule to the
emitted photon. This inelastic scattering causes a change in the photon wavelength, resulting
in peaks in the Raman spectrum.

Not all vibrational modes can be observed using Raman spectroscopy. For a
vibrational mode to be ‘Raman active”, the molecule must undergo a change
in polarizability during the vibrational excitation. Polarizability is a measure of
how easy it is to distort electrons from their original position. The polarizability
of a molecule increases with increasing electron density and bond length and

decreases with increasing bond strength.?’

Infrared (IR) spectroscopy is a complementary technique to Raman
spectroscopy. It also studies the interaction of radiation with molecular
vibrations, but for a vibration to be IR active, there must be a change in the
dipole moment.®® Many molecules or vibrational modes which are IR inactive

or weak will have intense Raman signals and vice versa, which is helpful for
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characterisation. The different vibrational modes for CO2 are shown in Figure

1.2 along with whether they are Raman or IR active.®*

Symmetric stretch Antisymmetric stretch In plane bending Out of plane bending
Raman inactive Raman inactive Raman inactive
IR inactive

Figure 1.2: An illustration of the vibrational modes of CO2. There are three infrared (IR) active
modes (antisymmetric stretch, in plane bending and out of plan bending) and one Raman
active mode (symmetric stretch).

Raman spectroscopy is a valuable technique and offers advantages such as
minimal sample preparation, fast response, tolerance to water and the
potential for portability. However, as the fraction of light that is inelastically
scattered is very low, the signals are inherently weak, making the detection of
low concentrations of analytes in dilute solutions difficult.

1.3 Surface-enhanced Raman spectroscopy

Surface-enhanced Raman Spectroscopy (SERS) is a type of Raman
spectroscopy in which the signal is enhanced (by factors of up to 108) due to
the adsorption of the target molecule onto a nanostructured metal surface.?®
SERS was discovered in 1974 by Fleischmann et al. when an unexpectedly
large Raman signal was observed while studying pyridine on an
electrochemically roughened silver electrode.?” This was the start of a lengthy
debate into the reason for the SERS enhancement which has only recently
reached a good agreement among researchers. It is now understood to be a
combination of an electromagnetic (EM) and a chemical enhancement.?8-38:39
The electromagnetic enhancement is the result of an increase in the local EM
field at the surface of the metal caused by local surface plasmon resonance
(LSPR).28.38.40
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1.3.1 Local surface plasmon resonance

LSPR is the resonant oscillation of free electrons confined within a metal
nanoparticle caused by light with a wavelength that is less than or equal to the

diameter of the particle (Figure 1.3).294

Electric
Field
- Metallic

Nanoparticle

Figure 1.3: A schematic diagram illustrating local surface plasmon resonance (LSPR) in
metallic nanoparticles caused by light with a wavelength less than or equal to the diameter of
the patrticle.

Mie theory can be used to describe the scattering of electromagnetic radiation
by spherical particles immersed in a continuous medium.*?> For a spherical
particle which is much smaller than the wavelength of light, the polarizability
(@) is given as:*3

3 €~ €Em

a=a m Equation 1

Where a is the radius of the sphere, € is the dielectric constant of the metal

sphere, and ¢, is the dielectric constant of the surrounding medium.

When light is incident on a spherical particle, it will either be scattered or
absorbed. The absorption efficiency (Q,,s) can be written in terms of the
extinction (Q.,;) and scattering (Q,.,) efficiencies as follows:

Qabs = Qext — Usca Equation 2

Using the polarizability from equation 1, the Q,,; and Q,., can be written as:*
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— 4x] € — Em) .
Qext = 4xIm <6 T e, Equation 3
8 ,|€— €m|? Equation 4
Qsca =5X |
3 €+ 2¢,
Where: - 27m/1/6m Equation 5

It is important to note the a dependence of the extinction and scattering
efficiencies; as the radius of a metal nanoparticle increases a higher proportion
of the incident light will be scattered.** The presence of the dielectric constant
of the surrounding medium in the expression also indicates that the extinction
and scattering efficiencies will be affected if a nanoparticle is coated with a
different material.

The wavelength dependence of the extinction and scattering efficiencies
comes from the metal dielectric constant (¢) as this is strongly dependent on
wavelength. The wavelength of the LSPR peak can be calculated by finding
the point at which the denominator in equation 3 (¢ + 2¢,,) vanishes. In a
vacuum, this is when the real part of the metal dielectric constant is equal to -
2. For particles that are not in a vacuum, plasmon resonance occurs when
Re(e/en) = -2.

The real and imaginary parts of the silver dielectric constant are plotted against
wavelength in Figure 1.4, along with the extinction efficiency for a 30 nm silver
sphere.*® Comparing these two plots, it is possible to confirm that the LSPR

peak occurs when Re(e/e,,) = -2.
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Figure 1.4: (a) The real and imaginary parts of the silver dielectric constant as a function of
wavelength. (b) Extinction efficiency (the ratio of the extinction cross-section to the area of the
sphere) of a silver sphere with a 30 nm radius as obtained from Mie Theory. Adapted from ref
43 with permission. Copyright 2003 American Chemical Society.

1.3.2 Electromagnetic Enhancement

The electromagnetic enhancement in SERS is the result of an increase in the
local EM field at the surface of the metal caused by local surface plasmon
resonance.?83%40 The LSPR in the nanoparticles amplifies the incident EM
field. This enhancement of the EM field in SERS is described as:

Equation 6

Where G,,. is the enhancement factor of the EM field in SERS, E(w,,.) is the
local EM field at the frequency of the incident light associated with the LSPR,

and E, is the incident EM field at the same frequency.

As discussed in section 1.2, Raman spectroscopy depends on changes in the
polarizability of molecules during vibrations. When a molecule is close to the
surface of a metal nanoparticle, its Raman polarizability can be increased by
one to three orders of magnitude compared to free molecules. Similarly, other

sources of oscillation, such as the Raman dipole, can excite the LSPR. The
8
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mutual excitation of the Raman polarizability and the local EM field, mean that
the EM field in SERS is enhanced by a factor of:4°

E(CUR)]Z

Go =
R[EO

Equation 7
Where Gy is the enhancement factor of the EM field in SERS, E(wg) is the
local EM field at the Raman frequency, and E, is the incident EM field at the

frequency of the incident light.

For small Raman shifts, w;,. can be considered roughly equal to wy so the

overall enhancement of the EM field in SERS (G) can be defined as:*®

E(cgl)] [E%w] _ [ES;))

4
G = GGy = [ ] Equation 8

This |E(wg)|* relationship means that small changes in the local electric field
have a substantial impact on the SERS signal.*® The magnitude of the EM field
depends on the size and shape of the nanoparticle (NP).2° Very large
enhancements, known as ‘hot spots’, can be formed between two NPs or in
carefully designed nanostructures.*%47-4° Single spherical particles do not
exhibit particularly significant EFs (~10%) but very large EFs (~105-108) are
found at the junctions between two particles (Figure 1.5a). These
enhancements decrease as the distance between the nanoparticles increases.
The greatest EFs have been calculated to occur when the separation between
NPs is 1 nm.2°:39:46.47 At this separation distance, the plasmons of the two NPs
can strongly couple with each other, resulting in EFs as high as ~10°-10"2.45
Below 1 nm, quantum effects, such as electron tunnelling, are predicted to
significantly reduce the field enhancement.®°

As well as at gaps between nanoparticles, enhanced local electric fields are

also found at sharp tips or edges of particles.*® This is illustrated in Figure 1.5b

and Figure 1.5¢c where the electromagnetic enhancement is calculated to be

significantly higher at the points of a spheroidal Au nanorod than around a
9



Chapter 1: Introduction and literature review

spherical Au NP. The maximum EM enhancement at the points of an ellipsoid
have been shown to increase with aspect ratio.?"? This has led to extensive
research into non-spherical NPs for SERS such as nanorods, nanocubes,
nanotriangles, nanostars and nanoflowers.?83853-5  Combining the
enhancement from tips or edges with the ‘hot spots’ formed between particles

can lead to enormous EM enhancements.52

Figure 1.5: (a) The magnitude of the electromagnetic enhancement (colour-coded log scale)
for dimers of silver nanoparticles (left and middle columns) compared with single isolated silver
nanoparticles (right column). Reproduced from ref 4’ with permission. Copyright 2000
American Chemical Society. (b) and (c) Electromagnetic enhancements for a (b) spherical and
(c) spheroidal gold nanoparticle. Adapted from ref 5! with permission. Copyright 2022 Royal
Society of Chemistry.

The EM enhancement is strongly dependent on the distance from the metal
surface. The strength of the local electric field decreases with distance from

the surface (r):
E(r) « (1+ 2)‘3 Equation 9

10
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where a is the radius of the nanoparticle. Based on this, the SERS

enhancement will scale with r roughly as:5®

G o (1+2)712 Equation 10

This highlights the importance of surface adsorption within SERS sensing.

1.3.3 Chemical enhancement

The chemical enhancement (CE) of the SERS signal is much less significant
than the EM enhancement (~103 vs. ~10% — 10'°). However, it is still an
important component of the enhancement and can explain shifts in the Raman
peaks.?® The CE originates from charge transfer or chemical complexation
which can occur when the molecule adsorbs onto the metal nanostructure.
Electrons can transfer between the Fermi level of the metal and the lowest
unoccupied molecular orbital (LUMO) or highest occupied molecular orbital
(HOMO) of the molecule.*> These processes result in changes to the
polarizability of the molecule which can shift or increase the Raman scattering

signal.28:39:40

1.3.4 Hybrid plasmonic metal-semiconductor SERS

Although it is possible to observe SERS enhancements for dielectrics and
semiconductors on their own, there has been significant interest in combining
these materials with plasmonic metals to create hybrid SERS systems.57:58
Combining semiconductors with plasmonic metals can enhance SERS by 10
- 103 times.%8 In a typical hybrid semiconductor/plasmonic metal SERS system,
photoexcited electrons from LSPR in the plasmonic metal flow into the
conduction band of the semiconductor which promotes subsequent
semiconductor-to-molecule charge transfer and leads to CE enhancement of
the SERS signal.®® However, the charge transfer mechanism is highly
dependent on the arrangement of the plasmonic metal and semiconductor, the
band gap of the semiconductor and the work function of the plasmonic metal
nanoparticle, therefore other charge transfer pathways are also possible.5-59

Hybrid systems have the advantage of being able to customise the band gap,

11
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conduction and valence band edges, and refractive index of the
semiconductor. This means that these properties can be adjusted to match the
energy levels of target analytes, resulting in optimal SERS chemical
enhancement, further boosting the SERS signal.

1.3.5 Photo-induced enhanced Raman spectroscopy

Photo-induced enhanced Raman spectroscopy (PIERS) is a recent
development in hybrid SERS research, which combines metal oxide
semiconductors and plasmonic nanoparticles to achieve significant Raman
enhancements. It was first reported by the Parkin group in 2016.5° In this work,
Au or Ag NPs were drop-cast onto TiO> thin films and pre-irradiated with UV
light. The hybrid semiconductor-metal substrates were then used to record
Raman spectra of a range of analytes and larger signal enhancements (an
order of magnitude) were observed compared to conventional SERS.%°

The PIERS enhancement mechanism is explained through the formation of
oxygen vacancies (Figure 1.6).6%8" The UV irradiation of TiO, creates oxygen
vacancies (Vo) and generates donor states below the conduction band. When
the TiO2 is illuminated with the Raman laser, electrons are excited from the
donor states to the TiO2 conduction band, and then transferred to the
plasmonic metal. This electron injection shifts the Fermi level of the plasmonic
metal to more negative values, increasing the probability of charge transfer to

the adsorbed molecule and therefore, enhancing the Raman signal.

12
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Figure 1.6: An illustration of the PIERS mechanism. (a) The ultraviolet light creates oxygen
vacancy (Vo) donor levels in the semiconductor. (b) The Raman laser excites electrons from
the donor level to the conduction band, where they can transfer to the plasmonic nanoparticle.
When PIERS measurements are performed with TiO2, the signal intensity
gradually decreases over time until the PIERS enhancement disappears
around 60 minutes after the UV irradiation.%? This is attributed to surface

healing of the oxygen vacancies in the TiO2 when exposed to air.

In addition to TiO2, other substrates have been investigated including WOs,
ZnO, and LiNbO3.5'-83 Different enhancements and healing rates are observed
for the different materials depending on their surface vacancy formation
energies.®? Alternatives to the drop-casting method have also been reported
including the thermal dewetting of Ag NPs on crystalline anodized TiO2
nanotube arrays® and the co-deposition of Au NPs with TiO, to form
embedded Au-TiO2.%5 As PIERS research grows, the number of analytes
investigated increases, with detection of explosives®®, pollutants® and

biomarkers®%-67:68 being demonstrated so far.

PIERS relies on UV irradiation to generate additional oxygen vacancies in the
metal oxide. Our group has recently demonstrated UV-irradiation-free PIERS-
type enhancement by utilising SnO2, which is intrinsically rich in oxygen
vacancies.?® Colloidal gold nanotriangles (Au NTs) were coated with SnO; and
used for SERS. The strong signals were attributed to an electromagnetic
enhancement from the anisotropic Au NTs, and a chemical enhancement
resulting from the photo-induced charge transfer from the SnO- to the Au NTs,
enabled by the presence of intrinsic oxygen vacancies in the SnO.. The hybrid
13
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system achieved a limit of detection of 88 nM for an explosive marker (2,4-
DNT) in water, exhibiting signals 16 times stronger than those of bare Au NTSs,
without UV-irradiation.

1.3.6 Plasmonic heating

Most discussion of local surface plasmon resonance (LSPR) focuses on the
huge electromagnetic field enhancements observed at the surface of the
nanostructure. This is the source of the SERS enhancement and has resulted
in a range of other advances in biosensing, trace chemical detection and
photovoltaics. However, the collective oscillation of electrons in LSPR also
generates heat via Joule heating due to the increased frequency of collisions
between the electrons and lattice atoms.”® This is known as plasmonic or

photothermal heating.

Traditionally, plasmonic heating has been seen as an undesirable
phenomenon as energy dissipation as heat will weaken the optical signal.
However, in the early 2000s, the field of thermoplasmonics started to grow
quickly as researchers realised that the rapid and controlled generation of
highly localised heat could be extremely useful.”®”" One of the first prominent
applications of plasmonic heating was plasmonic photothermal therapy, where
Au NPs are used to destroy cancerous cells.”>"> The Au NPs are delivered to
the tumour site and irradiated with near-infrared light. The NPs absorb the light,
convert it into heat via plasmonic heating, and consequently induce apoptosis
of cancer cells while minimising damage to the surrounding healthy tissue. The
temperature needed for full destruction of cancer cells in vitro can vary
depending on the type of cell but is generally around 70 — 80 °C, which can be
readily achieved via plasmonic heating.®' Other key applications include
photothermal-triggered drug and gene delivery”®-82, photoacoustic imaging®-

92 solar steam generation®3*-%¢, nanofabrication®’-'%, and catalysis'®'-1%4,

1.3.7 Application of SERS in biosensing

SERS has been extensively studied for the detection of biomarkers and there

are many comprehensive reviews of this area.?83%54105 This review primarily
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focuses on electrochemical-SERS (section 1.4). However, the main
approaches used in SERS biosensing are summarised here. Generally, the
sensing methodologies can be separated into label-free and label-based

approaches.

Label-free approaches detect the analyte directly when it is adsorbed onto the
noble metal surface. It relies on the analyte being Raman active and is best
suited to strong Raman scatterers, typically small molecules that often contain
ring structures. The SERS substrates can be solid substrates (discussed
further in section 1.4.2) or solution-based (i.e. colloidal plasmonic metal
nanoparticles). Most research in this area focuses on the creation of “hot
spots” and trapping the target analyte within these “hot spots” to achieve the
largest SERS enhancements, enabling the detection of very low
concentrations (<nM) of analytes. As discussed in section 1.3.2, “hot spots”
are formed at sharp tips and edges of nanoparticles and in the “nanogaps”
between particles. There has been extensive research into non-spherical NPs
such as nanorods, nanotriangles and nanostars for SERS as well as ways to
aggregate particles to form “hot spots”.41:54:58,106-108

A particularly successful aggregation approach uses cucurbit[n]urils to form
precise nanogaps. Cucurbit[n]urils or CB[n]s are a family of barrel-shaped
supramolecular host molecules, made up of n (where n = 5-8, 10) cyclically
arranged glycouril units linked by methylene bridges.'®® CB[n]s are highly
symmetric and rigid with a height of 0.9 nm."%%11% The hydrophobic internal
cavity of the barrel-shaped molecules can incorporate a wide variety of small
molecules and can form host-guest complexes with very high binding affinities
(up to Ka = 15.3 x 10" M).111-113 |n 2010, Lee et al. showed that CB[5] could
be used as a molecular linker for gold nanoparticles."'* The carbonyl groups
at the portals of the CB[5] molecule bind to the Au surface, resulting in
aggregates with defined 0.9 nm gaps between the particles.'%114.115 These
precise nanojunctions result in large signal enhancements and the ability of
CBjn]s to form host-guest complexes means that target analytes can be

selectively positioned inside the SERS hot spot (Figure 1.7).10116 This
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approach has been used to sense a wide range of analytes, including

neurotransmitters, nucleobases and creatinine.48:49.110.117-124

,,,,,,,,,,,,

Figure 1.7: Schematic illustration of the precise nanojunctions created when CB[7] is used to
aggregate Au NPs (not to scale). The target analyte, creatinine (CRN) in this case, is
positioned inside the CB[7] cavity at the centre of the plasmonic hot spot. Adapted from ref %2
under the terms of the CC BY 4.0 license.

Label-free SERS sensors struggle to detect certain analytes such as weak
Raman scatterers and large molecules, such as proteins. This is because they
contain many bonds and therefore lots of different vibrational modes, which
result in noisy SERS spectra that are difficult to interpret.’?> To overcome this
issue, one approach is to use SERS tags.?®'26-12° |n this method, instead of
directly measuring the SERS signal of the analyte, a strong Raman scatterer
(known as the Raman reporter) is used to indirectly detect the target analyte.
SERS nanotags typically consist of a plasmonic nanoparticle, a Raman
reporter molecule, and a target-specific ligand such as an antibody or
oligonucleotide. The use of the target-specific ligand makes this approach

extremely selective.

There are many different systems but essentially, the approach relies on the
SERS signal of the Raman reporter increasing when the concentration of the
target analyte increases. One method is the sandwich immunoassay.'?8130 In
this technique, capture antibodies are immobilised on a surface which bind to
the target analyte (an antigen in this case). Subsequently, SERS nanotags
containing another antibody, a plasmonic nanoparticle, and a Raman reporter,

also bind to a different site on the target analyte, forming a sandwich complex
16
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(Figure 1.8). When the target analyte is present, the arrangement of plasmonic
nanoparticles on the surface leads to the enhancement of the SERS signal of
the Raman reporter molecule and consequently the detection of the target
analyte. Recently, this approach has also been incorporated into lateral flow
assays to increase their sensitivity and enable quantitative detection.31-136

A = antibody
@ =antigen
& = linker

& #x= Raman reporters

= Au/Ag nanoparticle

«»= Auw/Ag SERS substrate

Figure 1.8: Schematic diagram showing the structure of a SERS sandwich immunoassay.
Adapted from ref '*° under the terms of the CC BY 4.0 license.

1.4 Electrochemical surface-enhanced Raman spectroscopy
1.4.1 Principles of E-SERS

Electrochemical surface-enhanced Raman Spectroscopy (E-SERS) is a
specific type of SERS which takes place within an electrochemical (EC)
cell.38137 As with a conventional EC cell'3'3°, the system contains a working,
reference, and counter electrode and an electrolyte but in E-SERS, the
working electrode is a nanostructured metal surface which can also be used
for SERS measurements (Figure 1.9).38'3” The counter electrode acts as a
source/sink for the electrons involved in the reaction at the working electrode.
The reference electrode is a half-cell with a known reduction potential that acts
as the reference standard against which the potentials of the other electrodes
in the cell can be measured. A potentiostat is used to control the potential of

the working electrode.38
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Figure 1.9: Schematic diagram of the E-SERS system. SERS spectra are recorded using a 3-
electrode electrochemical cell containing a working (WE), reference (RE) and counter
electrode (CE).

Initially, E-SERS was simply seen as a method of studying EC reactions in situ
using Raman spectroscopy.’® However, it was later found that applying a
potential to the working electrode could actually enhance the SERS

signal.®813” There are three main reasons for this enhancement.

The first relates to the electrochemical adsorption of analytes on the
nanostructured surface. When a charged electrode is in contact with an
electrolyte, an interfacial region, known as the EC double layer, will form
between the surface and the bulk solution (Figure 1.10)."3 The nature of this
double layer varies depending on the electrode potential. For example, if the
electrode potential is more negative than the potential of zero charge, cations
will be attracted to the surface and polar molecules such as water will interact
with the electrode via their positively charged end.*® The opposite is true for
positive potentials. Consequently, the coverage, adsorption orientation and
interaction strength of a target molecule at an electrode can be controlled using
the potential.®8141-143 This is significant because, as discussed in section 1.3,
SERS is a surface-selective effect*® and the magnitude of the SERS signal

depends on the proximity of a molecule to the surface.?® Therefore, increasing
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the adsorption of a target molecule on the surface will increase its SERS signal

intensity.
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Figure 1.10: An illustration of an electrochemical double layer at a negatively charged surface.
The cations and anions are represented with orange and blue spheres, respectively, and the
green spheres represent the solvent molecules.

The second reason for the E-SERS enhancement relates to the electron
density at the metal surface. Changing the potential of the electrode alters the
surface charge density in the plasmonic nanostructure.® The surface charge
density controls the frequency and amplitude of the surface plasmon
resonance which, as discussed in section 1.3.2, is the reason for the
electromagnetic SERS enhancement. When a negative potential is applied to
the electrode, more electrons are injected into the SERS substrate, increasing
the magnitude of the LSPR and consequently the magnitude of the SERS
signal.

The third reason is linked to the Fermi level of the metal. The Fermi level
determines the likelihood of photo-induced charge transfer between the
electrode and the adsorbed molecules.?® As discussed in section 1.3.3, charge
transfer processes play an important part in the chemical enhancement of the
SERS signal. Changing the potential of the electrode alters the Fermi level of
the metal which can increase the probability of charge transfer between the
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electrode and the adsorbed molecules.’3144 An increase in charge transfer

processes can lead to an enhancement in the SERS signal.

The relative importance of these three phenomena depends on the system.
The structure and composition of the electrode, the analyte, the electrolyte,
and the environment all affect the E-SERS enhancement. Consequently, it can
be difficult to establish the factors at play. Much of the research which has
helped to illuminate this subject has been performed on very simple or well-
studied analytes such as water and Rhodamine 6G."45.146

The interest in E-SERS is not simply due to the increased SERS signal. Itis a
powerful technique because it can be used to control which species adsorb
onto the surface and how their SERS signal is enhanced. This could enable
multiplexing through the detection of different molecules at different potentials.
Therefore, enhancing the viability of using SERS to detect trace molecules in

complex fluids.

1.4.2 Fabrication of E-SERS nanostructured electrodes

The nanostructured metal substrate is a critical part of the E-SERS system
because it determines the magnitude of the Raman signal enhancement.
Since the 1970s, there have been thousands of papers'#’ on the fabrication of
nanostructured substrates (NSS) for SERS which have been comprehensively
reviewed.28-3040.148.149 On the other hand, NSS for E-SERS have been studied

less extensively. The key requirements for E-SERS NSS are as follows:

e Plasmonic resonance in the visible/near-infrared range (~400-1000
nm).?° Generally, this is the case when the real part of the dielectric
function is negative (typically -20 < Re(g) < -1) and the imaginary part is

small (Im(e) < 5).2%39 Gold, silver and copper all fulfil these criteria.

e Electrochemical stability. This is why gold is a very popular NSS

material.30.40
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e Feature size that is less than ~100 nm.?® Particularly large
enhancement factors can be achieved when ‘hot spots’ are formed
between two nanoparticles or at sharp edges or tips.*

e Aregular structure that can be reproducibly fabricated to give consistent

results.40

e Large surface area to allow many molecules to adsorb onto the surface

at once.?®

e Fast electron transfer kinetics.'3°

e Solid, conductive substrate to allow for incorporation into an

electrochemical cell.

There are four main NSS fabrication methods which apply to E-SERS:
electrochemical roughening, electrochemical deposition, nanosphere
lithography and colloidal nanoparticle deposition. The following sections
describe these fabrication methods and discuss their use in the literature. To
quantify the performance of a substrate, the SERS enhancement factor or
lowest concentration of an analyte detected is quoted. Although these are the
typical metrics used to evaluate SERS nanostructures, they should be treated
with caution.?® The SERS enhancement factor is determined experimentally
by measuring the intensity of the SERS signal for an absorbed molecule on
the metal surface, relative to the intensity of the normal Raman signal of the
same ‘free’ molecule in solution.*® The two intensities must be normalised by
the number of molecules either on the surface (SERS) or in the solution
(conventional Raman).?® Issues arise due to difficulties in calculating the
number of molecules on the surface and the fact that some researchers
calculate the enhancement factor based on signals produced at ‘hot spots’ on
the metal surface rather than the average signal across the substrate.?® This
can make it difficult to compare work because papers often do not contain

details of how the enhancement factor is calculated.
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Comparing the lowest concentration of an analyte detected can also cause
problems because some molecules are much better Raman scatterers than
others.?® For example, dye molecules such as rhodamine 6G, exhibit very
large ‘resonant Raman scattering’, so being able to detect uM levels of these
molecules is less significant than being able to detect the same concentrations
of another non-resonant molecule. The most effective way to evaluate a novel
nanostructured electrode is to perform SERS measurements for the new NSE
and a traditional NSE in the same way, using the same analyte and equipment.
This information is included if it is available in the articles being reviewed.

1.4.2.1 Electrochemically roughened electrodes

The first E-SERS measurements were performed using electrochemically
roughened silver electrodes.?” In this process, successive electrochemical
oxidation and reduction cycles are used to create a nanostructured metal
surface.'37.148 |nitially, a positive potential is applied to the electrode to form
soluble ions or an insoluble surface complex, then a negative potential is used
to reduce these species, resulting in a randomly, roughened metal surface
(Figure 1.11).37 The established methods for electrochemically roughening
gold, silver and platinum are described by Wu et al.®® For gold electrodes, the
procedure is as follows: First, the surface is cleaned electrochemically in 0.1
mol/L H.SO4 solution and rinsed with distilled water. The electrode is then
placed in 0.1 mol/L KCI and held at -0.3V until the current is stable. Next, the
potential is scanned to 1.2V at 1 V/s, set for 1.2 s to allow oxidation and then
scanned back to -0.3V at 0.5 V/s and set for 30 s to allow reduction. The cycle

is repeated for at least 15 minutes to produce a roughened surface.38:10
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Figure 1.11: Scanning electron microscopy (SEM) images of electrochemically roughened Au
films held at 1.2V in 0.1 M KCI for different numbers of cycles. (a) 3 cycles, (b) 5 cycles and
(c) 12 cycles. Adapted from ref '%" with permission. Copyright 2020 Elsevier.

Despite their initial success, SERS research has moved away from
electrochemically roughed electrodes since the early-2000s.%® The structures
are random and contain features from the angstrom to micron scale.'® This
means the SERS enhancement varies across the surface and between
electrodes.'®” However, there are some recent examples of electrochemical
roughening being used as a quick, easy, in-situ method of E-SERS substrate
fabrication.’®?-1%8 This approach is particularly suited to E-SERS because the
same set-up can be used for surface preparation and analyte detection. In
2022, Moldovan et al. electrochemically roughened Au screen-printed
electrodes and used them to quantitively detect the fungicide thiabendazole in

spiked apple juice."%®

1.4.2.2 Electrochemical deposition of plasmonic metal nanoparticles

Nanostructured electrodes can also be fabricated via electrochemical
deposition (ED).'5%-170 |n this method, solid metal nanoparticles are deposited
onto a working electrode from a solution of ions through the application of a
negative potential.’””" The reduction of the metal ions can be represented by:

Mszc;'-lution +ze - M(s) Equation 11

Like electrochemical roughening, ED requires a three-electrode
electrochemical cell and a potentiostat.””! This makes it an attractive
fabrication process for E-SERS because it uses much of the same equipment.
It also has the potential to be quicker and easier than using colloidal
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nanoparticles because the NPs are deposited straight onto a rigid, conductive

substrate, removing the need for drop-casting.

Dai and Compton first electrodeposited gold nanoparticles onto Indium Tin
Oxide (ITO) in 2006.'%” They used 0.1 mM of HAuUCls in 0.5 M H2SO4 as their
electrolyte and applied a potential step from +1.055V to -0.045V (vs. saturated
calomel electrode) for a fixed time (15, 50, 150 or 300 s). Varying the
experimental parameters revealed (unsurprisingly) that the particle size
increased with AuCls~ concentration and deposition time. They also found that
for 0.1 mM HAuCI4 applying 20 cycles of 15 s led to more monodisperse

particles than a single potential step of 300 s (165 + 30 nm vs. 154 + 68 nm)."¢7

Wang et al. refined Dai and Compton’s method using a two-step approach
(Figure 1.12).%0 First, they applied a potential step from +0.89V to -0.8V (vs.
a saturated calomel electrode) to an ITO working electrode in a solution
containing 0.1 mM HAICI4 and 0.1 M NaClO4 for 10 s. This step triggers the
formation of many small gold nanoparticles (mean diameter of 9 + 2 nm).
These NPs then act as seeds in the subsequent growth step due to the
preferential reduction and deposition of AuCls™ on existing gold particles. The
NPs are grown in the same EC cell using cyclic voltammetry. The potential is
scanned between +0.3V and -0.04V at 50 mV/s for a defined number of cycles.
As the number of cycles increases, the size of the particles increases, and the
density decreases. Importantly for SERS, the gap between the adjacent
nanoparticles also decreases, resulting in the formation of ‘hot spots’. 500
deposition cycles resulted in NPs with a mean diameter of 50 + 9 nm and
nanogap distances of less than 10 nm.'®° These particles are significantly
smaller, more uniform and closer spaced than those made by Dai and
Compton.'” In some ways, electrochemical deposition can be seen as an
extension of electrochemical roughening. The process and chemicals are
slightly more complicated, but the nanostructures formed are significantly
more uniform making it a very attractive fabrication method for E-SERS
electrodes.

24



Chapter 1: Introduction and literature review

Au seed

d i r
step 1
( ITO ) > ITO
@) the nucleation (b)
_ — pMBA/AUNTO step 2 | the growth
o Solid pMBA
%. ‘,\MJML . L
. SERS
- e Stn | d) - ITO

A

0 500 1000 1500 _,2000 (c)
Raman shift / cm™)

Figure 1.12: The two-step electrochemical deposition process used by Wang et al. to form
gold nanoparticles on ITO. Reproduced from ref ' with permission. Copyright 2013 American
Chemical Society.

As discussed in section 1.3.2, anisotropic nanoparticles can display enhanced
SERS signals due to ‘hot spots’ that form at edges or tips. The
electrodeposited NPs discussed so far have all been spherical but there have
been some attempts to ED non-spherical nanoparticles.'61.166.169,172-174
Flower-like nanostructures (Nanoflowers or NFs) can display high SERS

enhancement factors due to the nanogaps that form between their ‘petals’.’®"

Ye et al. electrodeposited gold NFs onto ITO from a solution of 2 mM HAuCl4
and 0.1 M KNOs at a constant potential of -0.1V."®" The ITO electrodes were
coated with polydopamine (Pdop), a multifunctional biopolymer, which
triggered the formation of Au NFs. The reason for the change in morphology is
not completely clear but Ye et al. do show that the Pdop increases the
nucleation rate of the gold nanoparticles.'®! They studied the SERS response
of the nanostructures using Rhodamine 6G as a probe molecule and found
that the Raman peaks were significantly larger for the nanoflowers than the

nanoparticles.'®

1.4.2.3 Nanostructured electrodes fabricated using template-based methods

As discussed in section 1.4.2.2, despite being able to regulate the size of
electrochemically deposited nanoparticles, it is still difficult to control the
spaces between them.®® This leads to variation in the SERS enhancement
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because ‘hot spots’ formed at the gaps between NPs play a vital role in signal
amplification.*® Template-based methods can be used to create very ordered
nanostructured electrodes with controlled inter-particle spacing.®® The most
popular template-based method in SERS research is nanosphere lithography
(NSL) which was proposed by Hulteen and Van Duyne in 1995 (Figure
1.13).775 First, monodisperse polystyrene or SiO2 nanospheres with a chosen
diameter are placed onto a substrate and allowed to self-assemble into a
close-packed hexagonal array.'”®'77 The substrate should be thoroughly
cleaned, and, for E-SERS, it must also be conductive (e.g. ITO or metal coated
glass).® Next, a thin layer (15 - 100 nm) of metal is deposited by physical
vapour deposition on top of the spheres.'”® The nanospheres are then washed

away leaving a uniform triangular nanoparticle array on the surface.

Substrate /

/ Nanosphere Removal Metal Deposition

Figure 1.13: The nanosphere lithography fabrication process. Monodisperse nanospheres are
deposited onto a substrate and allowed to self-assemble into a close-packed hexagonal array.
Then, a thin layer of metal is deposited by physical vapour deposition on top of the spheres.
The nanospheres are washed away leaving a uniform triangle nanopatrticle array.

Nanosphere Deposition

— Fsyﬁ/.:‘ —

An alternative to using polystyrene or SiO2 nanospheres as a template is
nanoporous anodic aluminium oxide (AAO)."7817®  The low-cost
electrochemical anodization of aluminium produces a self-organised alumina
matrix with a close-packed array of hexagonally arranged cylindrical
nanopores.'”® Depositing Au or Ag on top of the AAO results in a regular
hexagonal nanostructure which can be used as an effective SERS

substate.178-181

26



Chapter 1: Introduction and literature review

Van Duyne’s group also developed another NSL method called ‘film-over-
nanosphere’ (FON).176.182-184 |n this method, a thicker metal layer (~200 nm)
is deposited on top of the polystyrene or SiO2> nanospheres and, unlike
traditional NSL, they are not removed. This results in a very uniform rough
surface.'® Zhang et al. used silver FON electrodes to perform E-SERS
measurements of dipicolinic acid (DPA), an anthrax bacterial endospore
marker.'® They were able to detect 8 x 10> M of DPA in 5 minutes, which was
a significant improvement on the results achieved using a traditional
electrochemically roughened silver electrode.’® In 2023, Falamas et al.
successfully incorporated a AuFoN electrode into an E-SERS microfluidic
device to detect the fungicide, thiabenzadole.'8

Despite the many benefits of nanosphere lithography, the complexity of the
process leads to several drawbacks. Physical vapour deposition requires
expensive, specialist equipment and a significant amount of the deposited gold
or silver is wasted when the nanospheres are washed away. The number of

steps also makes the process quite time-consuming and costly.

In the early-2000s Bartlett and his colleagues developed a version of NSL
which did not rely on expensive, specialist vapour deposition equipment.'86.187
The sphere segment void (SSV) method uses the same hexagonal
arrangement of uniform nanospheres but instead of depositing a metal film on
top of the spheres, the metal is electrodeposited onto the substrate between
the nanospheres.'86.188 Removing the spheres results in a thin structured film
containing a regular hexagonal array of uniform voids.3®'8 The size of the
voids can be controlled by varying the thickness of the film. Figure 1.14 shows

a copper/silver SSV surface fabricated using 1 um diameter spheres.
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Figure 1.14: (a) SEM image of a polystyrene monolayer film used for the sphere segment void
(SSV) method. (b) and (c) SEM images of the resulting Cu/Ag SSVs. Adapted from ref '8 with
permission. Copyright 2019 American Chemical Society.

The sphere segment void method is an attractive electrode fabrication
technique for E-SERS because it uses the same equipment needed for the
electrochemical measurements. There have been a number of successful
attempts to use SSV for E-SERS.'88.190-192 For example, Abdelsalam et al.
fabricated SSV structured silver surfaces and used them to study the oxidation
and reduction of a flavin analogue (isoalloxazine).’' The SSV surfaces gave
stable, reproducible surface enhancements at a range of electrode potentials
and the spectra were sensitive to sub-femtomole quantities of immobilised
flavin.'®" SSV is cheaper than conventional NSL because it does not require
expensive vacuum chambers and less metal is wasted during fabrication.
However, it is still a time-consuming multi-step process which could mean it is

unsuitable for use in commercial sensors.

Electron beam lithography is another technique that can be used to create
nanoparticles with precise sizes, shapes and spacings.'’6193 |n this method, a
substrate is coated with an electron sensitive polymer film (or resist) and then
a focussed beam of electrons is used to draw custom shapes in the film.94.195
The electron beam changes the solubility of the polymer allowing either the
exposed or unexposed areas of the resist to be dissolved, resulting in a
patterned mask. A metal film is then deposited on top of this mask and the
polymer is washed away, leaving behind a nanostructured metal surface.'76.194
This method can create uniform nanostructures with dimensions below 10 nm

but again, it is expensive and time-consuming.'®*1% The equipment required
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is even more expensive and specialist than that which is needed for NSL. As
such, it is not practical to use this technique to fabricate low-cost substrates
for healthcare applications, but it can be utlised in fundamental

electrochemical research.41.143.197

1.4.2.4 Colloidal nanopatrticles deposited on rigid substrates

Colloidal nanoparticles (NPs) synthesised via wet chemistry are a staple of
SERS.124.198-200 Gold NPs can be cheaply and reproducibly synthesised using
techniques such as the Turkevich - Frens method.'%-2% |n this method,
tetracholoauric acid (HAuCls) is reduced by sodium citrate in water, with the
citrate also acting as an electrostatic stabiliser.9819° By carefully controlling
the nucleation and growth steps, nanoparticles with defined diameters
between 10 — 200 nm + 10% can be synthesised.?®

Silver NPs can also be synthesised using a similar chemical reduction of silver
nitrate (AgNO3).2°" In this process, a reducing agent, such as trisodium citrate,
sodium borohydride or ascorbic acid, provides electrons which reduce the
silver ions (Ag*) in the precursor to the metallic form (Ag®).2%? Initially, there is
rapid reduction which forms silver atoms, which immediately become dimers,
trimers etc.?%® These initial clusters coalesce to form small particles (2-3 nm in
radius). Then the reduction rate decreases, and the particles start to
aggregate.?®* These particles then start to grow via Ostwald ripening, where
larger particles grow at the expense of smaller ones.?’> This causes the
average NP diameter to increase and the number of NPs to decrease. In citrate
reduction, the final colloids are stabilised by the negatively charged citrate on
the surface of the particles, which prevents them from aggregating. The
colloidal Ag NP nucleation and growth steps are illustrated in Figure 1.15.
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Figure 1.15: An illustration of the nucleation and growth steps in a citrate reduction synthesis
of colloidal silver nanopatrticles.

Colloidal NPs can be used in E-SERS by drop-casting or spin coating them
onto a rigid conductive electrode (e.g. glassy carbon, ITO, or gold). Compared
to electrochemically roughened electrodes, the surface features are much
more uniform in size and the surface signal difference across the whole
surface can be less than 10%.8 This approach has been used successfully in
a number of E-SERS sensors.145206-215

The Brosseau group has pioneered the use of drop-cast colloidal NP
substrates for E-SERS.208:209.211-213215-218 Qne of their early papers using this
approach focused on the detection of uric acid in urine, an early indicator of
preeclampsia in pregnant women.?®® They synthesised silver nanoparticles
using a standard citrate reduction and then drop-cast them onto commercially
available carbon screen printed electrodes. The electrode was placed into an
electrochemical cell containing 1.0 mM of uric acid in urine simulant and the
SERS signal was measured at potentials between 0 and -1V. The most intense
uric acid peaks were observed at -0.8V vs. Ag/AgCI. At this potential, uric acid
concentrations below 0.4 mM were easily identified.2® Quantitative detection
was not achieved in this work but two years later, they reported quantitative
detection of uric acid at concentrations between 0.1 — 1 mM using a multi-
layered Au/Ag nanoparticle electrode (Figure 1.16).2%° Although these detected
concentrations are not particularly low compared to other SERS-based
sensors, they are good enough to pass the threshold for a preeclampsia
diagnostic test (0.4 mM of uric acid). This demonstrates that it is not always
necessary to develop the most sensitive sensor possible but rather the most
effective system for the application.
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Figure 1.16: (a) SEM image of a multi-layered drop-cast Au/Ag nanoparticle electrode
prepared on a screen-printed electrode by Zhao et al. Inset: schematic of the layered structure.
(b) E-SERS spectra recorded using the multi-layer Au/Ag electrode for 0.5 mM uric acid in 0.1
M NaF supporting electrolyte. Adapted from ref 2%° with permission. Copyright 2015 American
Chemical Society.

Spherical NPs are highly reproducible and cost-effective but only have
moderate signal enhancement due to their high symmetry.?851219 More
advanced NP shapes which amplify the Raman signal through hotspots at tips
and edges are the focus of intense research.?®4° There are now many papers
and reviews which discuss different NPs for SERS including nanorods,
nanocubes, nanostars and nanoflowers.?8:38.53-55.220 5q far all of the published
work on colloidal nanoparticles in E-SERS has used spherical NPs. However,
given the attention anisotropic particles have received in SERS research, it
seems likely that E-SERS will also start to investigate non-spherical NPs to

enhance the Raman signal.

Core-shell nanoparticles have also attracted significant attention in SERS
research.?2'-224 Depending on the materials used, they can offer a range of
benefits. For example, coating a plasmonic metal in a dielectric material can
improve the stability and biocompatibility of the NPs??%226 and coating an
inexpensive carrier with a noble metal can reduce the cost of plasmonic
NPs.?” Core-shell nanoparticles are extremely versatile and changing the
size, shape and components of the core and shell allows the properties of the
NP to be tuned for a particular application.??'-?23 Gold core — silver shell
(Au@Ag) NPs are particularly interesting because they can exhibit larger

SERS enhancements than monometallic Au or Ag NPs due to charge transfer
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processes which take place between the two metals.?9%228-232 Fyrthermore,
coating Au NPs with Ag gives greater control of the size and shape of the NPs
and can result in more uniform particles.4%221.233.234 Ay@Ag NPs have been
used successfully for several SERS studies.?8:49:209.221,222,224,230-235 \Work by Liu
et al. demonstrated that the Raman enhancement of Au@Ag NPs to several
sulphur-containing pesticides is ~2 orders of magnitude stronger than those of
bare Au and Ag NPs.23° Au@Ag NPs have not yet been used for E-SERS, but
Zhao et al. have successfully used a multi-layered Au/Ag NP electrode to
detect uric acid with E-SERS.2%°

The main problem with depositing colloidal nanoparticles on rigid substrates is
the non-uniform distribution of the particles on the surface which limits the
SERS enhancement.3® Some methods have been developed to arrange the
nanoparticles in a regular pattern.28.236.237 \Wang et al. produced highly ordered
NP arrays with sub-10-nm gaps through the self-assembly of cetrimonium
bromide (CTAB)-capped gold nanoparticles.?*® CTAB is a surfactant which
forms a bilayer around the Au NP. This bilayer leads to a net positive charge
on the NP surface which results in a repulsive force between the NPs that
prevents aggregation. Empirical enhancement factors above 1 x 10% were
observed for p-mercaptoaniline under near infrared (785 nm) excitation.?3¢
However, one of the issues with using CTAB-capped nanoparticles is that it is
necessary to remove some of the surfactant molecules to allow the analyte of
interest to reach the NP surface.??” More recently, Smith and Lipkowski
fabricated a reproducible 2D array of Au NPs by coating gold nanoparticles in
SiO2, arranging them on a gold substrate, dissolving the SiO. and then
electrochemically cleaning the substrate.?®” This resulted in a monolayer of
bare Au NPs with a regular spacing that was twice the SiO2 shell thickness
(4.2 +0.7 nm).2%7

1.4.2.5 Discussion of E-SERS nanostructured electrode fabrication methods

In section 1.4.2, the current most common E-SERS nanostructured electrode
fabrication methods have been presented and discussed. The advantages and

disadvantages of each method are summarised in Table 1.1. The assessment
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of these methods can be summarised very simply as: electrodes with large,
repeatable SERS enhancements can be made but the processes are
expensive, time-consuming and require specialist nanofabrication equipment;
easier, quicker methods can also be used to create effective substrates, but
they are much less uniform and reliable. Consequently, to determine the most
effective fabrication method, one must consider the application. In the case of
biomarker detection, the appropriate substrate depends on the molecule being
detected and the concentrations present. If the biomarker is a very effective
Raman scatterer or is present in high concentrations, an electrode with a lower
SERS enhancement could still be part of a successful sensor. Conversely, if a
biomarker is difficult to detect and only present at very low concentrations,
large SERS signals are needed which would mean choosing a template-based
fabrication method. It would also be necessary to consider the cost of the

sensor in relation to its use case.

Table 1.1: Summary of the advantages and disadvantages of the different E-SERS electrode
fabrication methods.

Method Advantages Disadvantages
Electrochemically - In-situ fabrication - Irregular structure
roughening - Quick and simple - Variable enhancement
- Cost-effective - Difficult to control
Electrochemical - In-situ fabrication - Harder to fabricate
deposition - More control than complex structures
electrochemical - Irregular spacing
roughening - Variable enhancement

- Cost-effective
- No stabilizers on NP

surface
Templated-based - Regular structure - Requires specialist
methods - Control over shape equipment
and spacing - Multistep fabrication
- Reliable, large - Wasted material
enhancements - Expensive
Colloidal - Quick and simple - Irregular spacing
nanoparticle - Cost-effective - Variable enhancement
deposition - Well understood - Stabilizers remain on NP
- Adaptable surface
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A key avenue for future research is to apply the most promising developments
from SERS research to E-SERS electrode fabrication. The use of complex
shaped nanostructures that have been engineered to maximise ‘hot spots’,
such as nanotriangles, nanostars, and nanoflowers, have exhibited impressive
enhancement factors in a range of SERS applications and employing these
structures in E-SERS would likely offer improved detection limits,28:3853-55
Furthermore, in recent years, hybrid nanostructures which contain two or more
different materials, such as core-shell nanoparticles, have received increased
attention.??'-224 Depending on the materials used, they can offer a range of
benefits. For example, coating a plasmonic metal in a dielectric material can
improve the stability of the NPs?2%226 and coating an inexpensive carrier with
a noble metal can reduce the cost of plasmonic NPs.?%” Additionally, certain
hybrid particles, such as gold core-silver shell NPs and plasmonic metal-
semiconductor NPs, can exhibit charge transfer between the two materials

which can lead to boosted SERS enhancements.49:209.228,230-232,60,57,69,238,229

1.4.3 Analyte detection with E-SERS

Although E-SERS has not been studied as extensively as conventional SERS,
the literature contains examples of it being used to identify a range of analytes.
These include therapy drugs'83.213.217.239 " biomarkers'53.188.191,208-210 gnd food
contaminates'41%6212. Despite success detecting a variety of analytes, very
few of these studies demonstrate quantitative detection. Reliable quantitative
measurements rely on robust, repeatable nanostructured electrodes which
can be difficult to fabricate. Issues also arise due to the complex nature of the
E-SERS system, in particular, the important part surface adsorption plays in
the detection of analytes. However, successful quantitative detection has been
achieved. For example, Zaleski et al. reported the quantitative detection of
dobutamine, a drug commonly administered after heart surgery, using an Au
FON E-SERS substrate. They detected dobutamine at clinically relevant
concentrations and pH range with a LoD of 300 nM and a linear range of 0.3
— 3000 puM. They also showed some preliminary results using a handheld
Raman spectrometer in a clinical setting, although they did not demonstrate
detection in synthetic or human bodily fluids. The E-SERS studies reported in
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the literature are summarised in Table 1.2 with details of the electrode

fabrication method and, if quantitative analysis was performed, the limit of

detection and detection range.

Table 1.2: Current state-of-the-art in E-SERS analyte detection reported in the literature.

Analyte Electrode Limit of Detection Ref
fabrication Detection Range
method (nM) (nM)

Thiabendazole Electrochemically ~ 0.306 0.5-10 156

(Fungicide) roughened Au
screen-printed
electrodes

B vitamins Electrochemically - - 154
roughened Au
screen-printed
electrodes

Fentanyl Electrochemically 0.3 0.5-10 158
roughened Ag
screen-printed
electrodes

Atrazine (Herbicide) Drop-cast colloidal - - 216
Ag NPs

6-Thiouric acid Drop-cast colloidal - - 217

(Therapeutic drug Ag NPs

metabolite)

Uric acid Drop-cast colloidal - - 208

(Biomarker) Ag NPs

Uric acid Drop-cast colloidal 100 100 - 209

(Biomarker) multilayer Au and 1000
Ag NPs

Bacteria (E. coliK-  Drop-cast colloidal - - 211,240

12 and B. Ag NPs

megaterium)

Melamine (Milk Drop-cast colloidal - - 212

contaminant) Ag NPs

Polyphenolic dyes Drop-cast colloidal - - 218
Ag NPs

Levofloxacin Ag NPs on cotton - - 213

(Antibiotic) blend fabric

Aminoglutethimide ~ Ag NPs sputter 0.2 02-10 2%

(Therapeutic drug) coated onto screen
printed electrodes

Uric acid Ag NPs sputter - - 153

(Biomarker)

coated onto carbon
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and Au screen
printed electrodes

Dobutamine Au ‘film over 0.3 0.3 -3000 24
(Therapeutic drug) nanosphere’

electrodes
Dipocolinic acid Ag ‘film over - - 184
(Endospore marker) nanosphere’

electrodes
Thiabenzadole Au film over - - 185
(Fungicide) nanosphere’

electrodes
Amino acids Sphere segment - - 188
(Tryptophan, void copper
Histidine, electrodes

Phenylalanine,
Serine, Alanine and

Glycine)

Flavin Sphere segment - - 191
void silver
electrodes

Uric acid Polycarbonate 0.087 0.1-100 2%

nanocone array
decorated with Au
NPs

1.4.4 Other applications of E-SERS

E-SERS is not only an analytical sensing technique; but can also serve as a
useful tool for characterisation.?*3 It is particularly useful for studying
electrocatalysis, an essential area in the transition towards renewable fuels.
Electrocatalytic reactions take place right at the electrode surface and the
intermediate species are usually present in monolayer or sub-monolayer
amounts. This makes E-SERS, a technique which is highly surface selective
and very sensitive, ideal for understanding these complex reactions. E-SERS
studies have already contributed to the current understanding of the CO:
reduction reaction.?43-248 |t has been used to reveal the presence of dynamic
CO intermediate during the electrochemical reduction of CO2 on copper?*® and
helped to understand the potential dependence of the local pH in a copper gas
diffusion electrode undergoing CO: reduction.?*® In addition to the
electrocatalysis studies, E-SERS has also been used to study lithium batteries

and 2D materials.249-252
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1.5 Advanced data analysis for SERS

SERS analysis normally relies on identifying a characteristic peak (or peaks)
for a particular analyte, either through experimentation or modelling. To detect
the analyte in an unknown sample, the SERS spectrum is studied to ascertain
whether the characteristic peak is present. In conventional quantitative
analysis, linear regression is then used to model the relationship between the
concentration (or log(concentration)) of the analyte and the height of the
characteristic peak. This can be effective when only one analyte is present.
However, visual inspection becomes more difficult when studying a complex
mixture that contains multiple analytes. The characteristic peak of one
molecule can be obscured by a large peak of another and interactions between
the analytes on the surface of the SERS substrate can also alter the
signal.2%32%  Visual inspection can also be time consuming and relies on
trained operators, which could limit the use of SERS in real world applications.
Sophisticated data analysis techniques, often referred to as machine learning
approaches, can be used to overcome these issues.

Machine learning (ML) for SERS analysis is growing rapidly?®4-2% due to its
ability to recognise subtle patterns in SERS datasets and identify the presence
or concentration of analytes in unseen spectra. There are a wide range of
different ML techniques, which can be described as either supervised (the
input and output data is labelled) or unsupervised (the data is unlabelled or
raw).2%5 Supervised ML approaches are more commonly used to interpret
SERS spectra.?®* The two techniques employed in this thesis, partial least
squares regression (PLSR), and artificial neural networks (ANNSs), are
described below.

1.5.1 Partial least squares regression

Partial least squares regression (PLSR), also known as Projection of Latent

Structures Regression, is a well-established multivariate regression technique

related to principal component analysis (PCA).2572%8 |t is a supervised machine

learning approach which is particularly suited to noisy data that contains many

collinear predictor variables and one or more response variables. This has led
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to its popularity in chemometrics, especially for quantitative spectral
analysis.?%”2% |n general terms, PLSR works by reducing the dimensionality
of the predictor (X) variables by finding new latent variables which best
describe the variation in the response (Y) variables.?®® The new variables are
linear functions of those in the original dataset, with each variable successively

increasing the total variance explained by the latent variables.

In PLSR, a dataset made up of m predictor variables, p response variables
and n observations is split into a m x n X matrix and a p x n Y matrix (Figure
1.17).2%82% |n the case of the SERS data analysed in this thesis, there are n
different spectra for solutions with known analyte concentrations. Each row of
X contains the intensities of a SERS spectrum obtained at m different
wavenumbers. Y contains the corresponding concentrations of the p analytes

in each solution.17:260

Predictors Responses

il P

Y

Figure 1.17: lllustration of the X (predictor) and Y (response) matrices used in PLSR. m, p and
n are the number of predictor variables, response variables and observations respectively.

The X and Y matrices are decomposed according to:257:258

X=TP'+E Equation 12
Y=UQ'+F Equation 13

where T and U are the X and Y scores and P and Q are the X and Y loadings.
E and F are the residuals. The decomposition is performed in a way that

maximises the covariance of T and U. The scores are related by:
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U =BT Equation 14

where B is a matrix of the PLSR coefficients.

PLSR can also be explained graphically. Figure 1.18 shows a mean-centred
dataset consisting of three predictor variables and three response variables
(typically m >> p but this is difficult to visualise). Every observation is

represented as one point in the X-space and another in the Y-space.?59261

X5 Vs

Figure 1.18: Example of a mean-centred dataset consisting of three predictor variables and
three response variables. Image taken from ref 22 under the terms of the CC BY 4.0 license.
Latent variables, or principal components, are then found which best describe
the variance in the dataset whilst also making sure there is a correlation
between the X and Y components (Figure 1.19).258.259.261 |n the X-space, the
second component is always orthogonal to the first, but this is not necessarily
the case in the Y-space.?*® In this example, there are only two components
and together they describe a plane. However, in cases where there are more
predictor variables, more components may be necessary.
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Figure 1.19: The first two PLS components projected in the X- and Y-spaces. Image taken
from ref 252 under the terms of the CC BY 4.0 license.

Once the principal components have been found, PLSR can be used to predict
the Y-values for a new set of X-values. This is achieved by simply converting
the X-values into T-values, finding the corresponding U-values and then

converting them into Y-values.258:2%9

1.5.2 Artificial neural networks

Artificial Neural Networks (ANNs) are computational systems inspired by the
structure of biological brains.?%3 Their ability to recognise patterns and classify
data has led to their widespread use in recent years.?64¢ ANNs are made up of
many connected nodes called artificial neurons (Figure 1.20).260.263
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Figure 1.20: Basic structure of an artificial neuron. A weighted sum is calculated from all the
inputs (x) and then a non-linear activation function is applied to the weighted sum to generate
the output value (y).

As shown in Figure 1.20, an artificial neuron takes in multiple inputs and
computes a single output value. First, a weighted sum (a) is calculated of all
the inputs and then a non-linear activation function is applied to the weighted
sum to generate the output value (y).?%%26° This can be expressed
mathematically as:

a= ijwj Equation 15

y=fl@=f (Z XjW;j ) Equation 16

Artificial neural networks are built by connecting these neurons into larger
networks (Figure 1.21). Multilayer perceptrons (MLPs) are one of the simplest
and most popular classes of feed-forward ANNs.?%3 MLPs consist of at least
three layers of nodes — an input layer, one or more hidden layers and an output

|ayer_1 17,263
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Input Layer Hidden Layers Output Layer

Figure 1.21: A schematic representation of a multilayer perceptron with two hidden layers.

Each circle in Figure 1.21 represents an artificial neuron and each line signifies
a weight. Since multilayer perceptrons are fully connected, each node in one
layer connects with every node in the following layer.?>® The power of ANNs
comes from their ability to learn. Initially, the connections between nodes are
assigned random weights.'"” When the network is presented with a training
dataset, back-propagation is used to iteratively adjust the weights to reduce
the difference between the output results and the actual results.'7:255.263 Thijs
process is repeated until the error is below an acceptable level. The resulting
trained network can then be used to determine the output for a new unseen

input dataset.

1.5.3 Application of machine learning in SERS analysis

The development of powerful and accessible machine learning libraries in
recent years has enabled researchers to start utilizing ML techniques for SERS
data analysis.?®®. In the relatively short time (< 15 years) since researchers
started combining ML and SERS, there has been rapid progress and machine
learning has now been used to classify or quantify biomarkers?®117.265-267

bacteria?826° and food products?*8:270-272
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In 2015, Kasera et al. used gold nanoparticles and CB[7] to record SERS
spectra of solutions containing three different neurotransmitters: dopamine,
epinephrine and serotonin.'” The training dataset consisted of triplicate
measurements of 30 different aqueous mixtures and the concentration of the
analytes varied between 0.5 — 10 yM. They used a three-layer (one hidden
layer) feed-forward ANN to detect the presence or absence of the
neurotransmitters in the solutions. For 8 unseen samples (3 analytes x 8
samples = 24 predictions), 22 predictions were correct while 2 were false
positives. PLSR was then used to predict the concentrations of the analytes
present. The predicted concentrations were within + 0.6 yM of the true
concentrations of the analytes in the test dataset.'"”

Also in 2015, Alharbi et al. measured the SERS spectra of caffeine and its
metabolites, theobromine and paraxanthine, on silver nanoparticles.?”®> The
solutions had analyte concentrations between 10 and 107 mol/dm? and an
ANN with 1024 input nodes (the number of wavenumber shifts recorded), 20
nodes in a single hidden layer and 3 output nodes (the concentrations of the
three analytes). The root mean square error of prediction was 1.32 x 10
mol/dm? for caffeine, 1.31 x 10® mol/dm3 for theobromine and 1.06 x 10
mol/dm? for paraxanthine.?’3 The same approach was also used by this group
to successfully predict the concentrations of nicotine and its metabolites.?’*

After these early successes, recent work has employed more advanced ML
algorithms such as convolution neural networks (CNNs) and very large
datasets. Increasing the size of the training dataset significantly increases the
robustness of ML models. In 2019, the Dionne group reported the use of a
CNN to identify the antibiotic treatment needed for spectra of bacterial
pathogens.?%® They constructed a reference dataset of 60,000 spectra from 30
bacterial and yeast isolates and 12,000 spectra from clinical patient isolates.
The model was validated on clinical isolates from 50 patients and achieved a
treatment identification accuracy of 99.7%.In 2022, Xie et al. classified serum
exosomes for breast cancer diagnosis with an ANN trained on 8265 spectra

from lab-derived samples.?®® A classification accuracy of 100% was achieved
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for the test dataset which contained spectra from patient-derived samples. This

is a significant result as it shows how ML can enable the adoption of SERS in

clinical settings.

1.6 Research hypotheses and objectives

This research aims to enrich SERS using electrochemistry, machine learning

and hybrid nanomaterials, and exploit these enhancements to achieve

quantitative detection of multiple trace analytes. Based on the literature review,

the following research hypotheses and objectives were established:

Robust, reliable substrates with significant SERS enhancements are
essential for an effective E-SERS system. Given the intended
application for these substrates, the fabrication method should also be
simple and cost-effective. After studying the literature, drop-casting
colloidal nanoparticles onto conductive glass electrodes was identified
as one of the most promising approaches. This work aims to fabricate
these substrates and determine their enhancement, robustness, and
reliability. If issues are identified with the drop-cast NP electrodes,
research will be undertaken to improve their performance and suitability
for multiplexed quantitative detection.

Extensive research has been conducted into the E-SERS
nanostructured electrodes. However, it is equally important to look at
ways to improve the E-SERS system as a whole to increase its
sensitivity, selectivity, and reliability. This study aims to explore such
improvements by investigating ways to mitigate reliability issues using
internal standards.

E-SERS research has demonstrated the improved sensing of a range
of analytes but there are only a few published reports of quantitative
detection and, to our knowledge, no examples of multiplexed detection.
However, the selective enhancement offered by the applied potential
means E-SERS is well-suited to this challenge. Therefore, a key aim of
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this work is to develop an E-SERS system for the reliable, quantitative,
multiplexed detection of biomarkers.

Quantitative, multiplexed detection with SERS remains a challenge due
to the complex nature of the spectra, particularly the overlapping of
peaks from different analytes, and the non-linear concentration-
dependence of the signals due to the competitive adsorption of the
analytes on the SERS substrate. Machine learning techniques can help
identify subtle patterns in the spectra and enable the full utilisation of all
the peaks. ML has been successfully used for SERS analysis but has
yet to be applied to quantitative E-SERS. However, it is a promising
approach as the applied potential offers an additional dimension for the
ML analysis, enabling greater differentiation between the spectra
recorded from complex multiplexed solutions. This work aims to apply
machine learning approaches to E-SERS data to improve

quantification, reliability, and interpretability.

When considering the detection of biomarkers, it is important to test the
performance of the sensing system in representative media as the
plethora of analytes present in complex media can significantly dampen
the SERS signal. Therefore, detection in synthetic bodily fluids will be
investigated to assess the practicality of these techniques.

Hybrid semiconductor-plasmonic metal nanostructures have exhibited
significant SERS enhancement and recently, our group demonstrated
PIERS-type enhancement without UV-activation using colloidal SnO»-
coated gold nanotriangles that are intrinsically rich in oxygen vacancies.
Building on this work, solid electrodes will be fabricated using colloidal
SnOz-coated plasmonic NPs to see if similar enhancements can be
observed in this format.

There are still questions over the exact mechanisms behind the
enhancements seen in some hybrid semiconductor-plasmonic metal

nanostructures. Therefore, extensive characterisation of the SERS
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response of the drop-cast colloidal SnO2-plasmonic metal NP

substrates with be carried out to investigate this further.

¢ If significant enhancements are observed for the hybrid semiconductor-
plasmonic metal NP system, attempts will be made to utilise this
enhancement for the detection of lower concentrations of biomarkers

and other trace analytes.

1.7 Thesis structure

This thesis documents my work developing E-SERS and hybrid SERS
systems for the detection of biomarkers. Chapter 2 details the materials and
methods used in this thesis. The protocols for the synthesis of a variety of
colloidal nanoparticles are described, along with the method used to fabricate
drop-cast SERS substrates. The characterisation techniques are then
explained, followed by a detailed description of the E-SERS and SERS
measurement procedures. Finally, the processes used for the SERS data
analysis are detailed.

Chapter 3 describes the development of an E-SERS system for the detection
of two important biomarkers, uric acid (UA) and creatinine (CRN). E-SERS
substrates are fabricated by drop-casting Ag NPs onto conductive FTO-coated
glass electrodes. These substrates are used to record E-SERS spectra of the
target analyte and the way in which the applied potential enhances the Raman
signal is studied. The robustness and reliability of the Ag NP electrodes are
assessed, and strategies are developed to improve their performance. The
quantitative detection of clinically relevant concentrations of UA and CRN is
then demonstrated using the optimised E-SERS system.

Chapter 4 builds on the research detailed in Chapter 3 and uses the optimised
E-SERS system for the quantitative, multiplexed detection of UA and CRN. A
large E-SERS dataset (> 2300 E-SERS spectra) is recorded for solutions
containing various concentrations of UA and CRN. Machine learning

approaches are then applied to interpret the spectra and predict the analyte
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concentrations from unseen spectra. Finally, proof-of-concept experiments are
performed in dilute synthetic urine to demonstrate the detection of clinically
relevant concentrations of UA and CRN.

Chapter 5 focuses on a hybrid SERS system fabricated using tin dioxide
coated silver nanoparticles (Ag@SnO2 NPs). An unexpected, time-dependent
increase in the SERS signal is observed when the Ag@SnO2 NP substrates
are irradiated with a 633 nm laser. This enhancement is characterised, and
extensive testing is performed to determine the mechanism behind the
enhancement. Potential applications of the Ag@SnO2 NP system are then
investigated. These include the quantitative detection of uric acid, the indirect
detection of the ketosis biomarker, 3-hydroxybutanoic acid, and the
quantitative detection of ketamine in synthetic saliva.

Finally, Chapter 6 summarizes the thesis, presents the key outcomes, and
discusses potential future work. Additional experimental data is given in the
Appendix.
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Chapter 2 Materials and methods

2.1 Materials

Silver nitrate (AgNOs3), sodium citrate (NazCsHsO7), uric acid (CsHaN4O3),
creatinine (C4H7N30), (3-aminopropyl)triethoxysilane (APTES) (CoH23NO3Si),
urea (CH4N,O), potassium chloride (KCI), albumin from human serum, 4-
mercaptobenzoic acid (C7HsO2S), adenine (CsHsNs), 2,4-dinitrotoluene
(C7HeN204), 3-hydroxybutyric acid (CH3CH(OH)CH2COOH), ketamine
hydrochloride (C13H47CI2NO), tetraethyl orthosilicate (TEOS) (SiCgH2004),
acetic acid (CH3COOH), calcium chloride (CaCl>), citric acid (CsHgOy7), ethanol
(C,H60O), and acetone (C3HsO) were all purchased from Sigma-Aldrich/Merck.

Sodium hydroxide (NaOH), ammonia solution (NH4OH), and 4-
mercaptopyridine (CsHsNS) were purchased from Fisher Scientific. Sodium
fluoride (NaF) and rhodamine 6G (Ca2sH31N203CIl) were purchased from
ARCOS Organics. Sodium stannate trihydrate (Na:Sn0O3-3H20), methyl
viologen dichloride (C;,H14CI;N;), potassium dihydrogen phosphate
(KH2POs4), and sodium chloride (NaCl) were purchased from Fluorochem,
Aladdin, Alfa Aesar, and VWR Chemical respectively. The fluorine doped tin
oxide (FTO) coated glass slides were purchased from Sigma-Aldrich. All
chemicals were used as received, and Milli-Q water (18.2 MQ at 25°C) was

used in all experiments.

2.2 Nanoparticle synthesis
2.2.1 Synthesis of Ag NPs

To synthesise the silver nanoparticles, a standard citrate reduction was used
following the Lee and Meisel method (Figure 2.1).2%" 36 mg of silver nitrate
(AgNO3) was dissolved in 200 ml H2O and brought to the boil in a round-
bottomed flask whilst stirring. Once boiling, 4 ml of a 1% sodium citrate
(Na3CeHs07) solution was added to the silver nitrate solution dropwise.
Heating and stirring were maintained for an hour. A colour change from

colourless to milky green/grey was observed which indicated successful
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nanoparticle formation. Once cool, the flask was wrapped in foil to prevent light
degradation of the colloid solution.

38.3mM
NasCeHs07 (aq)

Figure 2.1: lllustration of the standard citrate reduction used to synthesise the Ag NPs using
the Lee and Meisel method.?°’ Created with BioRender.com.

2.2.2 Synthesis of Ag@SnO2 NPs

Ag NPs were synthesised using the method described in section 2.2.1 and
then coated with SnO2 using a modified version of the precipitation method
described by Oldfield et al. (Figure 2.2).27° The pH of 10 ml of the as-prepared
colloidal Ag NPs was adjusted to 10.5 by adding approximately 20 uL of 1 M
sodium hydroxide (NaOH), monitored using a Mettler Toledo FiveEasy pH
meter. 2 ml of 4 mM sodium stannate trihydrate (Na-Sn0O3-3H20) was added
at 20°C and the solution was mixed for 5 minutes in a thermomixer at 300 rpm
and then heated to 60°C. The solution was held at this temperature under rapid
mixing (800 rpm) for 1 hour. The coating process was repeated once more to
form a thicker coating of SnO: (from ~5 nm to ~15 nm) using the as-
synthesised single-coated NPs. The Ag@SnO2 NPs were not purified further
via repeat centrifugation and were used as-synthesised.

49



Chapter 2: Materials and methods
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Figure 2.2: lllustration of the precipitation method used to synthesise the tin dioxide coated
silver nanoparticles (Ag@SnQOz). Created with BioRender.com.

2.2.3 Synthesis of SnO2 NPs

To synthesise the SnO> NPs, the pH of 10 ml of an aqueous 2 mM sodium
citrate solution was adjusted to 10.5 by adding approximately 30 uL of 0.1 M
sodium hydroxide (NaOH), monitored using a Mettler Toledo FiveEasy pH
meter (Figure 2.3). 2 ml of 4 mM sodium stannate trihydrate (Na2Sn0O3-3H20)
was added at 20°C and the solution was mixed for 5 minutes in a thermomixer
at 600 rpm and then heated to 60°C. The solution was held at this temperature
under rapid mixing (800 rpm) for 1 hour. The solution was then left to cool to
20°C before adding another 2 ml of 4 mM sodium stannate and repeating the

heating process.
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™ 4 mM
NaOH NazSn03'3H20

2mM 20°C
NazCsHs07 (aq)

Sn0O, NPs

Figure 2.3: lllustration of the synthesis of SnO2 NPs. Created with BioRender.com.

2.2.4 Synthesis of Ag@SiO2 NPs

Ag NPs were synthesised using the method described in section 2.2.1 and
then coated with SiO2 using a modified version of the Stober process
described by Bai et al. (Figure 2.4).276277 1.2 ml of the as-synthesized Ag NPs
were mixed with 40 ml of absolute ethanol (C,HO), 0.6 ml of 25 wt% ammonia
hydroxide (NH,OH) and 3.75 ml water (H20). 4 uL of tetraethylorthosilicate
(TEOS) (SiCsH2004) was added to the solution, which was then stirred at room
temperature for 12 hours. Multiple batches were prepared to produce the
desired volume of NPs. The as-synthesised Ag@SiO2 NPs were centrifuged
at 12,000 rpm for 10 minutes, and the supernatant was removed and replaced
with ethanol. The solution was then centrifuged again at 12,000 rpm for 10
minutes, but the supernatant was replaced with water. This was repeated once
more before redispersing the NPs in water.
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25 wt% NH,OH
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Figure 2.4: lllustration of the modified Stéber process used to coat the Ag NPs with SiOx.
Created with BioRender.com.

2.3 Fabrication of SERS substrates
2.3.1 Fabrication of drop-cast SERS substrates

To fabricate solid SERS substrates from NPs, colloidal NP solution was
concentrated and then drop-cast onto glass slides (Figure 2.5). For the E-
SERS experiments, conductive FTO-coated glass slides were used. FTO was
chosen as it is electrochemically stable over the potential range of interest.?’®
The transparency of FTO was thought to be necessary in initial designs of the
E-SERS system, however in its current configuration a non-transparent
substrate would also be effective. To make the drop-cast SERS substrates, 1
ml aliquots of the as-synthesised NP solution were added to 1.5 ml Eppendorf
tubes and each tube was centrifuged at 3600 rpm for 15 minutes. The
supernatant was then removed and discarded, and another aliquot of the
colloidal solution was added. This was repeated 10 times. After the solution
was centrifuged for the 10" time, almost all the supernatant was removed,
leaving ~0.03 ml of concentrated NP solution. The concentrated NP solution
was drop-cast onto a glass slide or APTES-coated FTO-coated glass electrode

in three 10 uL aliquots. The substrate was then left to dry overnight prior to

use.
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In the case of the SnO2> NP substrates, the same process was used, except
the centrifugation speed was increased to 12,000 rpm to account for the
smaller size of the SnO2 NPs. For the Ag + SnO- substrates, 10 ml of Ag NP
solution and 10 ml of SnO2 NP solution were mixed and then all 20 ml of the
mixture was centrifuged at the higher speed to fabricate the substrate.

As-synthesised NPs ‘ @ l
) | Remove
Centrifuge supernatant
N P 0
N / - \ — <= Drop-cast |
1 ml aliquot | Repeat 10x 30 L ’

|
il

\o/ V v

4 Add another 1 ml aliquot | Glass substrate

Figure 2.5: Schematic diagram showing the fabrication process of the drop-cast SERS
substrates. Colloidal NPs are synthesised and then concentrated using centrifugation. The
concentrated NP solution is drop-cast onto glass substrates. Created with BioRender.com.

2.3.2 Preparation of APTES-coated FTO-coated glass

To improve the adhesion of the NP film to the conductive glass electrodes for
E-SERS, a (3-Aminopropyl)triethoxysilane (APTES) coating was applied to
FTO-coated glass electoughed electrodes rodes. The FTO-coated glass
electrodes were washed with soapy water and then ultrasonically cleaned for
20 minutes using ethanol, acetone, and Milli-Q water consecutively. The
electrodes were then dried using a gentle stream of nitrogen gas. A 95%
ethanol-5% water solution was prepared, and the pH was adjusted to 4.5-5.5
with approximately 10 uL 1 M acetic acid. APTES was added whilst stirring to
give a 2% final concentration. The solution was then left for at least 5 minutes.
The FTO-coated glass electrodes were dipped into the solution for 2 minutes
and agitated gently. The electrodes were then dipped briefly in ethanol to
remove excess APTES and left at room temperature overnight to cure the
APTES layer.
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2.4 Preparation of synthetic bodily fluids
2.4.1 Preparation of synthetic urine

Synthetic urine (SU) which did not contain uric acid or creatinine was prepared
according to the literature with modifications.?7°2¢% For 200 ml of SU, 2 g of
urea, 1.04 g of NaCl, 0.9 g of KClI, 0.96 g of NaH2POQO4, 0.08 g of citric acid, and

10 mg of albumin were dissolved in 200 ml of deionized water.

2.4.2 Preparation of simulated salivary fluid

Simulated salivary fluid (also known as synthetic saliva) was prepared
according to the literature with modifications.?®’ For 200 ml of synthetic saliva,
325 mg of KH2PO4, 470 mg of NaCl and 33 mg of CaCl, were dissolved in 200
ml of water. The pH of the solution was then adjusted to 7.4 with 1M NaOH.

2.5 Characterisation methods
2.5.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy measures the amount of light
absorbed by a sample at specific wavelengths in the UV and visible regions of
the spectrum. Light is absorbed due to electrons in the sample being excited
from the ground state to a higher energy state.?®2 The amount of light which
passes through the sample is detected and the absorbance at each
wavelength is calculated and plotted. This technique can be used to determine
the size, shape, composition, and LSPR of metal nanoparticles.?83

The absorption spectrum for a plasmonic metal nanoparticle is typically a bell-
shaped curve with a peak at the LSPR wavelength of the NP. The position of
the peak can be used to determine the size of the nanoparticles through
comparison with literature values or spectra from reference samples. The
width of the peak can indicate the degree of polydispersity in a colloidal NP
sample. NP aggregation can be identified through the observation of red-
shifted and broadened peaks and sometimes an additional peak at higher
wavelengths can appear.
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In this work, UV-vis spectra were acquired using a DH-mini Ocean Optics light
source and a Flame S UV-vis ES Ocean Optics spectrometer. Milli-Q water
was used to store the reference and background spectra. The colloidal NP
solutions were transferred into a 1 cm optical path length cuvette and placed
in the spectrometer for measurement. A 10 ms integration time was used, with
300 scans to average, and a boxcar width of 3. The absorbance spectra were
collected in a wavelength range of 180 - 880 nm.

2.5.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a type of electron microscopy where
a focused beam of electrons is rastered across the surface of a material. The
electrons interact with the atoms in the sample causing the emission of various
electron and photons, including secondary electrons, backscattered electrons,
and characteristic X-rays. Secondary electrons are low energy (<50 eV)
electrons which are ejected from the atoms in the sample due to inelastic
scattering from the primary electrons.?8 They can be detected to create a
detailed topographic image of the surface and so are used in this work to study

the morphology of the nanoparticle films.

Images of the NP films were obtained using a JEOL JSM 6701 FEG-SEM at
an accelerating voltage of 10 kV. The samples were coated with gold for 10
seconds using an Agar sputter coater.

2.5.3 Transmission electron microscopy

Transmission electron microscopy (TEM) employs a similar principle to optical
microscopy, except a beam of electrons is used instead of a beam of visible
light.?8% The beam of electrons is generated by heating a filament with a high-
voltage electrical current. It is then focussed and accelerated towards the
sample using a series of lenses and apertures. When the beam reaches the
sample, only the electrons that are not blocked by the sample pass through to
the phosphor screen which is used to generate the image. The contrast in the

image depends on the degree of electron transparency, with higher molecular
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weight atoms and areas of greater thickness absorbing or scattering more

electrons and therefore, appearing darker.

In this work, images of the NPs were obtained using a JEOL JEM-2100
transmission electron microscope with an Orius SC200 1 camera at an
accelerating voltage of 200 kV. A 5 uL droplet of the sample NP solution was
drop-cast onto a C-coated 300-mesh Cu grid, air-dried and then imaged.

Particle sizing was performed using ImageJ software.

2.5.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique used to study the
surface composition of a material. It is based on the photoelectric effect. The
sample is irradiated with X-ray photons with sufficient energy to eject core shell
electrons from the atoms near the surface of the sample. The emitted electrons
are collected, and their kinetic energy is detected. The kinetic energy of an
emitted electron is approximately equal to the difference between the binding
energy (energy needed to remove the electron from the atom) and the energy
of the initial X-ray photon.?2¢ By studying the intensities of the different binding
energies, it is possible to identify the elements present and their chemical
states.

X-ray photoelectron spectroscopy (XPS) measurements were performed with
a Thermo K-alpha spectrometer equipped with a monochromated Al K-Alpha
X-ray source (1486.6 eV). The spot diameter was 400 ym and the optical
camera was used to select the areas to analyse. A pass energy of 200 eV was
used to record survey spectra between 0 — 1200 eV, and 50 eV was used to
record the core level spectra. Sample charging was prevented using a dual
beam flood gun. The binding energy scale was calibrated to the C 1s peak at
284.8 eV. CasaXPS software was used to analyse the data.?®’

2.5.5 Raman spectroscopy

Most of the Raman and SERS spectra were recorded using a 633 nm Ocean
Optics QE Pro-Raman system with a 633 nm He-Ne laser (power ca. 22 mW).
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Some measurements were also taken using a 785 nm Ocean Optics QE Pro-
Raman system with a 785 nm diode laser (Coherent BT-785) (max. power of
500 mW). Both spectrometers have a 50 um slit, a 1200 lines/mm grating and
a 1044 x 64 element CCD array detector. The spectra resolution was 7 cm™.
Both systems use an InPhotonics RPB Raman fibre optic probe (numerical
aperture = 0.22, working distance = 7.5 mm). Laser power measurements
were recorded at the end of the fibre optic probes. The spectra were obtained
from 10 scans with an acquisition time of either 1s or 7s depending on the
experiment. Asymmetric least squares (ALS) baseline correction (section
2.6.2.1) was used to remove the background noise in the SERS spectra.?8®
The quoted peak heights are all relative to the baseline of the background

subtracted spectra.

All the SERS and E-SERS experiments were performed in aqueous solutions
inside a custom-built cell designed by Alvaro Castillo Bonillo, Dr Jia Liu, and
Dr Tung Chun Lee. The cell shown in Figure 2.6 was 3D printed from polylactic
acid (PLA). The lid contains two round holes for the reference and counter
electrodes. The square-shaped hole is for the SERS substrate (working
electrode) and the base contains a slot for it to sit in. The front of the cell is
made of quartz glass and serves as an optical window which allows SERS
spectra to be recorded whilst the NP substrates are submerged in the analyte
solutions. During SERS measurements, the Raman probe was positioned so
that it was flush with the quartz window and the entire cell was covered by a
box to minimise background light contamination.
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Holes for counter and  Sjot for SERS
reference electrodes substrate

|

- Quartz
window

Figure 2.6: The custom-built PLA 3D printed cell used for SERS and E-SERS experiments.

To record a series of SERS spectra, the substrate was placed in the analyte
solution and allowed to equilibrate for at least 15 minutes. The Raman probe
was consistently positioned flush to the quartz window and spectra were
recorded from a point on the NP film, which was chosen at random. However,
in the final measurements described in section 5.6.3.3, the laser was
positioned further away from the quartz window, in line with the edge of the
front of the PLA cell. The OceanView software was set to continuously record
spectra and then the laser was turned on. Neither the probe nor the substrate

was moved whilst recording successive scans.

2.5.5.1 Electrochemical surface-enhanced Raman spectroscopy

To perform E-SERS, an electrochemical potential was applied to the SERS
substrate using a Gamry Potentiostat Interface 1010E and a three-electrode
electrochemical cell, which consisted of a leakless Ag/AgCI reference
electrode, a platinum plate counter electrode, and the SERS substrate as the
working electrode. 0.1 M NaFq) was used as the supporting electrolyte for all
experiments. NaF was chosen as the supporting electrolyte as it has a high
water solubility, (40.4 g/L at 25°C)*®*, no significant Raman peaks in the

wavenumber range of interest (500 — 1800 cm™), and is electrochemically
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stable over the potential range under investigation (-1V to 1V vs. Ag/AgCl).2%®

The experimental set-up is shown in Figure 2.7.
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Figure 2.7: Photograph showing the experimental set-up for the E-SERS measurements
including the Raman spectrometer and potentiostat.

During the E-SERS scans, the Gamry Framework Sequence Wizard was used
to control the potential applied to the SERS substrate. The sequence wizard
was programmed to perform successive chronoamperometry experiments,
where the potential of the working electrode is stepped to a specific value
(relative to the reference electrode) and the resulting current is recorded as a
function of time. The potential is held for a defined amount of time to allow
multiple SERS spectra to be recorded before the next potential is applied.
During potential scans, the applied potential was held for 5 minutes at each
potential. Spectra recorded in the first 75s were not included in the analysis to
give the system time to equilibrate, this resulted in 3 spectra that were included
in the analysis for each potential step. The spectra plotted in Chapter 3 and 4
of this thesis are the mean spectra of the 3 measurements and the magnitude
of the error bars in the peak height plots is equal to the standard deviation of
the peak height from the 3 spectra.

For some E-SERS experiments, spectra for multiple different analyte

concentrations were recorded using the same electrode. To do this, a full E-
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SERS scan was performed at the lowest analyte concentration and then stock
solution of the analyte was added to the electrolyte to increase the overall
concentration, whilst keeping the concentration of the supporting electrolyte
and other molecules the same. The electrolyte was mixed well, and the
electrode was left in the solution to equilibrate before performing the next E-
SERS scan.

2.6 Data analysis and machine learning
2.6.1 Software

All the data analysis in this thesis was performed in Python (version 3.7.4).
Several different libraries were used including pandas (data storage and
manipulation)?®®, NumPy (array and matrix processing)®', scikit-learn

(machine learning)?®? and Matplotlib (graph plotting)?®3.

2.6.2 Pre-processing
2.6.2.1 Asymmetric least squares (ALS) baseline correction

Raw SERS spectra often have significant background noise that needs to be
removed to determine the true heights of the peaks (Figure 2.8a). The most
commonly used method, ALS baseline correction, was developed by Eilers in
2003.288 This approach fits a smooth curve to the spectrum which is then
removed to give a signal with a constant baseline. The algorithm aims to find

the curve which best fits the data whilst also minimising the roughness.
This goal is represented by:288

Q = |y —2z|*+ A|Dz|? Equation 17

Where Q is the value to be minimised, |y —z|? is the sum of squares of
differences between the original spectrum (y) and the fitted curve (z), 4 is a
number chosen by the user which controls the roughness of z, and |Dz|? is the
sum of squares of differences between each z point (zi) and the previous z

point (zi-1).
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The partial derivative of Q with respect to z is calculated and set equal to zero
to give the following equation:288

(I+ AD'D)z =y Equation 18

where 1 is the identity matrix. This equation is then solved to find the fitted
curve, z. This process is repeated iteratively with a weighting of p applied to

positive residuals (points where y > z) and (1 — p) to negative residuals.

ALS baseline correction is not built-in to Python so a simple function was
written and the parameters were optimised for the SERS dataset. An example
of a trimmed ALS baseline corrected spectrum is shown in Figure 2.8b. All

peak intensities were reported with respect to the background corrected

baseline.
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Figure 2.8: (a) An example of a raw SERS spectrum with significant background noise. (b) The
same SERS spectrum after asymmetric least squares baseline correction where A and p were
1 x 10° and 0.0001, respectively. The spectrum is also trimmed to the area of interest.

2.6.2.2 Pre-processing for machine learning

To pre-process the spectra for machine learning, they were first truncated to
eliminate regions without significant Raman signals, removing measurements
below 500 cm " and above 1800 cm™'. After trimming the spectra, ALS baseline
correction was applied.?8® Then, standard normal variate normalisation was
performed to give each spectrum a mean intensity of 0 and a standard

deviation of 1.17:273 For the multilayer perceptron models, the analyte
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concentrations were also scaled via min-max normalization so that all of the

values were transformed into the range [0,1].

2.6.3 Performance evaluation
2.6.3.1 R2 calculation

To evaluate the performance of the machine learning models, the coefficient
of determination, R?, was calculated.?®* The R? describes how well a model fits
a dataset. It is defined as the fraction of the variance in the response variables
explained by the model, with a value of 1 indicating perfect agreement between
the predicted and true values.?%* R? is calculated using the following equation:

S £

S e

Equation 19
where, for this work, y; is the true concentration, f; is the predicted

concentration and y is the mean of the true concentrations.

2.6.3.2 Training and test datasets

The aim in supervised machine learning is to create a model from a labelled
dataset that can correctly interpret new unseen, unlabelled measurements.
The best way to assess a model is to randomly split the data into two separate
datasets — one for training and the other for testing. Typically, the training
dataset will contain 70 — 80% of the observations and the other 20 — 30% will
be in the test dataset. In this work, the training/test split was 80:20. The training
dataset can also be further split to produce a validation set which can be used
to optimise the hyperparameters of a model. For this method of evaluation to
work, a lot of data is required. There needs to be enough data in the training
set to build an effective model whilst also having a test dataset that is large
enough to reliably assess its performance.?®® If there is not plenty of data, the
success of the model will vary significantly depending on which observations
are in each dataset. K-fold cross-validation can be used to optimise
hyperparameters for smaller datasets.
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2.6.3.3 K-fold cross-validation

In K-fold cross-validation, a dataset is randomly divided in K groups, or folds,
of approximately equal size (Figure 2.9).2% The first fold is treated as the test
set and the remaining K — 1 folds are used to train the model.?°® The model is
then evaluated using the held-out fold and a performance metric, such as the
R?, is calculated and recorded. This process is repeated K times, and each
time a different group of observations is used as the test set. This procedure
results in K values of the performance metric, which are then averaged to give
an overall assessment of the model.?®® In this work, K = 5 was used to evaluate

the different parameters during the hyperparameter optimisation.
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Figure 2.9: lllustration of K-fold cross-validation with 5 folds.
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Chapter 3Development of an E-SERS system for the
detection of uric acid and creatinine
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3.1 Motivation

This work aims to develop an E-SERS system that can detect multiple
biomarkers in complex bodily fluids. Urine is particularly valuable for clinical
diagnostics as it is readily available, easy to collect and contains a multitude
of components which can be used to assess a patient’s health.?®” Two
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particular biomarkers of interest found in urine are uric acid (UA) and creatinine
(CRN).

Uric acid (CsH4N,O3) is the end product of purine metabolism, and in normal
circumstances, urinary UA excretion ranges from 250 to 750 mg per 24
hours.?%® Elevated uric acid levels are indicative of several conditions including
gout, cardiovascular disease and renal diseases.'®'® Increased UA levels
have also been linked to preeclampsia, a hypertension disorder that affects
pregnant women and is the primary cause of maternal mortality worldwide.'%-
15299 Urinary uric acid concentrations of approximately 0.4 mM were found to
be indicative of patients experiencing hypertension and proteinuria and
concentrations above 0.4 mM were associated with severe preeclampsia.3®
Current uric acid detection methods include colourimetric enzymatic assays,
high-performance liquid chromatography and capillary electrophoresis, which
are expensive, time-consuming and require sophisticated sample
preparation.'24208.209.301 Ag gych, there is a need for sensitive, selective

sensors which can detect uric acid quickly and cheaply.

Creatinine (C4H7N30) is the end product of muscle metabolism and has typical
urinary excretion rates of 0.7 to 2.4 g per 24 hours.?2:302.303 |t js an important
indicator of kidney filtration function in renal clearance tests.'?2392 The
standard technique for creatinine quantification is based on the Jaffe reaction,
where picric acid reacts with CRN under alkaline conditions to form a reddish-
orange coloured complex.3%* However, this reaction is not specific to creatinine
as the coloured complex also forms with other biomarkers.3%> Other clinical
methods include high-performance liquid chromatography, isotope dilution
mass spectrometry, capillary electrophoresis and enzymatic methods.306-309
However, as with the uric acid detection methods, they are either expensive,
time-consuming or lack sensitivity. Therefore, there is still a need for easy-to-

use, cost-effective creatinine sensors.

On top of the demand for effective uric acid and creatinine sensors, there is a
desire for systems which allow multiplexed detection, where multiple analytes

are detected simultaneously. The complex nature of urine means that this is
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typically only achieved using specialised and expensive lab-based equipment
such as Liquid Chromatography-Mass Spectrometry and High-performance
Liquid Chromatography.?” Detecting multiple analytes at once using more
accessible techniques could enable quicker and cheaper diagnostics.

E-SERS holds significant promise for the multiplexed detection of biomarkers
due to its potential to enhance both the sensitivity and selectivity of SERS. By
adjusting the applied potential, it is possible to control the molecules adsorbed
on the SERS substrate, enabling modulation of the SERS spectrum and
selective enhancement of specific peaks (Figure 3.1). However, to achieve
reliable multiplexed detection of UA and CRN using E-SERS, there are several
hurdles to cross and questions that need to be answered.

The first step is to fabricate robust, reliable E-SERS substrates with significant
SERS enhancements. Given the intended application for these substrates, the
fabrication method must also be simple and cost-effective. After studying the
literature, drop-casting colloidal nanoparticles onto conductive glass
electrodes was identified as one of the most promising approaches (section
1.4.2.4). Work by the Brosseau group has shown that drop-cast Ag NPs can
make effective E-SERS substrates.?%82%° An aim of this work is to fabricate
these substrates and determine their robustness and reliability. If issues are
identified with the drop-cast Ag NP electrodes, research will be undertaken to
improve their performance and suitability for multiplexed quantitative

detection.

Uric acid has been sensed before using colloidal Ag NPs for E-SERS?208.209,
but this work aims to detect lower concentrations (<0.1 mM) than those
previously studied. Creatinine has not been studied previously using E-SERS
but it is SERS active'?2:302310.311 gnd an important biomarker.'?23%2 Based on
the current understanding of the relationship between applied potential and
SERS, it is expected that the creatinine SERS signal will be enhanced in E-
SERS. Studying how the spectrum changes will help to understand the
reasons for the E-SERS enhancement in this system and the creatinine

adsorption behaviour.
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Research has been published demonstrating E-SERS detection of a variety of
analytes (section 1.4.3). However, very few of these studies have
demonstrated quantitative?®®24' or multiplexed detection. The ability to
measure multiple analytes at once is key for enabling quicker and cheaper
diagnostics from complex bodily fluids.®'? Therefore, this work aims to use E-

SERS to achieve quantitative, multiplexed detection of uric acid and creatinine.

' X
ﬂ 7 . Creatinine “»= Uric Acid

. SERS spectra

Ag NPs on FTO-glass

- —— — -

Applied Potential (V)

Figure 3.1: Diagram illustrating the principle of multiplexed analyte detection with E-SERS. By
adjusting the applied potential, it is possible to control the molecules adsorbed on the SERS
substrate, enabling modulation of the SERS spectrum and selective enhancement of specific
peaks.

3.2 Characterisation
3.2.1 Nanoparticle characterisation

Ag NPs were synthesised via a standard citrate reduction based on the Lee
and Meisel method.?" The as-synthesised colloidal Ag NPs had a milky
green/grey colour (Figure 3.2 inset). The UV-visible (UV-vis) spectrum of the
Ag NPs showed a LSPR peak at ca. 434 nm (Figure 3.2). According to
Paramelle et al., this would correspond to Ag NPs of approximately 62 nm in
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diameter for spherical monodisperse particles.3'®* However, the broad nature

of the UV-vis peak indicates that the nanoparticles are not monodisperse.
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Figure 3.2: UV-vis spectra of Ag NPs plotted with normalised absorbance. (Inset) Photograph
of colloidal Ag NP solution.

Transmission electron microscopy (TEM) confirmed the formation of
polydisperse Ag NPs (Figure 3.3). The NPs were quasi-spherical with some
rods and trapeziums also present, which is typical for Ag NPs synthesised
using the Lee and Meisel method.?®' ImageJ was used to manually measure
the area of 1,026 particles from TEM images and the diameter of each particle
was calculated by assuming the particles were spherical. The mean diameter
calculated in this way was 79 nm + 25 nm and a histogram of the diameter
distribution is plotted in Figure 3.4. Clearly, this measurement method is an
approximation as the particles are not all spherical. This is highlighted by the
“tail” of the histogram at large NP diameters. These values likely come from

very long nanorods (>200 nm), which are occasionally present (Figure 3.3e).

68



Chapter 3: Development of an E-SERS system for the detection of uric acid and creatinine

a

200 nm 500 nm

Figure 3.3: TEM images of as-synthesised Ag NPs.
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Figure 3.4: Size distribution of the as-synthesised Ag NPs. The areas of 1,026 particles were
measured from TEM images using ImageJ and the diameter of each particle was calculated
by assuming the particles were spherical.

3.2.2 Electrode characterisation

The Ag NP electrodes were fabricated by drop-casting a concentrated (ca. 230
mg/mL) colloidal solution of Ag NPs onto conductive FTO-coated glass (Figure
3.5). Scanning electron microscope (SEM) images of the FTO-coated glass
(Figure 3.6a) show that it has a rough surface with nanoscale angular
protrusions. The SEM images of the Ag NP film show a densely packed
compact layer of NPs (Figure 3.6). The closely packed arrangement of the
particles creates “hot spots” that are crucial for SERS enhancement. However,
the gap size is not consistent for all the particles, which can lead to variability
in the SERS signal across the surface. Some undulations are also observed
in the nanoparticle layer, which may be attributed to the rough FTO surface.
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FTO-coated
glass electrodes

Figure 3.5: Photograph of Ag NP electrodes. Concentrated colloidal Ag NP solution is drop-
cast on FTO-coated glass slides.

Figure 3.6: SEM images of (a) FTO-coated glass and (b,c,d) Ag NP film deposited on FTO-
coated glass.
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3.3 Detection of uric acid
3.3.1 Raman and SERS

Prior to conducting E-SERS analysis of uric acid, the Raman spectra of solid
UA powder (Figure 3.7a) and SERS spectra of a 0.5 mM UA solution (Figure
3.7b) were recorded to identify the characteristic peaks. The band

assignments for the Raman and SERS peaks are given in

Table 3.1. The UA SERS spectra recorded using the Ag NP electrodes have
two main characteristic UA peaks at 636 cm™ and 1138 cm', which are
assigned to skeletal ring deformation and C-N vibration, respectively. There is
another prominent peak at 931 cm™', consistently observed in both the UA and
the NaF solutions, which is attributed to the citrate ions that remain on the
surface of the Ag NPs after synthesis.?%%2"" This is discussed further in section
3.3.3.
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Figure 3.7: Raman spectrum of solid uric acid powder. (b) SERS spectra of (blue) an aqueous
solution of 0.5 mM UA and 0.1 M NaF (the supporting electrolyte) on a bare FTO-coated glass
electrode, (orange) 0.1 M NaF@q on an Ag NP/FTO electrode, (green) 0.5 mM UA and 0.1 M
NaF @aq) on an Ag NP/FTO electrode. The characteristic UA and citrate peaks are indicated
with a * and a +, respectively.
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Table 3.1: Band assignments for Raman and SERS uric acid peaks. Raman spectra were
recorded using pure UA powder and SERS spectra were recorded using 0.5 mM UA and 0.1
M NaF (aq) on Ag NP/FTO electrodes. 24208253314

Raman Peak (cm™) SERS Peak (cm™) Band assignment

560 592 Ring breathing mode
624 636 Skeletal ring deformation
708 727 N-H bending
786 813 Ring vibration
882 886 N-H bending
999 1017 Ring vibration
1039 1073 Mixed vibrations
1124 1138 C-N vibration
1236 1207 N-C-C stretching and bending
1496 1503 CC stretching
1594 1557 CN stretching
1653 1656 C=0 stretching

3.3.2 E-SERS

The Ag NP electrodes were used to record E-SERS spectra of an aqueous
solution containing 0.5 mM uric acid and 0.1 M NaF. The SERS spectra were
recorded using a 633 nm, 22 mW laser with an integration time of 7s. The
applied potential was stepped from 0 to 0.5V and from 0 to -0.8V in 100 mV
increments. The E-SERS spectra were recorded by holding the potential at
each step for 5 minutes. Spectra recorded in the first 75 seconds were not
included in the analysis to give the system time to equilibrate, this resulted in
3 spectra that were included in the analysis for each potential step. The spectra
recorded at each potential were averaged before plotting (Figure 3.8). The
most negative potential at which spectra were recorded was -0.8V because
the Ag NP film started to become detached from the FTO electrodes at
potentials below -0.8V. This is likely because the Ag NPs are only attached via
van der Waals forces, and the NPs are negatively charged due to the
stabilisers on the surface and are therefore repelled by the large negative
potentials. This is discussed further in section 3.6.2.
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Figure 3.8: E-SERS spectra of 0.5 mM UA with 0.1 M NaF as the supporting electrolyte. The
applied potential was stepped from 0 to 0.5V and from 0 to -0.8V in 100 mV increments. The
characteristic UA peaks are indicated with a *. (RE: Ag/AgCIl; WE: Ag NPs on FTO; CE:
platinum plate).

The characteristic uric acid peaks at 636 cm™ and 1138 cm! were identified in
the initial spectra recorded at 0V (Figure 3.9a).124.208.253 Ag the applied potential
becomes more negative, the magnitude of the SERS peaks increase, reaching
a maximum at -0.8V. In contrast, the magnitude of the SERS peaks decrease

as the applied potential becomes more positive.

The height of the characteristic uric acid peak at 636 cm™ is plotted against

applied potential in Figure 3.9b. The dramatic increase in the magnitude of the

SERS peak with negative applied potential is clearly shown. The magnitude

of the 636 cm™! peak increases by over 9 times from 3.8 to 32.7 counts s' mW-

' demonstrating the advantage offered by E-SERS over conventional SERS.
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Figure 3.9: E-SERS spectra of a 0.5 mM UA solution at 0V and -0.8V. The characteristic UA
peaks are indicated with a *. (b) The mean height of the characteristic UA peak at 636 cm’’
plotted against applied potential. The magnitude of the error bars is equal to the standard
deviation in the peak height from 3 spectra measured at each potential. (RE: Ag/AgCl; WE: Ag
NPs on FTO; CE: platinum plate; supporting electrolyte: 0.1 M NaF).

3.3.3 Discussion of E-SERS enhancement

As discussed in section 1.4.1, it can be difficult to determine the reasons for
the E-SERS enhancement for a particular system as it is often a combination
of surface adsorption, electromagnetic, and charge transfer effects. For this
system, there seems to be several factors which influence the observed
enhancement. The first relates to the sodium citrate which is used to reduce
the silver nitrate during the Ag NP synthesis.’®'° The citrate ions remain on
the surface of the NPs after synthesis and act as electrostatic stabilisers for
the colloidal solutions. The presence of citrate on the surface of the Ag NP/FTO
electrodes can be identified by the characteristic peak at 931 cm!, which is
observed for all solutions including those that do not contain UA or NaF
(Appendix Figure A.1).20921

When negative potentials are applied to the Ag NP/FTO electrodes, the
negatively charged citrate ions are repelled from the surface.?***'" This is
shown in Figure 3.10 by the reduction in the 931 cm™ peak height as the
negative potential is applied (the same behaviour is also observed for solutions
containing only NaF (Appendix Figure A.2)). The magnitude of the citrate peak
remains constant over two subsequent applied potential cycles demonstrating
that this process is irreversible. The reduction in the citrate peak is mirrored

by an increase in the characteristic UA peak at 636 cm™ (Figure 3.10). This

76



Chapter 3: Development of an E-SERS system for the detection of uric acid and creatinine

implies that the removal of the citrate ions allows the uric acid molecules to get
closer to the Ag NP surface and leads to an increased enhancement of the uric
acid SERS signal. This is interesting because the pKa of uric acid is 5.6 which
means the uric acid molecules are present as anionic urate ions with a charge
of -1 in the aqueous solutions studied here. As such, the enhancement
observed at negative potentials (-0.8V) may seem counterintuitive. However,
the E-SERS enhancement is complex and there are several possible
explanations for this behaviour, which has also been consistently observed in
the literature.?°®2° Although the citrate and urate ions are both negatively
charged, the citrate ions have a charge of -3 compared to the urate ions which
have a charge of -1, so the citrate ions will experience a stronger repulsion
force than the urate ions. This means the citrate ions will be preferentially

removed, allowing the urate ions to adsorb onto the Ag NP surface.

However, this does not fully explain the E-SERS enhancement because, as
Figure 3.10 shows, the UA peak height continues to increase with negative
potential after the citrate ions have desorbed. However, the adsorption of the
urate ions on the surface is not a binary on/off. The effect of surface orientation
can have a significant impact on the SERS signal. The application of the
negative potential may be causing a reorientation on the surface and changing
the functional groups which are closest to the Ag NPs, enhancing particular
SERS peaks. Secondly, it is also important to consider the possible impact of
redox reactions. Cyclic voltammetry studies of uric acid have shown it exhibits
an oxidation peak at 0.36V and a reduction peak at 0.33V.*"* The fact that the
redox reactions appear to take place far from the enhancement potentials and
no new peaks are observed in the SERS spectra implies that this is not the
reason for the E-SERS enhancement. However, in the future, it would be
useful to carry out a more extensive electrochemical characterisation of the
analytes. Finally, the electromagnetic enhancement, where the free electron
density increases due to the negative applied potential and strengthens the
LSPR in the Ag NPs, is likely to also play a part.®*®
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Figure 3.10: The height of the characteristic (a) citrate peak at 931 cm" and (b) uric acid peak
at 636 cm? plotted against applied potential for an aqueous solution containing 0.5 mM UA
and 0.1 M NaF. Three E-SERS scans were performed consecutively at the same point on the
electrode. The magnitude of the error bars is equal to the standard deviation in the peak height
from 3 spectra measured at each potential. (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: platinum
plate; supporting electrolyte: 0.1 M NaF).

Looking at this more closely, the characteristic UA peak height is plotted
against time for an E-SERS test in Figure 3.11. The potential was scanned
from OV to -0.8V and then from 0V to 0.4V in 0.2 V increments. As expected,
the peak height at 636 cm™ increases dramatically as the negative potentials
are applied, reaching a maximum of 24.2 counts s™' mW-' at -0.8V. When the
potential is returned to 0V, there is a clear reduction in the peak height to 6.7
counts s mW-'. This is thought to be due to the reduction in the electron
density in the Ag NPs, although there may also be some changes in surface

adsorption.

Nevertheless, the peak is still clearly visible at 0V, implying that there is still
significant UA adsorbed on the surface. As the positive potentials are applied,
the UA peak height decreases further. This is likely to be due to the repulsion
of the UA molecules from the Ag NP surface. When the potential returns to 0V,
the peak height has returned to close to the original value at the beginning of
the test, suggesting that the surface of the Ag NPs has been “cleaned” by the
application of the positive potentials. This is a key observation as it will help to
develop the experimental procedure for the E-SERS system.
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Figure 3.11: The characteristic UA peak height at 636 cm’ plotted against time for an E-SERS
test in 50 uM UA solution. The colour of the markers indicates the potential, which was
scanned from 0V to -0.8V and then from 0V to 0.4V in 0.2 V increments. (RE: Ag/AgCIl; WE:
Ag NPs on FTO; CE: platinum plate; supporting electrolyte: 0.1 M NaF).

3.3.4 Uric acid quantification

Successive E-SERS scans from 0V to -0.6V were performed on an Ag NP/FTO
electrode in a 0.1 M NaF solution as the uric acid concentration was gradually
increased from 0 uM to 50 uM. The potential was only reduced as far -0.6V
due to electrode durability issues which are discussed further in 3.6.2. The
spectra recorded at -0.6V are shown in Figure 3.12.
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Figure 3.12: E-SERS spectra of UA solutions with concentrations ranging from 0 pM to 50 M
at an applied potential of -0.6V. The spectra plotted are an average of 3 spectra recorded over
5 minutes (with spectra in the first 75 seconds removed to allow for equilibration). The
supporting electrolyte was 0.1 M NaF. (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).
The height of the 636 cm™ peak is plotted against potential for each of the
concentrations in Figure 3.13a. The characteristic peak is clearly visible for the
solution containing 1 uM UA at -0.6V. This is not the case at 0V, illustrating the
benefit of E-SERS over conventional SERS. The peak height at 636 cm™ at -
0.6V is plotted against UA concentration in Figure 3.13b. A linear relationship
was fitted between log(UA concentration) and the peak height for
concentrations from 1 uM to 50 uM with good correlation (R? = 0.98). This
demonstrates that quantitative detection is possible with this system. 1 uM is
significantly lower than the uric acid concentrations previously detected by
colloidal NP E-SERS systems.208.209
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Figure 3.13: (a) Mean peak height at 636 cm’" plotted against applied potential for each of the
uric acid concentrations from 0 uM to 50 uM. (b) Peak height at 636 cm plotted against uric
acid concentration for the spectra recorded at -0.6V. A linear relationship is fitted between
log(concentration) and peak height for concentrations from 1 uM to 50 uM (R? = 0.98) and
plotted on a log x-axis. The magnitude of the error bars is equal to the standard deviation in
the peak height from 3 spectra measured at each potential.

3.4 Detection of CRN
3.4.1 Raman and SERS

The Raman spectra of solid creatinine power and a SERS spectrum of 0.5 mM
CRN solution are shown in Figure 3.14. Tentative band assignments for the
Raman and SERS peaks are given in Table 3.2, along with the E-SERS peaks.
The main characteristic CRN SERS peak is found at 684 cm™' and is assigned
to N-H bending.3'7318 As with the UA spectra, the characteristic citrate peak at
931 cm™ is also observed.
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Figure 3.14: (a) Raman spectrum of solid creatinine powder. (b) SERS spectra of an aqueous
solution of 0.5 mM CRN and 0.1 M NaF on an Ag NP/FTO electrode. The characteristic CRN
and citrate peaks are indicated with an x and a +, respectively.

3.4.2 E-SERS

E-SERS spectra of an aqueous solution containing 0.5 mM creatinine and 0.1
M NaF were recorded with Ag NP/FTO electrodes. The applied potential was
stepped from 0 to 0.5V and from 0 to -0.8V in 100 mV increments and the
potential was held at each step for 5 minutes. Spectra recorded in the first 75
seconds were not included in the analysis to give the system time to
equilibrate, this resulted in 3 spectra that were included in the analysis for each

potential step. The spectra recorded at each potential were averaged before
plotting (Figure 3.15).
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Figure 3.15: E-SERS spectra of 0.5 mM CRNaq. The applied potential was stepped from 0 to
0.5V and from 0 to -0.8V in 100 mV increments. The characteristic CRN peak is indicated with
an x. The spectra plotted are an average of 3 spectra recorded over 5 minutes (with spectra
in the first 75 seconds removed to allow for equilibration). (RE: Ag/AgCl; WE: Ag NPs on FTO;
CE: platinum plate; supporting electrolyte: 0.1 M NaF).

At 0V, a characteristic creatinine peak is observed at 684 cm™' (Figure 3.16a).
As the applied potential becomes more positive, the magnitude of this SERS
peak starts to increase, reaching a maximum at 0.4V, and then decreases.
During cathodic stepping, the peak at 684 cm™ increases, reaching a
maximum at -0.3V, after which it starts to decrease. Other notable changes are
observed at the negative potentials. New peaks are recorded at 608 cm™" and
863 cm™" and the characteristic peaks at 684 cm™ and 1421 cm' start to shift
to the right (higher Raman shifts). These changes increase as the applied
potential becomes more negative, reaching a maximum at -0.6V. Tentative
band assignments of the E-SERS peaks at 0.4V and -0.6V are listed along

with the Raman and SERS peaks in Table 3.2.
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Table 3.2: Tentative band assignments for Raman, SERS and E-SERS creatinine peaks.
Raman spectra were recorded using pure CRN powder and SERS and E-SERS spectra were
recorded using 0.5 mM CRN and 0.1 M NaF (aq) on Ag NP/FTO electrodes.3'"318

Raman SERS E-SERS E-SERS Band
Peak Peak Peak at 0.4V Peak at -0.6V  assignment
(cm™) (cm™) (cm™) (cm™)

608 - - 608 C-H bending
676 684 684 704 N-H bending
840 - - 863 N-H bending
1418 1421 1421 1432 C-H bending
1656 1643 1640 1640 C-N stretching
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Figure 3.16: E-SERS spectra of a 0.5 mM CRN solution at 0V, 0.4V and -0.3V. The
characteristic CRN peak is indicated with an x. (b) The mean height of the characteristic CRN
peak at 684 cm plotted against applied potential. The applied potential was stepped from 0
to 0.5V and then from 0 to -0.8V in 100 mV increments. The magnitude of the error bars is
equal to the standard deviation in the peak height from 3 spectra measured at each potential.
(RE: Ag/AgCl; WE: Ag NPs on FTO; CE: platinum plate; supporting electrolyte: 0.1 M NaF).

The two maxima in Figure 3.16b and additional peaks observed at the negative
potentials illustrate the complex interactions between the different types of
enhancement in the E-SERS system. For the 684 cm' characteristic peak, the
maximum at 0.4V could be due to the adsorption of the CRN molecules onto
the Ag NPs and the maximum at -0.3V may be the result of the increased
electron density at the negative applied potential. The additional peaks and

peak shifts observed at the negative potentials could be the result of a variety
of phenomena. Creatinine has two pKa values, one at 4.8 for the
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imidazolidinone ring nitrogen and another at 12.7 for the amino group.3!® This
means in the aqueous solutions studies here CRN exists as a zwitterion with
the imidazolidinone ring nitrogen deprotonated and the amino group
protonated, resulting in an overall neutral molecule with both positive and
negative charges. This means the complex enhancement may be the result of
changes in the orientation of the adsorbed CRN molecules due to the
differently charged functional groups.'*! Change transfer may also occur
between the CRN molecules and the Ag NPs leading to changes in the SERS
chemical enhancement.’® The possibility of redox reactions taking place
should also be considered.'®42%:320 |t was not possible to determine the
oxidation and reduction potentials using cyclic voltammetry but this should be
a priority for future work. There have been some reports of silver forming
complexes with creatinine during electrochemical cycling so this could be an
explanation for the additional peaks observed.??!-22

3.4.3 Creatinine quantification

Successive E-SERS scans from 0V to 0.3V and then from 0V to -0.4V were
performed on an Ag NP/FTO electrode in a 0.1 M NaF solution as the
creatinine concentration was gradually increased from 0 uM to 50 uM. The
spectra recorded at -0.2V are shown in Figure 3.17. The potential was only
scanned between -0.4V and 0.3V and the concentration was only increased to
50 uM due to electrode durability issues, which are examined further in section
3.6.2.
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Figure 3.17: E-SERS spectra of CRN solutions with concentrations ranging from 0 uM to 50
uM at an applied potential of -0.2V. The spectra plotted are an average of 3 spectra recorded
over 5 minutes (with spectra in the first 75 seconds removed to allow for equilibration). The
supporting electrolyte was 0.1 M NaF. (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).
The height of the 684 cm™ peak is plotted against potential for each of the
concentrations in Figure 3.18a and against CRN concentration at -0.2V in
Figure 3.18b. A linear relationship was fitted between log(CRN concentration)
and the peak height for concentrations from 1 uM to 50 uM with good
correlation (R? = 0.97). Although there is a decent relationship at this potential,
the plot in Figure 3.18a is quite messy and there is not a consistent increase
in the peak height with increasing CRN concentration for all the applied
potentials. The spectra quality is also affected by a significant citrate peak
observed at 931 cm™' as discussed in section 3.3.3. These results show that
quantitative detection of CRN is possible, but improvements are needed to
achieve reliable measurement with this E-SERS system. This is investigated
further later in this chapter.
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Figure 3.18: (a) Mean peak height at 684 cm™ from 3 spectra plotted against applied potential
for each creatinine concentration from 0 uM to 50 uM. (b) Peak height at 684 cm™ plotted
against CRN concentration for the spectra recorded at -0.2V. A linear relationship is fitted
between log(concentration) and peak height for concentrations from 1 uM to 50 uM (R? = 0.97)
and plotted on a log x-axis. The magnitude of the error bars is equal to the standard deviation
in the peak height from 3 spectra measured at each potential.

3.5 Multiplexed detection

The aim of this work is to develop an E-SERS system for the multiplexed
detection of analytes in solution. To investigate the feasibility of this idea, two
solutions were prepared: the first contained 50 uM UA and 100 uM CRN and
the second contained 100 uM UA and 50 uM CRN. For each solution, E-SERS
scans were performed using 3 different Ag NP/FTO electrodes (6 electrodes
tested in total). During the scans, the applied potential was first stepped in the
anodic direction from OV to 0.4V and then in the cathodic direction from 0V to
-0.8V in 100 mV increments.

Figure 3.19b shows spectra from one of the electrodes submerged in solution
1 (50 uM UA and 100 uM CRN). In Figure 3.19a, the spectra are plotted
between 550 and 800 cm™'. This section of the spectra contains characteristic
peaks for UA and CRN at 636 cm™ and 684 cm, indicated by a * and a x
respectively. The relative magnitudes of the peaks vary with the applied
potential, with the CRN peak being dominant at positive and slightly negative
potentials and the UA peak overtaking it at more negative potentials (Figure
3.19¢). This behaviour arises from changes in the analyte adsorption at
different applied potentials, showcasing how particular analytes can be

selectively enhanced through the application of potential, and illustrating the
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advantage E-SERS has over conventional SERS for detecting multiple

analytes.
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Figure 3.19: (a) Representative E-SERS spectra of a solution containing 50 uM UA, 100 uM
CRN and 0.1 M NaF plotted between 550 and 800 cm'. The characteristic uric acid and
creatinine peaks are indicated by a * and a x respectively. The applied potential was stepped
in the anodic direction from 0V to 0.4V and then in the cathodic direction from -0.1V to -0.8V
in 0.1V increments. (b) The complete spectra for the same solution recorded at 0.4V, 0V and
-0.8V. (c) The height of the characteristic UA and CRN peaks at 636 cm’ and 684 cm'’,
respectively, plotted against applied potential. The spectra plotted are an average of 3 spectra
recorded over 5 minutes (with spectra in the first 75 seconds removed to allow for
equilibration). (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).

Although this work focuses on two analytes exhibiting enhancement at positive
and negative potentials respectively, the system is not limited to distinguishing
between only negatively and positively charged analytes. Due to the complex
nature of the E-SERS enhancement, different analytes—depending on their
functional groups, charge distributions, and redox properties—respond
differently to various applied potentials. These responses can include changes

in surface orientation, adsorption, or redox state. Consequently, some analytes

may exhibit their strongest SERS signals at slightly negative potentials, while
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others may show significant enhancement at very negative potentials. This
variability is reflected in the diverse optimal potentials reported for different
analytes in the E-SERS literature.?*332® Therefore, it should be feasible to
distinguish between three or more analytes. Future work should focus on this
aspect, as detecting three or more analytes is crucial for validating multiplexed

detection.

Figure 3.19 and the spectra for the other 5 electrodes (which are not included
here but exhibited similar trends) demonstrate that simultaneous qualitative
detection of uric acid and creatinine is possible with this system. However, the
aim of this study was to determine whether reliable quantitative detection is
possible. To demonstrate this, the difference between the spectra recorded for
the two solutions needs to be larger than the variation between the electrodes.
Figure 3.20 shows the peak height at the characteristic uric acid and creatinine
peaks respectively plotted against the applied potential. The 3 electrodes
which were submerged in solution 1 (50 uM UA and 100 uM CRN) are plotted
in red and the 3 electrodes which were submerged in solution 2 (100 uM UA
and 50 uM CRN) are plotted in blue. There is not a clear distinction between
the red and blue markers for either of the analytes. This demonstrates that the
variation in the peak height due to the variability in the Ag NP/FTO electrodes
is larger than the variation caused by the difference in the analyte
concentration in the two solutions. Therefore, reliable quantitative detection of

uric acid and creatinine is not possible with this system in its current form.
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Figure 3.20: The peak height at the characteristic (a) uric acid and (b) creatinine peaks plotted
against applied potential for the 6 electrodes used in the multiplexing feasibility study. The
electrodes submerged in solution 1 (50 M UA and 100 uM CRN) and solution 2 (100 M UA
and 50 uM CRN) are plotted in red and blue respectively. The potential was stepped from 0V
to 0.4V and then from 0V to -0.8V in 100 mV increments. The spectra plotted are an average
of 3 spectra recorded over 5 minutes (with spectra in the first 75 seconds removed to allow for
equilibration).

There are many possible reasons for this variability. Firstly, from the TEM and
SEM images in section 3.2, it is clear that there are differences in the
nanoparticle shape, size and spacing across the electrode surface. This leads
to significant differences in the electromagnetic field enhancement, and
therefore the SERS signal. Secondly, as discussed in section 3.3.3, the citrate
on the surface of the Ag NPs has a major impact on the adsorption of the target
analytes onto the substrate, and consequently the SERS spectra.
Electrochemical cycling can be used to mitigate this issue but there will still be
some variability due to the differences between batches of nanoparticles.

Finally, there is the issue of Ag NP ageing.

Silver nanoparticles are known to be vulnerable to photo-assisted oxidation of
the surface Ag by 02.324325 This is a concern when using Ag NPs for SERS as
the presence of the surface oxide dampens the localised surface plasmon
resonance and consequently can lead to reduced SERS enhancements. This
is the reason Au NPs are often favoured for SERS; however, Ag NPs exhibit
stronger plasmonic resonance than Au NPs and therefore, larger SERS
signals which is important when trying to detect low concentrations of analytes.
In Figure 3.21, the peak height of the characteristic uric acid peak at 636 cm"’
is plotted against applied potential. The number of days since each Ag NP/FTO
electrode was fabricated is indicated by the colour of the marker. The older
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substrates (8 and 10 days since fabrication) generally exhibit slightly lower
peak heights than the fresher substrates. It is not possible to determine
whether this is a statistically significant effect given the number of samples and
the intrinsic variation in the drop-cast Ag NP/FTO electrodes. However, this is

an area to consider in the development of the E-SERS system.
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Figure 3.21: The height of the characteristic uric acid peak at 636 cm s plotted against the
applied potential for multiple E-SERS scans of an aqueous solution containing 0.5 mM UA and
0.1 M NaF. The colour of the marker indicates the number of days since the Ag NP/FTO
substrate was fabricated. A different substrate was used for each scan, and this was the first
scan for each substrate. In each scan, the applied potential was stepped in the cathodic
direction from 0V to -0.6V in 100 mV increments (RE: Ag/AgCl; WE: Ag NPs on FTO; CE:
platinum plate).

3.6 Improving the Ag NP/FTO electrodes

Clearly improvements need to be made to the Ag NP/FTO electrodes to
achieve effective quantitative multiplexed detection. It is critical that the
substrates exhibit reliable SERS enhancements across and between
substrates. As discussed in section 1.4.2, this is an area which has been
researched extensively and typically there is a trade-off between ease and
affordability of fabrication and the magnitude and reliability of the SERS
enhancement.3?® One of the key benefits of the Ag NP/FTO electrodes is the
ease, speed, and accessibility of the simple drop-cast fabrication method.
Improvements to the reliability of the electrode itself are likely to make the

fabrication process more complex and potentially more expensive. Therefore,
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it is preferable to find a way to reduce the variation in the spectra without

changing the electrode fabrication method.

3.6.1 Rhodamine 6G (R6G) internal standard

To mitigate the issue of variability without changing the electrode fabrication
method, an internal standard can be used. In this approach, a known
concentration of a molecule is added to every sample that is analysed and the
height of the characteristic peak of that molecule is used to normalise the
spectra.?845:326.327 5ome of the Ag NP/FTO electrodes will have larger SERS
enhancements for a variety of reasons including the NP distribution, the
shapes of the Ag NPs and oxidation of the silver. Adding a known concentration
of another analyte, which has a signal that will be similarly enhanced, means
that the SERS signal can be normalised and the variation in the substrates is
less problematic. Internal standards are regularly used in SERS systems to

improve their quantitative detection.28:45.326,327

The key requirements for internal standards for SERS applications are that
they are strong Raman scatterers, their SERS peaks do not overlap with the
characteristic peaks of the target analytes and their adsorption does not
interfere too much with the adsorption of the target analytes. It is also helpful
if the standard is a molecule which has been well-studied. For these reasons,
Rhodamine 6G (R6G) was chosen as the internal standard. R6G has been
successfully used as an internal standard for SERS systems previously and
has been studied extensively.'4%327-329 R6G is a highly fluorescent dye
molecule and is known to exhibit resonance Raman due to a molecular
electronic transition in the visible region (absorption maximum at 530 nm).33°
On the one hand, this means very large SERS signals can be observed which
means reliable signals can be observed even at trace levels. This allows lower
concentrations to be used for the internal standard minimising potential issues
from competitive binding. However, the high levels of fluorescence observed
for R6G, and the generally large peaks could also mean that the characteristic

peaks of the target analytes are obscured and harder to identify.
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The E-SERS spectra for a 10 uM R6G and 0.1 M NaF solution recorded using
a Ag NP electrode are shown in Figure 3.22. The R6G exhibits strong E-SERS
peaks. The largest peak is at 1362 cm™ and is assigned to C-C stretching in
the xanthene ring'®. The magnitude of the R6G peaks varies with applied
potential (Figure 3.23), with the largest peaks being observed at OV and
smaller peaks present at the greater applied potentials. This is likely due to the

changes in the adsorption of the R6G molecules on the NP surface.
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Figure 3.22: E-SERS spectra of a solution containing 10 uM R6G and 0.1 M NaF. The
characteristic peak at 1362 cm™ used for normalisation is indicated by a +. The applied
potential was stepped in the anodic direction from 0V to 0.4V and then in the cathodic direction
from -0.2V to -0.8V in 0.2V increments. The spectra plotted are an average of 3 spectra
recorded over 5 minutes (with spectra in the first 75 seconds removed to allow for equilibration)
(RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).
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Figure 3.23: The height of the characteristic R6G peak at 1362 cm™ plotted against applied
potential for a solution containing 10 uM R6G and 0.1 M NaF. The magnitude of the error bars
is equal to the standard deviation in the peak height from 3 spectra measured at each potential
(RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).
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In theory, this variation with potential should not prevent the acquisition of
quantitative E-SERS spectra providing it is consistent and reliable. If the R6G
peaks are always changing in the same way, then they can be used to
normalise the spectra and enable improved comparison between electrodes.
However, there could potentially be an issue with competitive adsorption. High
concentrations of the target analytes in the solution could affect the adsorption
of the R6G onto the Ag NP surface. This could mean that the R6G peak is
smaller than anticipated for a particular electrode and therefore, the
normalisation would not give a representative peak height. Here, a low
concentration of R6G (10 uM) was chosen as it gave reliable strong SERS
peaks without obscuring the peaks of the target analytes or producing a very
large fluorescent background. This should also hopefully reduce the potential
impact of competitive adsorption. However, it is important to be aware of this
issue and this is discussed further in section 4.2.2.

To test the feasibility of using R6G as an internal standard for the E-SERS
system, an aqueous solution was prepared containing 100 uM uric acid, 10
uM R6G and 0.1 M NaF. E-SERS scans were performed in this solution using
3 different Ag NP/FTO electrodes. During the scans, the applied potential was
first stepped in the anodic direction from 0V to 0.3V and then in the cathodic
direction from 0V to -0.6V in 100 mV increments. The R6G peak at 1362 cm™
was used as the reference peak for normalisation. The normalised spectra for
one of the electrodes are shown in Figure 3.24. It was still possible to see the
characteristic uric acid peak at 636 cm™ and although it appears small relative
to the R6G peaks, the height of the peak here is comparable to the height of
the UA peak for a 100 uM UA solution when R6G is not present.
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Figure 3.24: R6G normalised E-SERS spectra of a solution containing 100 uM uric acid, 10
uM R6G and 0.1 M NaF. The characteristic UA and R6G peaks are indicated by a * and a +
respectively. The applied potential was stepped in the anodic direction from 0V to 0.3V and
then in the cathodic direction from -0.1V to -0.6V in 0.1V increments. The spectra plotted are
an average of 3 spectra recorded over 5 minutes (with spectra in the first 75 seconds removed
to allow for equilibration) (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).

To assess whether the R6G had helped to improve the reliability of the uric
acid detection, the spectra from the three electrodes were normalised using
the 1362 cm" peak as the reference peak. The height of the characteristic uric
acid peak at 636 cm™ was extracted from each normalised spectra and the
mean and standard deviation were calculated for the three electrodes. The
standard deviation as a percentage of the mean peak height for the original
and normalised spectra are plotted in Figure 3.25. The percentage standard
deviation is significantly lower for the R6G normalised spectra than the original
spectra at all potentials. In particular, at -0.6V the standard deviation for the
R6G normalised spectra is over 4 times smaller than for the original spectra.

This suggests that using R6G as an internal standard can alleviate the issue
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of electrode variability and help the E-SERS system to achieve quantitative
multiplexed detection without increasing the cost or complexity of the

electrodes.
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Figure 3.25: The standard deviation of the characteristic uric acid peak at 636 cm™ as a
percentage of the mean peak height for the original and R6G normalised spectra. The
standard deviation is calculated for 3 Ag NP/FTO electrodes which were submerged in a 100
uM uric acid, 10 uM R6G, 0.1 M NaF (aq) solution. (RE: Ag/AgCl; WE: Ag NPs on FTO; CE:
Platinum plate).

3.6.2 APTES coating to improve adhesion

Issues were identified with the adhesion of the Ag NP film onto the FTO-coated
glass. Sometimes during the E-SERS scans, part or all of the Ag NP film would
become detached and slide off the glass surface preventing any further
experiments (Figure 3.26a). This is a particular problem when larger potentials
are being applied (e.g. -0.8V or 0.5V) or if the electrode needs to be moved.
This has limited the potentials which can be applied in the E-SERS scans and
the number of scans that can be run on a single electrode.

(3-aminopropyl)triethoxysilane (APTES) is commonly used to improve the
adhesion of Ag and Au nanoparticles on a variety of substrates.3¥'-33% The
APTES molecules bond to the surface of the FTO-coated glass via their
hydrolysable alkoxy groups and the exposed amine groups interact
electrostatically with the surface of the Ag NPs.3313% To determine whether
APTES could help to improve the adhesion of the Ag NP/FTO electrodes
without affecting the E-SERS spectra, a short trial was conducted. An FTO-
coated glass electrode was coated with APTES (following the procedure in
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section 2.3.2) and the concentrated Ag NP solution was drop-cast onto the
surface as normal. The APTES coating made the surface slightly hydrophobic
and the contact angle between the glass and the Ag NP solution was larger
than normal. This led to the formation of a slightly smaller Ag NP film circle
(~0.5 cm vs. ~0.8 cm diameter). This could be beneficial as the variation in the
spread of the Ag NP solution could be contributing to the variability in the Ag
NP/FTO electrodes.

To test the APTES-coated electrode, an E-SERS scan was performed from 0V
to -0.8V to 0.4V to OV in a 100 uM UA + 0.1 M NaF (aq) solution. After the
scan, the electrode was removed from the solution and left to dry. The same
process was performed on an Ag NP/FTO electrode fabricated without APTES.
This procedure was repeated 4 times for each electrode. The APTES electrode
showed no visible degradation after 4 E-SERS scans whereas the electrode
without APTES showed considerable damage including sections where the NP
film had flaked off the glass (Figure 3.26b). There was no significant difference
between the E-SERS scans performed with and without APTES. The
characteristic uric acid peak was clearly visible, and the SERS signal
responded to the applied potential in the typical way (Appendix Figure A.3).
This is a significant improvement which increases the likelihood that reliable
quantitative multiplexed detection can be achieved with this E-SERS system.
It also opens up new possibilities in terms of cleaning and reusing the Ag
NP/FTO electrodes.
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Figure 3.26: (a) Examples of degradation of the Ag NP/FTO electrodes after E-SERS scans.

(b) Images of the electrodes from the APTES trial showing the two electrodes before and after
4 E-SERS scans.

3.7 Quantitative single analyte detection with improved
electrodes

Based on the research detailed in this chapter, three key improvements were
implemented in the E-SERS measurement procedure. First, the FTO-coated
electrodes were coated with APTES to improve the adhesion of the Ag NP film
on the surface. The improved adhesion also made it possible to measure
spectra at a wider potential range (from -0.8V to 0.4V), which is beneficial as
the optimal potential for multiplexed detection of UA and CRN are -0.8V and
0.4V, respectively. Second, a complete scan from 0 to +0.4 and from OV to -
0.8V was performed in the analyte solution before starting to measure SERS
spectra to remove the adsorbed citrate from the Ag NP surface and allow
improved detection of the target analytes. Lastly, 10 uM R6G was added to all
analyte solutions and the characteristic R6G peak at 1362 cm™' was used to
normalise the spectra and enable better comparison between different
electrodes.

To demonstrate the progress achieved by these improvements, quantitative
single analyte detection tests were performed for UA and CRN (like those
carried out in sections 3.3.4 and 0). Successive E-SERS scans were
performed on Ag NP/FTO electrodes which had been coated in APTES before
drop casting. The potential was scanned from 0V to 0.4V to -0.8V to OV in
steps of 0.2V. The scans were performed in a solution containing 10 uM R6G
and 0.1 M NaF. The analyte concentration was gradually increased from 0 uM
to 100 uM for UA and 0 - 1000 uM for CRN.
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The R6G normalised characteristic peak heights are plotted against applied
potential in Figure 3.27a and Figure 3.27c. For UA, the characteristic peak at
1138 cm™' is used here (as opposed to the 636 cm™) as it is further from any of
the R6G characteristics peaks. The R6G normalised 1138 cm! peak height at
-0.8V is plotted against UA concentration in Figure 3.27b. A linear relationship
is fitted between UA concentration and the peak height for concentrations from
1 uM to 100 uM (R? = 0.99) and then plotted on a log scale to improve
readability and allow the lower concentration points to be distinguished. In
Figure 3.27d, the normalised 684 cm™' peak height at 0.4V is plotted against
CRN concentration. A linear relationship is fitted between log(CRN
concentration) and the peak height for concentrations from 1 uM to 1000 pM
(R? = 0.90) and plotted on a log scale. For both of these plots, the limit of
detection (LoD) was calculated as 3.3 times the standard error of the slope of
the calibration line divided by the slope (i.e. 3.3c/S).33 This resulted in a LoD
of 0.13 uM for UA and 0.35 uM for CRN. These results are compared to
literature reported values in Table 3.3 and Table 3.4. The LoDs reported here
are significantly lower than those reported for drop-cast colloidal Ag NPs
previously and are comparable to many of the results achieved for much more
complex nanofabricated electrodes.
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Figure 3.27: (a) The height of the characteristic UA peak at 1138 cm™ plotted against applied
potential for UA concentrations from 1 uM to 100 uM. The colour of the markers represents
the UA concentration and is log-scaled. (b) The peak height at 1138 cm plotted against UA
concentration for the spectra recorded at -0.8V. A linear relationship is fitted between UA
concentration and the peak height for concentrations from 1 uM to 100 uM (R? = 0.988) and
then plotted on a log scale for readability. (c) The height of the characteristic CRN peak at 684
cm’' plotted against applied potential for CRN concentrations from 1 uM to 1000 uM. The
colour of the markers represents the CRN concentration and is log-scaled. (d) The peak height
at 684 cm’’ plotted against CRN concentration for the spectra recorded at 0.4V. A linear
relationship is fitted between log(CRN concentration) and the peak height for concentrations
from 1 uM to 1000 uM (R? = 0.902). The spectra plotted are an average of 3 spectra recorded
over 5 minutes (with spectra in the first 75 seconds removed to allow for equilibration) and the
magnitude of the error bars is equal to the standard deviation in the peak height from the 3
spectra measured at each potential. (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: platinum plate;
supporting electrolyte: 0.1 M NaF).
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Table 3.3: Detection of uric acid by SERS or E-SERS reported in the literature.

Method Material Limit of Linear Reference
detection range
(1M) (M)
SERS Ag NPs 110 0 - 3500 [?"9
SERS Ag NPs 5 5-1000 23]
SERS Ag NPs 1.7 5-1000 [338]
SERS Ag NPs/ZnO/Fe304 0.365 0.5-10 239
SERS Au NP:CB7 0.2 0.2-10 24
nanoaggregates
E-SERS Au nanopillars 0.001 0.01-100 [*]
E-SERS Multi-layered Au 100 100 - [299]
NPs/Ag NPs 1000
E-SERS Polycarbonate 0.087 0.1-100 [**9
nanocone array
decorated with Au NPs
E-SERS Ag NPs 0.13 1-100 This study
Table 3.4: Detection of creatinine by SERS reported in the literature.
Method Material Limit of Linear Reference
detection range
(M) (M)
SERS Ag NPs 88.40 88.40 - **1
2475
SERS  Jaffe complex on Ag 25 25-150 [*']
film
SERS Boron nitride/Au 10 10-200 [*9
nanocomposite
SERS Ag NPs 5 5-1000 2%
SERS  Au NP-coated blu-ray 1.77 1.77 - [Kasd|
DVD 8.84
SERS Au NP:CB7 0.53 0.53 - %2
nanoaggregates 13.26
SERS Nanoporous Au disk 0.1 0.1-100 [**4
SERS  Au dendritic 0.97 17.7 - 349
nanostructure 2829
SERS Polyelectrolyte 0.29 1-1000 [3'7
multilayers over Au
film
E-SERS Ag NPs 0.35 1-1000 This study
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3.8 Conclusion

In this chapter, the quantitative detection of uric acid and creatinine using E-
SERS was demonstrated. Applying a potential to the SERS electrodes results
in significant enhancement of the Raman signal of these analytes and enables
lower concentrations to be detected compared to conventional SERS. During
this research, issues were identified with the Ag NP/FTO electrodes relating to
the durability and variability of the Ag NP film. These problems would have
prevented the electrodes from being used successfully for reliable multiplexed
detection. To improve the adhesion of the Ag NP film on the FTO-coated glass,
the substrates were coated with APTES which allowed larger potentials to be
applied to the electrodes and increased their lifespan. To overcome the
variability issues, R6G was used as an internal standard to normalise the E-
SERS spectra. This reduced the variation in the SERS signal and enabled
reliable quantitative detection. Application of negative potentials was also used
to remove the citrate adsorbed on the surface of the Ag NPs and allow
improved detection of the target analytes.

These improvements enabled the quantitative detection of UAand CRN. At the
optimal applied potentials, limits of detection of 0.127 uM (UA) and 0.354 uM
(CRN) were achieved. With linear ranges of 1 — 100 uM and 1 — 1000 uM for
UA and CRN, respectively. The LoD achieved for UA is significantly lower than
the concentrations previously detected by colloidal Ag NP E-SERS systems
(0.1 mM)?208.209 gnd comparable to many of the results achieved for much more
complex nanofabricated electrodes. Quantitative E-SERS detection of CRN
has not been reported previously but LoD compares favourably to the results
achieved for sophisticated SERS set-ups. The LoDs and linear ranges are well
within the clinically relevant ranges for these biomarkers3°0:346 indicating that
urine samples could be diluted significantly before testing, therefore
minimising the disruption to the Raman signal caused by other analytes in the
complex matrix.'?2 This is investigated in the next chapter of this thesis.

Preliminary tests were performed for solutions containing both UA and CRN. It
was possible to clearly identify the peaks of both analytes in the multiplexed
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solutions, with the applied potential enabling the effective modulation of the
spectra and enhancement of the peaks of a particular analyte. The next step
is to investigate the quantitative multiplexed detection of uric acid and
creatinine using E-SERS. This is the focus of the next chapter of this thesis.

104



Chapter 4: Quantitative multiplexed detection of uric acid and creatinine with E-SERS and
machine learning

Chapter 4 Quantitative multiplexed detection of uric acid
and creatinine with E-SERS and machine learning

4.1 MOUVATION ... 105
4.2 Multiplexed E-SERS dataset............oooomiiiiiiiii 106
4.2.1 Example of quantitative multiplexed detection....................... 108
4.2.2 Quantitative multiplexed with full dataset............................... 109
4.3  Machine learning approaches for quantitative detection............... 113
4.3.1 Linear regreSSIiON .......ccuuueiiiiiiiiiiee et 113
4.3.2  Partial least squares regression ...........cccccvvvmiiiiiiiiiieeeeeeeeeenns 113
4.3.3 Multilayer perceptron ... 115
4.3.4  Two-step PLSR-MLP algorithm............ccccoiiimiiiiiiiiiiee, 118
4.3.5 Interpretation of ML models ... 122
4.4  Detection in synthetic Urine............cccciiiiiiiiiiiie 124
4.5 CONCIUSION ..ttt 126

4.1 Motivation

In the previous chapter, an E-SERS system was developed which could detect
low concentrations (down to 1 uM) of uric acid and creatinine and
demonstrated promise for multiplexed detection. The next step is to investigate
the system’s potential for quantitative detection of the two analytes. To do this,
extensive E-SERS testing of solutions containing varying concentrations of
uric acid and creatinine is needed to build up a large dataset of spectra. This
dataset can then be used to investigate the capacity of the E-SERS system for
quantitative multiplexed detection.

Up until now, quantitative detection of multiple analytes using E-SERS has not
been reported and is likely to be difficult without additional functionalities within
the system. Machine learning (ML) for SERS analysis is growing rapidly, with
techniques such as partial least squares regression (PLSR), and artificial

neural networks (ANNs) being employed to recognise subtle patterns in SERS
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datasets and identify the presence or concentration of analytes in unseen
spectra. ML approaches have been used to classify or quantify
biomarkers*®265, bacteria?6®2%%, and food products*®270-271 |n addition to
improving interpretation, it reduces the need for time-consuming visual
inspection of SERS spectra by trained operators, increasing the practicality of
SERS as an analytical technique. Machine learning has recently been used
for E-SERS classification of fentanyl-related compounds®*’, but it is yet to be
applied to quantitative E-SERS. However, the additional complexity within the
datasets, which comes from the applied potential, makes it an ideal application

for these techniques.

In this chapter, a large E-SERS dataset (> 2,300 spectra) is recorded using
the optimised Ag NP/FTO electrodes for solutions containing various
concentrations of UA and CRN. Three different machine learning approaches
are then applied to interpret the spectra and predict the analyte concentrations
from unseen spectra. The different ML approaches are compared and
discussed. Finally, proof-of-concept experiments are performed in dilute
synthetic urine to demonstrate the detection of clinically relevant

concentrations of UA and CRN.

4.2 Multiplexed E-SERS dataset

Extensive E-SERS testing was performed to build up a dataset of spectra for
solutions containing different concentrations of uric acid and creatinine. All the
SERS spectra were recorded using the electrodes fabricated by drop-casting
Ag NPs onto APTES-coated FTO-coated glass and a 633 nm, 22 mW laser
with an integration time of 7s. The supporting electrolyte was 0.1 M NaF and
a leakless Ag/AgCl reference electrode and a platinum plate counter electrode
were used. All solutions contained 10 uM R6G and the peak at 1362 cm™ was

used to normalise the spectra.

The applied potential was scanned from 0V to 0.4V and from OV to -0.8V in
increments of 0.2V and the potential was held for 5 minutes to allow multiple
SERS spectra to be recorded before the next potential was applied. Spectra
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recorded in the first 75s were not included in the analysis to give the system
time to equilibrate, this resulted in 3 spectra which were included in the
analysis for each potential step. From looking at the chronoamperometry
curves, the current appears to stabilise within this time and the spectra do not
change significantly after this point (Appendix Figure A.4). As discussed in
section 3.3.3, a full potential scan was performed on each electrode before
recording any spectra to counter the issue of citrate desorption.

The UA concentrations tested were 0, 1, 2, 5, 10, 20, 50 and 100 uM. For CRN,
the same concentrations were tested, plus 200, 500 and 1000 uM. Spectra
were recorded using 20 different electrodes for 86 unique concentration
combinations. In total, the dataset contained 2,348 spectra. The concentration
ranges tested using each electrode are detailed in Table 4.1. Occasionally,
despite the improvements achieved by the APTES coating, the Ag NP film
would become detached from the substrate after multiple E-SERS scans. This
is why some electrodes do not cover the full concentration range.
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Table 4.1: Details of the electrodes used, and UA and CRN concentrations tested to build the
multiplexed E-SERS dataset.

Electrode UA Concentration (uM) CRN Concentration (uM)

1 0 0-1000
2 1 0-1000
3 2 0 - 500
4 5 0-1000
5 10 0-1000
6 20 0 - 500
7 50 0-1000
8 100 0-1000
9 100 0-100
10 0-100 0

11 0-200 0

12 0-10 10
13 0-100 20
14 0-50 50
15 0-100 100
16 0-50 100
17 0-100 200
18 0-5 500
19 0-10 1000
20 50 - 100 1000

4.2.1 Example of quantitative multiplexed detection

Examples of the results from the multiplexed E-SERS tests are shown in
Figure 4.1. In these tests, the concentration of one analyte was held at 20 uM
whilst the concentration of the other was gradually increase (from 0 uM to 100
uM for UA and from O uM to 100 uM for CRN). All the spectra recorded were
normalised using the characteristic R6G peak at 1362 cm™ and the
characteristic peak height at the optimal potential is plotted against analyte
concentration (1138 cm™ at -0.8V for UA and 684 cm at 0.4V for CRN). The
point plotted is the mean peak height and the magnitude of the errors bars is

+ the standard deviation.
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Alinear relationship is fitted between UA concentration and the peak height for
concentrations from 1 uM to 100 uM (R? = 0.99) (Figure 4.1a). It is difficult to
distinguish between concentration up to 5 uM but concentrations above 10 uM
can be clearly differentiated. For CRN, a linear relationship is fitted between
log(CRN concentration) and the peak height for concentrations from 1 uM to
1000 uM (R? = 0.88) (Figure 4.1b). The CRN peak is clearly identified for all

solution concentrations down to 1 uM.
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Figure 4.1: (a) The mean 1138 cm’ UA peak height normalised using the R6G peak at 1362
cm’ and plotted against UA concentration for the spectra recorded at -0.8V for a solution
containing 20 uM CRN and 10 uM R6G. A linear relationship is fitted between UA
concentration and the peak height for concentrations from 1 uM to 100 M (R? = 0.99) and
then plotted on a log scale for readability. (b) The mean R6G normalised peak height at 684
cm plotted against CRN concentration for the spectra recorded at 0.4V for a solution
containing 20 M UA and 10 uM R6G. A linear relationship is fitted between log(CRN
concentration) and the peak height for concentrations from 1 uM to 1000 uM (R? = 0.88). The
magnitude of the error bars is equal to the standard deviation in the peak height from 3 spectra
measured at each potential (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).

The results included here exhibit clearly identifiable peaks and a strong
correlation between the peak height and analyte concentration. However, the
results for some of the electrodes were less impressive. The characteristic
peak height did increase with concentration but, in some cases, the

relationship was weaker (lower R?s) and the characteristic peak heights were
smaller. This is likely due to the variations in the quality of the electrodes.

4.2.2 Quantitative multiplexed with full dataset

In Figure 4.2, all the spectra recorded using the electrodes detailed in Table
4.1 (2,348 spectra in total) are combined and the height of the characteristic
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peaks are plotted against analyte concentration at the optimal potential. A
linear relationship is fitted between UA concentration and the 1138 cm™ peak
height at -0.8V (R? = 0.66) and between log(CRN concentration) and the 684
cm-! peak height at 0.4V (R? = 0.39). Clearly, these R? values are low, and the
errors bars shown in Figure 4.2 are very large. However, it is important to note
that these spectra were recorded using different electrodes and a wide variety
of analyte concentrations, unlike the results in Figure 4.1 which were recorded
with one electrode and a constant second analyte concentration. It is promising
to observe that there is a consistent trend, with the characteristic peak heights
increasing with concentration, and although the standard deviation in the peak
heights is large, the mean values show a positive relationship.
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Figure 4.2: (a) The mean R6G normalised peak height at 1138 cm™ plotted against UA
concentration for the spectra recorded at -0.8V for solutions containing between 0 — 1000 yM
CRN and 10 uM R6G. A linear relationship is fitted between UA concentration and the peak
height for concentrations from 1 uM to 100 uM (R? = 0.66) and then plotted on a log scale for
readability. (b) The R6G normalised peak height at 684 cm’' plotted against CRN
concentration for the spectra recorded at 0.4V for a solution containing between 0 - 100 M
UA and 10 uM R6G. A linear relationship is fitted between log(CRN concentration) and the
peak height for concentrations from 1 uM to 1000 uM (R? = 0.39). The magnitude of the error
bars is equal to the standard deviation in the peak height from 3 spectra measured at each
potential (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).

The use of the R6G as an internal standard has helped to improve the results.
The R? for the UA peak height/concentration plot is 0.23 without R6G
normalisation, compared to 0.66 with normalisation. For CRN, the R? without
normalisation is 0.21 compared to 0.39 with normalisation. When the idea of

using R6G as an internal standard was initially presented in section 3.6.1, the
potential issue of competitive adsorption was raised. The presence of the other
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analytes (UA and CRN) could impede the adsorption of the R6G onto the
surface of the Ag NPs and therefore, reduce the magnitude of the
characteristic R6G peak in the SERS spectra. This would be a problem as it
would reduce the validity of the R6G normalisation.

In Figure 4.3, the height of the characteristic R6G peak at 1362 cm™' in spectra
recorded at OV is plotted against the total analyte concentration (sum of UA
and CRN concentration). Generally, there is significant variation in the peak
height due the variability of the Ag NP/FTO electrodes. However, there is a
weak negative correlation (R? = -0.47) between the peak height and the
log(total analyte concentration). This implies that the R6G peaks are being
affected to some extent by the adsorption of the target analytes on the surface.
There could also be other factors affecting this, including the fact that the
higher concentrations are more commonly tested later in the E-SERS
measurement cycle so electrode ageing or adhesion could be playing a part
too. This result is not particularly pronounced and is unlikely to have a
substantial effect on the results considering the variability in the other parts of
the E-SERS system. However, it would be an area to investigate in the future.
A possible improvement could be to use a smaller molecule as the internal
standard or a molecule which binds less strongly to the Ag surface, which may
be less likely to prevent adsorption of target analytes on the NP surface.
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Figure 4.3: The R6G characteristic peak height at 1362 cm’ plotted against total analyte
concentration (UA + CRN) for the spectra recorded at OV for solutions containing 10 uM R6G
and between 0 - 100 uM UA and 0 — 1000 uM CRN. A linear relationship is fitted between
log(total analyte concentration) and the peak height for concentrations from 1 uM to 1100 M
(R? = -0.47).(RE: Ag/AgCl; WE: Ag NPs on FTO; CE: Platinum plate).

The issue of competitive adsorption also applies to the target analytes. The
concentration of one analyte (e.g. UA) will likely affect the adsorption of the
other analyte (e.g. CRN) on the Ag NP surface and therefore influence the
characteristic peak height of the latter. Attempts were made to investigate this
phenomenon by examining how the characteristic peak heights of each
analyte changed with increasing concentrations of the other analyte. However,
the variation in the E-SERS system and differences between the electrodes
meant that it was not possible to observe a consistent trend. This suggests
that it may not be a major obstacle for the quantitative multiplexed detection of
UA and CRN. Nevertheless, competitive adsorption likely influences the
system to some extent and is likely to be a bigger issue in clinical samples
which contain larger components, such as proteins. This is an area which
should be investigated further. Some attempts have been made to investigate
this behaviour in SERS systems. For example, Grys et al. developed an
automated robotic system which was able to study the competitive binding of
methylviologen and its deuterated isomer in a solution-based cucuit[n]uril-Au
NP system.348 The use of the automated robotic system enabled the collection
of sufficiently reproducible data to study this sensitive interaction. To my

knowledge, similar work has not been attempted with a E-SERS system, which
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has the added complication of the applied potential, but this would be an

interesting area of future research.

Despite some encouraging results for the multiplexed detection (Figure 4.1),
significant variation was observed when comparing the spectra recorded with
different electrodes and mixtures of analytes (Figure 4.2). It is evident that
achieving reliable quantitative multiplexed detection using the type of
conventional calibration curve plots shown in Figure 4.2, would not be
possible. However, these plots are only looking at the height of a single peak
at a single potential. This disregards valuable information present in the rest of
the SERS spectra that can aid in identifying the analyte concentration.
Machine learning algorithms, on the other hand, leverage the entire spectra to
identify subtle patterns and make more accurate predictions. This is a
particularly effective approach in complex, multi-analyte solutions.

4.3 Machine learning approaches for quantitative detection
4.3.1 Linear regression

To set a benchmark for the investigation into different machine learning
models, a simple linear regression-based approach was tested first. The
spectra recorded at the optimal potentials (-0.8V for UA and 0.4 for CRN) were
selected from the multiplexed E-SERS dataset and separated into training and
test dataset (80:20). The R6G normalised characteristic peak heights (1138
cm™' for UA and 684 cm-' for CRN) were extracted and the training dataset was
used to fit a linear regression model. This linear regression was then used to
predict the analyte concentrations from the test dataset. The prediction
accuracies were 0.26 and 0.018 for UA and CRN respectively (Appendix
Figure A.5). Clearly, this is unacceptably low, and a different approach is

needed to improve the prediction accuracy.

4.3.2 Partial least squares regression

As discussed in section 1.5.1, partial least squares regression (PLSR) is a
popular supervised machine learning approach which is commonly used to

analyse SERS datasets. It works by reducing the dimensionality of the
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predictor (X) variables by finding new latent variables (or components) which
best describe the variation in the response (Y) variables.?%® The new variables
are linear functions of those in the original dataset, with each variable
successively increasing the total variance explained by the latent variables.

When employing a PLSR model, it is important to choose the number of
components carefully to avoid over or under-fitting. To find the optimal number
of components, partial least squares regression was performed on the
multiplexed E-SERS dataset with 1 to 31 components, and the R? was
calculated. 5-fold cross validation was used to give representative results for
the whole dataset. As expected, the cross-validated R? increases with the
number of PLSR components. Figure 4.4 shows that the cross-validated R?
starts to plateau above 14 components. Therefore, to avoid overfitting, 14
components was used for the PLSR model.

o©
0

0.6

0.4

Cross-validated R2

0.2

0 10 20 30
Number of PLSR components

Figure 4.4: The cross-validated R? values for PLSR regression models with varying numbers
of PLSR components. The R? values were calculated using 5-fold cross-validation.

The prediction results for the PLSR model with 14 components are shown in
Figure 4.5. The overall R? value for the two analytes was 0.72. This is a
significantly improvement on the simple linear regression model and clearly
shows the benefit of utilising the entire SERS spectra. However, the prediction
accuracy of 0.72 is not especially high and there were some concentrations
where the predictions differ significantly from the true values, for example the
higher CRN concentrations.
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Figure 4.5: A comparison of the actual concentrations and the predicted concentrations for the
14-component PLSR model for (a) UA and (b) CRN. The magnitude of the error bars is equal
to the standard deviation of the predictions. The dotted y=x line represents perfect agreement
between the actual and predicted concentrations.

4.3.3 Multilayer perceptron

Multilayer perceptrons (MLPs) are a simple type of feed-forward artificial
neural network, which consist of three layers of neurons — an input layer, one
or more hidden layers and an output layer."'”-263 |n MLPs, each neuron in one
layer is connected to every neuron in the following layer.2% Initially, the
connections between neurons are assigned random weights.'” When the
network is presented with a training dataset, back-propagation is used to
iteratively adjust the weights to reduce the difference between the output
results and the actual results.'17255:263 Thjs process is repeated until the error
is below an acceptable level. The resulting trained network can then be used

to determine the output for a new unseen input dataset.

The scikit-learn MLP Regressor has various parameters that can be optimised
for a particular dataset. The parameters used in this test are detailed in Table
4.2. The activation function is the function that is applied to the weighted sum
of the node inputs to generate the node output. The rectified linear unit (ReLU)
function is currently the most popular activation function in ANNs.34° |t is
defined as:34°
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f(x) = max (0,x) Equation 20

where x is the input to the neuron or node. ReLU was chosen for this work
because it is faster and simpler than the more traditional sigmoid activation
function. The limited-memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
algorithm was used for the weight optimisation as it is recommended over
more commonly used stochastic gradient descent methods for small datasets
because it converges faster and performs better.349:3%0

Table 4.2: Optimised parameters used for the multilayer perceptron.

Parameter Value

361 (The number wavenumber shifts in the SERS
spectra after pre-processing plus the applied
potential)

Number of input
nodes

Number of output
nodes

Hidden layer nodes 16, 64, 64 (Determined by Bayesian optimisation)
Activation function ReLU (Rectified Linear Function)

Algorithm for weight
optimisation

2 (The number of analytes)

Limited-memory BFGS

A Bayesian optimiser using Gaussian processes was employed to find the
optimal hidden layer architecture for the MLP. Bayesian optimisation is a
strategy that can be used to efficiently determine the optimal parameters for a
machine learning algorithm.349:3%1 |t involves testing different parameters and
quantifying their performance to identify the best one. Unlike random or grid
search, the choice of which parameter to try next is based on the results of all
the previous tests which makes it much more efficient.?5%-34° Bayesian
optimisation with Gaussian processes constructs a probabilistic (surrogate)
model of the objective function using a Gaussian process which is updated
after every test.>>2 The choice of parameters for each trial is based on the

probability that they will give an improvement over the current best result.

When selecting the hyperparameters for ML, it is important to avoid overfitting,
so the test dataset was selected and removed at the beginning and 5-fold
cross validation was employed to find the optimal parameters using the

remaining data. Here, the Bayesian optimiser was set up so the MLP could
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have between 1 and 3 layers and each layer could have 4, 8, 16, 32 or 64
nodes. This results in 155 possible options. During the optimisation, a possible
MLP architecture was selected from these options. The performance of this
MLP model was then quantified by calculating the R? from 5 K-fold splits of the
training dataset.?®> As the optimisation progressed, the selection started to
converge. After 50 selections, the architecture that resulted in the highest R?

was returned and this was used to build the final MLP model.

For the Bayesian optimiser described here, the highest cross-validated R? of
0.80 was found for a hidden layer architecture of (16, 32). Figure 4.6 shows
how the R? evolved over the optimisation process. This hidden layer
architecture was used to build an MLP which was trained on the entire training
set and then used to predict the analyte concentrations from the unseen
spectra in the test dataset. The prediction accuracy (R?) was 0.75 and the

results for the MLP are plotted in Figure 4.7.
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Figure 4.6: The highest R? after n iterations of the 50 iterations of the Bayesian optimisation
with Gaussian processes for the MLP.

20

a o b H
100 N P 1000 N NH

1l e S

s [e] u § // s ~N

=5 4 =1

= 80| UA = 800{ CRN

) R2 = 0.832 . S R2 = 0.658

-~ +~J

g <

£ 60 £ 600

(] [J]

v v

c C

[e] o ,/

© a0 ; © 400

hel el

g 8

=2 9

o ©

g g

o o

,
,
,
,
,
,
,
,
,
,
y
,
,
,
.
,
,
. ,
. ,
, ,
. ,
, ,
. ,
, ,
, ,
200 g
, ,
,
,
,
.
,
Y

20 40 60 80 100 0 200 400 600 800 1000
Actual Concentration (uM) Actual Concentration (uM)

Figure 4.7: A comparison of the actual concentrations and the predicted concentrations for the
MLP model for (a) UA and (b) CRN. The magnitude of the error bars is equal to the standard
deviation of the predictions. The dotted y=x line represents perfect agreement between the
actual and predicted concentrations.

4.3.4 Two-step PLSR-MLP algorithm

The results for the PLSR and MLP models were promising but they were still
not achieving especially high prediction accuracies. In an attempt to combine
the merits of the two approaches, a two-step PLSR-MLP algorithm was
devised. In this approach, PLSR is used to reduce the dimensionality of the
SERS spectra, and then the new latent variables are combined with the
applied potential to create the input layer for the MLP.

For the PLSR, the dataset (excluding the applied potentials) is split into a m x
n X matrix and a p x n 'Y matrix where n is the number of spectra, m is the
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number of wavenumber shifts in the SERS spectra after pre-processing (360,
from 500 - 1800 cm™', equally spaced) and p is the number of analytes, which
is 2.258.259 The dimensionality of the X matrix is then reduced to a specified
number of latent variables (k) which best describes the variance in the Y
matrix. The result is a k x n T matrix. The T matrix is then combined with the
applied potential to create a (k+1) x n T+P matrix. The T+P matrix is the input
layer for the MLP which is used to make the concentration predictions. The
two-step PLSR-MLP algorithm is illustrated in Figure 4.8.

Reduce

Dimensionality Add Input to Prediction
with PLSR - Potential - MLP from MLP
) o mmm)p o =) )
5 ; o
P P ¢
SERS T T+P Input Hidden Output Predicted
Spectra Matrix Matrix Layer Layers Layer Concentrations

Figure 4.8: Schematic diagram illustrating the two-step PLSR-MLP algorithm which was used
to predict the UA and CRN concentrations from unseen E-SERS spectra.

As with the MLP, a Bayesian optimiser using Gaussian processes was
employed to find the optimal hyperparameters. Here, it was used to determine
the number of latent variables for the PLSR and the hidden layer architecture
for the MLP. The PLSR could have between 5 and 60 latent variables (or
components) and the MLP could have between 1 and 3 layers. Each layer
could have 4, 8, 16, 32 or 64 nodes. This results in 8525 possible options. As
with the MLP, the performance of each option was quantified by calculating the
R? from 5 K-fold splits of the training dataset.?®> 150 iterations were tested in
this case as there were more possible options. The highest R? values were
achieved for 44 PLSR components and a MLP hidden layer architecture of
(32,32,32).

Figure 4.9a shows how the R? evolved over the optimisation process. The R?
values for different numbers of PLSR components are plotted in Figure 4.9b.

Generally, the prediction accuracy increases with the number of PLSR
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components as the total variance explained increases as additional
components are added. However, when over 50 PLSR components were
used, the R? started to decrease, which is likely due to overfitting.
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Figure 4.9: (a) The highest R? after n iterations of the 150 iterations of the Bayesian
optimisation with Gaussian processes for the two-step PLSR-MLP algorithm. (b) The R? values
achieved for the different numbers of PLSR components tested in the Bayesian optimisation
of the two-step PLSR-MLP algorithm.

The optimal parameters identified by the Bayesian optimiser (44 PLSR
components and a MLP hidden layer architecture of (32, 32, 32)) were used
to construct the two-step PLSR-MLP algorithm. The model was trained on the
entire training set and then used to predict the analyte concentrations from the
unseen spectra in the test dataset. The prediction accuracy (R?) was 0.94 and
the results for the two-step PLSR-MLP model are plotted in Figure 4.10. The
predicted concentrations are plotted against the actual concentrations and the
points are very close to the y = x line, indicating excellent prediction accuracy.
The R?s for UA and CRN were 0.96 and 0.91, respectively. The prediction
accuracies for the three ML algorithms tested are compared in Table 4.3.
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Figure 4.10: A comparison of the actual concentrations and the predicted concentrations for
the two-step PLSR-MLP model for (a) UA and (b) CRN. The magnitude of the error bars is
equal to the standard deviation of the predictions. The dotted y=x line represents perfect
agreement between the actual and predicted concentrations.

Table 4.3: Comparison of the prediction accuracies (R?s) of the different machine learning
algorithms: partial least squares regression (PLSR), multilayer perceptron (MLP), and the two-
step PLSR-MLP model.

Model UA prediction CRN prediction
accuracy (R?) accuracy (R?)
PLSR 0.81 0.62
MLP 0.83 0.66
PLSR-MLP 0.96 0.91

To evaluate the effect of the applied potential, the same process was used to
build a two-step PLSR-MLP algorithm using only the spectra recorded at OV.
The prediction accuracy for this dataset was 0.50, which is significantly lower
than the 0.94 achieved when all spectra recorded at different potentials are
included (Appendix Figure A.6). Indeed, the fact that the dataset has been
shrunk significantly (482 vs. 2,348 spectra) will influence the performance of
the model, however, the same test was performed using only the spectra
recorded at -0.8V and 0.4V and they achieved prediction accuracies of 0.92
and 0.86, respectively. This highlights that the benefits offered by E-SERS over

SERS in standard spectral analysis also apply when machine learning is used.
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For machine learning models, the root mean square error of prediction
(RMSEP) can be taken as an indication of the limit of detection of the system.
The RMSEP of the two-step PLSR-MLP algorithm was 5.93 uM for UA and
84.7 uM for CRN. These results are comparable to those reported in the
literature for single analyte detection of uric acid (Table 3.3) and creatinine
(Table 3.4) using Ag NP SERS. It is encouraging to see that by combining E-
SERS with machine learning, it is possible to achieve similar levels of

quantitative detection for more complex solutions containing multiple analytes.

The concentration ranges studied in this work are well within the clinically
relevant range for uric acid3°0:353.3% and creatinine346:353:3%4_ This is beneficial
as it means samples could be diluted significantly before testing, minimising
any disruption to the Raman signal caused by other analytes in the complex

matrix. 122

4.3.5 Interpretation of ML models

It is important to try and understand how ML algorithms are making their
predictions. For PLSR, it is possible to investigate this by looking at the
coefficient plots. These plots show the coefficients which relate the X variables
(spectra) to the Y variables (analyte). The coefficients are not directly used to
make the predictions but are a function of all the latent variables in the
regressor. The coefficient plots for the PLSR part of the two-step PLSR-MLP
algorithm are shown in Figure 4.11 alongside representative spectra of the uric
acid and creatinine at the optimal potentials. The magnitude of the coefficients
at a particular wavenumber indicates their importance in predicting the
concentration of the analyte. Large positive coefficients show that a
wavenumber has a strong positive correlation with the concentration or

presence of an analyte.
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Figure 4.11: Coefficient plots for UA and CRN for the PLSR part of the two-step PLSR-MLP
algorithm shown above representative SERS spectra of the analytes. Brighter colours indicate
a stronger relationship between a specific wavenumber and the concentration of the analyte.
The results in Figure 4.11 are not particularly clear but it is possible to see a
correlation between the larger coefficients (brighter colours) and the peaks in
the spectra. The fact that the R6G peaks dominate the spectra makes it harder
to interpret the coefficient plots, but it is possible to see a difference between
the UA and CRN plots with larger coefficients being observed around the
analyte’s characteristic peaks.

Itis much harder to investigate the MLP part of the two-step PLSR-MLP model.
MLPs, or more generally ANNs, are often described as “black boxes” because
it is hard to determine how a particular model makes its predictions.3% Unlike
PLSR models, ANNs are difficult to interpret and identifying which predictor
values are the most important and how they relate to the response variables
is challenging. This can lead to famous failures such as when a deep neural
network that claimed to be able to diagnose skin cancer from pictures of skin
lesions with impressive accuracy was revealed to be making its predictions
partly based on whether there was a ruler in the image.3¢:35” ANNs are also

prone to over-fitting and often lack robustness. This is illustrated by the
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example of a deep neural network which will change its classification of a

picture of a horse to a frog when a single pixel is altered.3%8:3%°

Overfitting is a particular problem when the training dataset is small. Machine
learning, and neural networks especially, rely on large training datasets to build
robust models and overfitting is much more likely to occur when the dataset is
small. Although the E-SERS dataset contains 2,348 spectra, this is still small
in ML terms. Recent leading work in the field of ML for SERS has utilized
training datasets of over 10,000 SERS spectra and achieved impressive
results.268:3¢0 |t is difficult to collect datasets of this size without automation or
large-scale collaboration. However, if it were possible to do this in the future, it
would improve the robustness of the model and its predictions.

4.4 Detection in synthetic urine

To assess the potential of E-SERS for the detection of UA and CRN in clinical
settings, E-SERS tests were performed in synthetic urine (SU). The SU
contained urea, NaCl, KCI, NaH2POu, citric acid and albumin.?79-28 |nitially,
spectra were recorded for SU which did not contain UA or CRN (Figure 4.12a).
Generally, the spectra are quite noisy compared to the spectra recorded in
deionised water. This is attributed to the presence of many additional
molecules in the solution, particularly the albumin, as large molecules like
proteins are known to have noisy SERS spectra due to the number of different
vibrational modes present.’? A large peak is observed at 1002 cm™', which is
attributed to the symmetric N-C-N bond stretching in urea.®®' Next, E-SERS
spectra were recorded for a synthetic urine solution which also contained 0.5
mM UA and 0.5 mM CRN (Figure 4.12b). NaF was omitted as the supporting
electrolyte since the SU contains many ions that can sustain the flow of charge
within the system. Even though high concentrations of the target analytes were
present, it is difficult to identify the characteristic peaks in the noisy spectra. It
is slightly easier to see the UA peaks at -0.8V but they are still too small to

ensure reliable quantification.
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Figure 4.12: E-SERS spectra of (a) synthetic urine and (b) 0.5 mM UA and 0.5 mM CRN in
synthetic urine. The characteristic UA, CRN and urea peaks are indicated with a *, x, and +
respectively. The spectra plotted are an average of 3 spectra recorded over 5 minutes (with
spectra in the first 75 seconds removed to allow for equilibration) (RE: Ag/AgCl; WE: Ag NPs
on FTO; CE: platinum plate; supporting electrolyte: 0.1 M NaF).

The previous tests have established that the Ag NP electrode/E-SERS system
could detect low concentrations of UA and CRN (LODs of 0.13 uM and 0.35
uM respectively). Therefore, it was possible to dilute the synthetic urine and
still record spectra for clinically relevant concentrations of UA and CRN, which
reduces the potential for interference from the other molecules in the
SU.300.346,353,354 |n Figure 4.13, E-SERS spectra for a 10% SU solution
containing 20 uM UA, 1000 uM CRN, 10 uM R6G, and 0.1 M NaF are plotted.
This corresponds to urinary UA and CRN concentrations of 0.2 mM and 10
mM, which are within the normal healthy ranges for adults. The characteristic
UA and CRN peaks can be clearly identified in the diluted SU E-SERS spectra.
There is no major interference from other molecules, although it is still possible
to identify the urea peak at 1002 cm'. The CRN peak is significantly easier to
identify at the optimal applied potential, -0.4V, than at 0V, which further
highlights the benefits of E-SERS over conventional SERS for the multiplexed
detection of analytes in complex solutions. These results show that it is
possible to detect clinically relevant concentrations of UA and CRN in dilute
synthetic urine using the Ag NP electrode/E-SERS system. This implies that,
if a large enough dataset of E-SERS spectra was recorded, it could be possible
to train a two-step PLSR-ANN algorithm to quantitively detect clinically relevant
concentrations of UA and CRN in urine.
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Figure 4.13: E-SERS spectra of a solution containing 20 uM UA, 1000 uM CRN, 10 uM R6G,
and 0.1 M NaF in a 10% synthetic urine solution. The characteristic UA, CRN and urea peaks
are indicated with a *, x, and + respectively. The spectra plotted are an average of 3 spectra
recorded over 5 minutes (with spectra in the first 75 seconds removed to allow for equilibration)
(RE: Ag/AgCl; WE: Ag NPs on FTO; CE: platinum plate; supporting electrolyte: 0.1 M NaF).

It is important to note that real urine is much more complex than synthetic urine
and contains a much larger range of components. Bouatra et al. created a
database which contains 2651 confirmed human urine metabolite species.**?
These include amino acids, peptides, lipids, carbohydrates, isoflavones, and
thiols. Therefore, to properly assess the capabilities of the E-SERS system,

tests would need to be carried out with real human urine.

4.5 Conclusion

This chapter has demonstrated the quantitative multiplexed detection of uric
acid and creatinine through E-SERS and machine learning using simple Ag
NP electrodes. An extensive multiplexed E-SERS dataset was collected, and
different machine learning approaches were applied to interpret the spectra. A
two-step PLSR-MLP machine learning algorithm was developed which was
able to predict the analyte concentrations of unseen spectra with a prediction
accuracy of 0.94. The RMSEP, which can be taken as an indication of the limit
of detection of the system, was 5.93 uM for UA and 84.7 uM for CRN. Finally,
proof-of-concept experiments were performed in dilute synthetic urine to
demonstrate the detection of clinically relevant concentrations of UAand CRN.
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The next step would be to build up a similar E-SERS dataset for UA and CRN
in synthetic urine (or potentially clinical urine samples). This dataset could then
be used to train a two-step PLSR-MLP machine learning algorithm which could
perform multiplexed quantification. Ideally, this dataset would be larger than
the one described in this chapter (over 5,000 spectra) to improve the
robustness of the model. The same approach could also be applied to other
biomarkers in urine (or other bodily fluids). Studies should also be carried out
with three or more biomarker to verify multiplex detection. This work
demonstrates the potential that E-SERS and ML have in trace analyte
detection and highlights the benefits they offer over conventional SERS
analysis.
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5.1 Motivation

In recent years, there has been growing interest in hybrid plasmonic metal—
semiconductor nanomaterials for SERS.%"%® These hybrid systems combine
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the large electromagnetic enhancements achieved by plasmonic metals, with
additional chemical enhancements (CE) resulting from charge transfer
between the semiconductor and metal or adsorbed molecules. A key example
of hybrid SERS is photo-induced enhanced Raman scattering (PIERS),
developed by the Parkin group in 2016 (section 1.3.5).° In PIERS, Au or Ag
colloids are deposited on top of metal oxide films, which have been irradiated
with UV light to create oxygen vacancies (Vo). The Vos increase the CE by
enabling additional charge transfer resulting in signals which are ca. 1 order of
magnitude higher than conventional SERS. TiO2, the standard PIERS
substrate, does not exhibit the additional enhancement without UV-irradiation
and when the UV-light is removed the enhancement disappears after

approximately an hour.

So far, PIERS has been used to detect explosives®, pollutants®®%6 and
biomarkers.®%67.68 Zhang et al. developed a TiO2-Ag PIERS substrate to detect
the fungicide, thiram, which demonstrated an up to 27.8-fold enhancement
over conventional SERS with a limit of detection of 10 nM.%¢ PIERS has also
been used as a characterization method to study oxygen vacancy behaviour

in photocatalytic materials.52363.364

SnOqis an n-type, wide band gap (3.6 eV) semiconductor oxide which contains
intrinsic oxygen vacancies.®® This means it can exhibit photo-induced charge
transfer without UV-irradiation. Recently, our group demonstrated that colloidal
SnO2-coated gold nanotriangles (Au NTs) can achieve significant
enhancements in Raman signal over bare Au NTs without UV-activation due
to charge transfer from the SnO: to the Au which is made possible by the
intrinsic oxygen vacancies in the Sn02.%%¢ The hybrid system achieved a limit
of detection of 88 nM for an explosive marker (2,4-DNT) in water, exhibiting

signals 16 times stronger than those of bare Au NTs.

Building on this work, the idea of using colloidal Ag nanoparticles coated with
SnO2 (Ag@SnO2 NPs) in a solid electrode was investigated as a possible
extension of the E-SERS research described in Chapters 3 and 4. While no

notable improvements were seen for the E-SERS system, a significant and
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unexpected enhancement was observed as a result of in-situ laser irradiation
with the Raman laser (Figure 5.1). This phenomenon is investigated in this
chapter, along with discussion of the possible mechanism and some potential

applications.

I

\MA/\MJWG

(mins)

Raman Shift (cm™)

Figure 5.1: Schematic diagram illustrating the in-situ laser enhancement of the SERS signal
from a Ag@SnO: substrate.

5.2 Characterisation
5.2.1 Nanoparticle characterisation

Tin dioxide coated silver nanoparticles (Ag@SnO2 NPs) were produced by
synthesising Ag NPs and then coating them with SnO2. The Ag NPs were
synthesised using the same Lee and Meisel-based citrate reduction method
described in section 2.2.1. The UV-vis spectrum of the as-synthesised Ag NPs
showed a LSPR peak at ca. 434 nm (Figure 5.2) and the TEM images
confirmed the formation of polydisperse Ag NPs with a mean diameter of 79
nm + 25 nm (Figure 3.3). Further details of the characterisation of these NPs

can be found in section 3.2.1.

The as-synthesised citrate-stabilised Ag NPs were then coated with SnO2 via
a modified version of the precipitation method described by Oldfield et al.?”®
The coating process was repeated twice to form a thicker coating of SnO>. The

Ag@SnO2 NPs were not purified further via repeat centrifugation and were
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used as-synthesised. The effect of the coating thickness is discussed further
in section 5.3.2. The LSPR peak of the AgQ@SnO2 NPs in the UV-VIS spectra
is observed at ca. 486 nm (Figure 5.2). This redshift is understood to be the
result of the increase in the refractive index around the Ag NPs due to the

metal oxide coating.3¢”
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Figure 5.2: UV-vis spectra of Ag NPs (blue) and Ag@SnO2 NPs (orange) plotted with
normalised absorbance. (Inset) Photographs of colloidal Ag NP and Ag@SnO2 NPs solutions.
Transmission electron microscopy verified the coating of the Ag NPs with SnO:
(Figure 5.3). The images showed that there had been no significant change in
the size or shape of the Ag NPs during the coating process. The SnO> coating
is clearly visible and was measured to have a mean thickness of 16 nm + 3 nm
(Appendix Figure A.7). The coating is not particularly dense and contains some
voids. However, these voids have previously been shown to be beneficial for
hybrid SERS as they allow the analyte molecules to access the surface of the
plasmonic metal.3%® Brunauer-Emmett-Teller (BET) analysis could also be
used in the future to determine the surface area and porosity of the NPs.

The as-synthesised colloidal Ag@SnO: solution also contained SnO2 NPs
(approximately 35 nm in diameter) that are not attached to a Ag NP, which is
typical for this coating method (Figure 5.3d).3¢8 These SnO2 NPs did not form
part of the final drop-cast substrates as they were removed during the

centrifugation process because they are less dense than the Ag@SnO2 NPs.
131



Chapter 5: Hybrid tin dioxide coated silver nanoparticles for SERS

However, it would be interesting to investigate whether further purification via
centrifugation before concentrating the solution improves the results.
Removing more of the SnO2 NPs may improve the uniformity of the Ag@SnO2

films.

&

200 nm

Figure 5.3: TEM images of as-synthesised tin dioxide coated silver nanoparticles (Ag@SnO:
NPs).

5.2.2 Electrode characterisation

The Ag@SnO: substrates were fabricated by concentrating the colloidal
Ag@SnO: solution and then drop-casting it onto glass slides. The dried

Ag@SnO:2 NP films had a distinctive reflective silvery-blue colour (Figure 5.4).
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Scanning electron microscope (SEM) images of the substrate show a densely
packed compact film of NPs (Figure 5.5). Some cracks are present in the film
(Figure 5.5a) but there are regular areas of over 5 um?, which show a
consistent covering of Ag@SnO2 NPs. ImageJ was used to manually measure
the area of 365 particles from the SEM images and the diameter of each
particle was calculated by assuming the particles were spherical. The mean
diameter calculated in this way was 102 nm = 21 nm and a histogram of the
diameter distribution is plotted in Appendix Figure A.8. X-ray photoelectron
spectroscopy (XPS) of the Ag@SnO2 NP films confirmed the presence of
silver, tin, and oxygen (Figure 5.6). XPS is discussed further in section 5.5.3.4.

Glass slide

Ag@SnO,
NP film

Figure 5.4: Photograph of a Ag@SnO:2 NP substrate. Concentrated colloidal Ag@SnO2 NP
solution is drop-cast on a glass slide.
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Figure 5.5: SEM images of Ag@SnO: NP film deposited on glass.
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Figure 5.6: The XPS (a) survey spectrum and core level spectra of the (b) Ag 3d peaks, (c) Sn
3d peaks, and (d) O 1s peak of an Ag@SnO: NP substrate.

5.3 SERS of uric acid with Ag@SnO:2 substrates

The Ag@SnO: substrates were submerged in an aqueous 0.1 mM UA solution
and the SERS spectra were recorded using a 633 nm, 22 m\W laser with an
integration time of 7s. The characteristic uric acid peaks at 636 cm™ and 1138
cm™', which are attributed to skeletal ring deformation and C-N deformation
respectively, were identified in the first spectrum recorded (Figure
5.7).124.208.253 The broad peak at 573 cm™ is attributed to the SnO2 and is

discussed further in section 5.5.5.
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Figure 5.7: Successive SERS spectra of an aqueous 0.1 mM uric acid solution recorded over
10 minutes with a Ag@SnO: substrate.

As successive SERS spectra were acquired, under continuous irradiation from
the 633 nm laser, the magnitude of these peaks started to increase (Figure
5.8). This was unexpected as SERS spectra typically remain constant over
time or decrease due to damage to the substrate. The rate of increase was
fastest over the first 15 minutes and then started to slow. After 1 hour of
irradiation, the magnitude of the 636 cm™" peak increased by over 19 times
from 0.298 to 5.846 counts mW-' s (Figure 5.8a). This is a significant
observation as increases in the SERS peak heights for a particular analyte
could enable the detection of lower concentrations. No shifts in the positions
of the UA peaks were observed and no new peaks were detected (Figure
5.8b).
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Figure 5.8: (a) Comparison of the 0.1 mM UA spectra recorded with a AQ@SnQO: substrate
after 1 minute (blue) and 60 minutes (orange) of irradiation with the 633 nm laser. The
characteristic UA peaks are indicated with a *. (b) A heat map showing how the 0.1 mM UA
spectra change over 1 hour of irradiation. (c and d) The characteristic UA peak heights plotted
against time. The grey areas indicate when the 633 nm laser was turned off.

After irradiating a spot on the Ag@SnO:2 NP substrate for 1 hour, the laser was
turned off and the substrate was left in place for 30 minutes. When the SERS
measurement was re-started, there was no significant reduction in the UA
characteristic peak heights (Figure 5.8c). This cycle was repeated 3 times and
the peak heights remained consistent. A test was also performed where the
laser was switched on and off approximately every 5 minutes (Figure 5.8d).
Here, it was clear that the enhancement was the result of the Raman laser as
the height of the peaks increased when the laser was on and remained
constant when the laser was turned off. Further tests have shown that this

enhancement is stable for at least 12 hours (Appendix Figure A.9).

The increase in the SERS peaks with irradiation was consistently observed
regardless of how long the substrate had been submerged in the analyte
solution (providing the initial 15 minutes equilibration time was given), implying

that this phenomenon is not simply due to adsorption of the analyte molecules
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on the NP surface. This is highlighted in Figure 5.9, where the 636 cm™ peak
height is plotted against irradiation time for a Ag@SnO- substrate that had just
been placed in the UA solution (no equilibration time) and another spot on the
same substrate after it had been submerged in the solution for 72 hours. The
laser-induced increase is still observed after the substrate had been
submerged in the solution for 72 hours. The increase is faster for the 72-hour
measurement, confirming that adsorption of the UA molecules on the surface
is needed to observe the large peaks, which is expected as SERS is a surface
selective effect. When the substrate was left to equilibrate, a similar increase
in SERS signal was observed after 4 and 18 hours in solution (Appendix Figure
A.10).
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Figure 5.9: The height of the characteristic UA peak at 636 cm™ plotted against time for a 0.1
mM uric acid solution. The blue line was recorded immediately after the Ag@SnO: substrate
was placed in the solution, and the orange line was recorded after it had been submerged for
72 hours.

5.3.1 Comparison to other nanoparticle substrates

As a comparison, substrates were also made using the as-synthesised
colloidal Ag NPs, SnO2 NPs, a physical mixture of Ag NPs and SnO2 NPs and
Ag@SiO2 NPs via the same drop-casting method. The Ag@SiO2 NPs were
included to compare the effect of a semiconductor shell (SnO2) and an
insulator shell (SiO2). UV-vis spectra and TEM images of the Ag@SiO2> NPs
are included in the appendix (Appendix Figure A.11 and Appendix Figure A.12)
along with TEM images of the SnO2 NPs (Appendix Figure A.13). SERS
spectra were recorded for 1 hour from 3 different positions on each substrate
in a 0.1 mM UA solution.
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Figure 5.10: (a) The increase in the characteristic UA peak at 636 cm’’ over irradiation time
for drop-cast substrates fabricated using Ag@SnO:2 NPs (red), Ag NPs (blue), a mixture of Ag
and SnO:2 NPs (green), SnO2 NPs (orange) and Ag@SiO:2 NPs (purple). The analyte solution
was 0.1 mM UA and the error bars are equal to #+ the standard deviation of three
measurements. (b) The SERS spectra recorded after 1 hour of irradiation with the 633 nm
laser for the same substrates.

The dramatic increases seen for the Ag@SnO2 NPs were not observed for any
of the other NPs (Figure 5.10a). The SnO- substrates did not exhibit any UA
peaks, which is unsurprising as metal oxides typically have vastly smaller
SERS enhancement than plasmonic metals (Figure 5.10b). Similarly, the
Ag@SiO2 did not exhibit significant UA peaks (Figure 5.10b). This is probably
because the SiO. layer was quite thick (approximately 50 nm) and did not
contain the voids which are present in the SnO: coating. This means the UA
molecules are unable to get close enough to the plasmonic metal cores to
experience the electromagnetic enhancement needed for large SERS signals.
However, this does also highlight that there is something interesting taking
place with the Ag@SnO2 NPs as the SERS signal from these NPs does not
appear to be hindered by the fact that the analyte molecules are further from

the plasmonic metal core. This is discussed further in section 5.3.2.

The Ag substrates displayed moderate UA peaks (Figure 5.10b). However,
they were smaller than the final peaks recorded from the laser-enhanced
Ag@SnO; substrates (2.49 + 0.74 vs. 5.10 + 0.54 counts mW-" s after 1 hour
irradiation). Again, this demonstrates that there is an additional enhancement
present in the hybrid system which is enabling larger SERS signals to be
recorded. Some increase was seen in the UA peaks for the Ag substrate (1.44

+ 0.74 counts mW-' s™' over 1 hour irradiation) (Figure 5.10a). This is likely to
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be due to the removal of citrate ions from the NP surface. As discussed in
section 3.3.3, citrate ions remain on the surface of Ag NPs prepared using the
Lee and Meisel method after synthesis. This reduces the SERS signals of
target analytes as the citrate ions prevent the analyte molecules from
adsorbing onto the plasmonic metal surface. Here, a reduction in the citrate
characteristic SERS peak at 931 cm™' is observed over time which tracks with
the increase in the UA peaks for the Ag substrates (Appendix Figure A.14).
The reason for the desorption of the citrate ions from the Ag surface with laser
irradiation is unknown, but it is possibly due to plasmonic heating in the Ag
NPs, which is discussed further in section 5.5.2. The increase in the Ag NP UA
SERS signal could also be related to the thermal reduction and removal of the
Ag20 layer that forms on the Ag NPs as they age.3¢°

The Ag + SnO2 substrates showed modest UA peaks which were smaller than
those observed for the Ag@SnO2 and Ag substrates and did not exhibit the
dramatic enhancement over time observed for the Ag@SnO2 NPs (Figure
5.10a). This indicates that close contact is needed between the plasmonic
metal and metal oxide to benefit from the hybrid enhancement effect. The
SnO2 NPs may also separate the Ag NPs reducing the number of hot spots.
Overall, after 1 hour irradiation, the largest peaks were observed for the
Ag@SnO. substrates, which highlights the potential of this hybrid

nanostructure.

5.3.2 Optimisation of the SnO coating thickness

The precipitation method used to coat the Ag NPs with SnO2 can be repeated
multiple times to form a thicker SnO2 layer. An investigation was carried out to
determine the optimal number of coating cycles. The normalised UV-vis
spectra for NPs produced using different numbers of SnO2 coating cycles are
shown in Figure 5.11. As the number of coating cycles increases, the LSPR
peak is red-shifted. This is to be expected as the thickness of the SnO2 layer
has increased, increasing the diameter of the particles and the refractive index
around the Ag NPs. Figure 5.12 shows TEM images of the singly, doubly, and
triply coated Ag@SnO2NPs. The thickness, density, and uniformity of the SnO-
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shell increase with the number of coating cycles. The thickness of the coating
was generally less than 5 nm for the single-coated nanoparticles and
approximately 20 nm for the triply-coated NPs.

== Ag NPs

=== Single Coated
=== Double Coated
=== Triple Coated H

Normalised Absorbance

0.2

400 500 600 700 800
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Figure 5.11: UV-vis spectra of the Ag NPs (blue) and the single (orange), double (green) and
triple (red) coated Ag@SnO:2 NPs.

a

500m

Figure 5.12: TEM images of as-synthesised single (a), double (b) and triple (c) coated
Ag@SnO:2 NPs.

Drop-cast substrates were fabricated by centrifuging the 3 different colloidal
NP solutions. 1 ml aliquots of the as-synthesised Ag@SnO2 NP solution were
added to 1.5 ml Eppendorf tubes and each tube was centrifuged at 3600 rpm
for 15 minutes. The supernatant was then removed and discarded, and
another aliquot of the colloidal solution was added. This was repeated 10
times. After the solution was centrifuged for the 10 time, almost all the
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supernatant was removed, leaving ~0.03 ml of concentrated NP solution. The
concentrated NP solution was drop-cast onto a glass slide in three 10 pL

aliquots. The substrate was then left to dry overnight prior to use.

The substrates were then tested in a 0.1 mM UA solution. All 3 substrates
displayed the distinctive Ag@SnO: in-situ laser enhancement (Figure 5.13).
The double-coated particles exhibited the largest and quickest increase in
peak height. This behaviour likely arises from the double-coated particles
having the optimal coating thickness to benefit from the enhancement offered
by the hybrid system without the UA molecules being too far from the
plasmonic Ag NP cores to experience the electromagnetic enhancement. The
SnO:2 coating is also likely to become less porous with increasing coating
cycles which means it can be harder for the analyte molecules to reach the
plasmonic NPs in the triple-coated particles. BET analysis could be used to
study this in the future. Additionally, the separation between the Ag NP cores
in the NP film is likely to be larger for the triple-coated NPs which would reduce
the electromagnetic SERS enhancement. Therefore, the double-coated
particles were used to fabricate the Ag@SnO: substrates described in this

work.
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Figure 5.13: (a) The height of the characteristic UA peak at 636 cm™" over irradiation time for
drop-cast substrates fabricated using single (orange), double (green) and triple (red) coated
Ag@SnO2 NPs. The analyte solution was 0.1 mM UA.

5.4 SERS of other analytes with Ag@SnO2 NP substrates

After studying the laser-induced enhancement for UA, other analyte molecules
were tested to determine whether the same phenomenon was observed. The
molecules chosen were widely used Raman reporters or molecules with well-
studied Raman spectra. They included 4-mercaptobenzoic acid (4-MBA), 4-
mercaptopyridine (4-MPY), rhodamine 6G (R6G), adenine, methyl viologen
(MV) and 2,4-dinitrotoulene (2,4-DNT). The analyte concentrations tested
depended on the size of the characteristic SERS peaks. Larger concentrations
were used for tested for weaker Raman scatterers. The SERS spectra
recorded after 1 minute and 60 minutes of laser irradiation are plotted in Figure
5.14.
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Figure 5.14: Comparison of the SERS spectra recorded from the Ag@SnO: substrates after
1 minute (blue) and 60 minutes (orange) irradiation with the 633 nm laser for aqueous solutions
containing (a) 10 uM 4-mercaptopyridine, (b) 50 uM adenine, (c) 10 uM 4-mercaptobenzoic
acid, (d) 100 uM methyl viologen, (e) 1 uM rhodamine 6G and (f) 100 M 2,4-dinitrotoulene.
The largest characteristic peaks are indicated with a *.

When the Ag@SnO: substrates were tested in solutions containing these
molecules, two distinct behaviours were observed. One group of analytes
displayed the laser-induced enhancement in the SERS signal as recorded for
UA, and the other did not display any significant changes in the spectra over
time. The molecules in these groups were categorised as “active” and
“‘inactive”, respectively. The relative increase in the largest characteristic

Raman peaks for the “active” and “inactive” molecules are plotted in Figure
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5.15. For the “active” molecules, the characteristic peaks typically increased

by 12 — 20 times over 60 minutes.
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Figure 5.15: The relative increase in the largest characteristic peak is plotted against irradiation
time for (a) 10 uM 4-mercaptopyridine, (b) 50 uM adenine, (c) 10 uM 4-mercaptobenzoic acid,
(d) 100 uM methyl viologen, (e) 1 uM rhodamine 6G and (f) 100 uM2,4-dinitrotoulene. The
analytes are separated into molecules which display the laser-induced enhancement (active)
shown in green and those which do not (inactive) shown in red.

The key question is what determines whether an analyte is “active” or
“‘inactive”. Based on the molecules which have been tested so far, the current
hypothesis is that the difference in behaviour of these two groups of molecules

is related to their redox properties. The “active” molecules are generally mildly

145



Chapter 5: Hybrid tin dioxide coated silver nanoparticles for SERS

reducing, and the “inactive” molecules are more oxidising. For example,
looking at the literature, uric acid has an onset oxidation potential of ~300 mV
whereas adenine has an onset oxidation potential of around 900 mV.37%371 The
“active’ molecules also often contain carbonyl groups. Testing of wider variety
of molecules is needed to gain a deeper understanding of this phenomenon
but this preliminary work will help to determine the reasons behind the in-situ
laser enhancement observed in the hybrid system (section 5.5).

5.4.1 Activation of the laser enhancement

To further understand the behaviour of the different groups of molecules, tests
were performed where both “active” and “inactive” molecules were present.
First, a Ag@SnO: substrate was submerged in an aqueous solution containing
50 uM adenine and irradiated for 1 hour. The characteristic adenine peak at
735 cm™ is clearly visible but its height does not exhibit any significant changes
with irradiation (Figure 5.16). Then, 0.1 mM uric acid (an “active” molecule)
was added to the solution. A sudden and significant increase in the adenine
characteristic peak is observed (from 0.56 to 5.23 counts mW-! s*') (Figure
5.16b). The UA peaks at 636 cm™ and 1138 cm™' are also present in these
spectra (Figure 5.16a).
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Figure 5.16: (a) A heatmap showing how the spectra of a 50 uM adenine solution recorded
using a Ag@SnO: substrate change over time with the addition of 0.1 mM UA after 1 hour. (b)
The characteristic adenine (blue) and uric acid (orange) peak heights are plotted against time.
The position of these peaks in the spectra in (a) are indicated with blue and orange arrows.
To record laser enhanced adenine spectra without the presence of additional
peaks, the same test was performed with acetone as the “activator” molecule.
Acetone was chosen because it is a simple, well-understood ketone
(containing a carbonyl group like many of the “active” molecules) but does not
have a particularly strong Raman signal. As in the tests with UA, the acetone
“activated” the system and resulted in large enhancements in the adenine peak
(Figure 5.17). The discovery that the in-situ laser enhancement can be
activated using particular molecules is a significant finding which can help to
determine the mechanism behind the behaviour. This phenomenon could also
be harnessed for the indirect detection of molecules without strong Raman
signals. This is discussed further in section 5.6.2.
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Figure 5.17: (a) A heatmap showing how the spectra of a 10 uM adenine solution recorded
using a Ag@SnO: substrate change over time with the addition of 0.6 mM acetone after 20
minutes. (b) The characteristic adenine peak height is plotted against time. The position of this
peak in the spectra in (a) is indicated with a blue arrow.

5.5 Understanding the enhancement mechanism

The work presented in this chapter thus far has shown that the Ag@SnO2 NP
substrates exhibit an additional in-situ SERS enhancement when irradiated
with the Raman laser. This behaviour is interesting and potentially
advantageous for the detection of trace concentrations of analytes. However,
it is important to understand the mechanism behind this phenomenon. Based
on the results in the first half of this chapter, the following statements can be
made about the Ag@SnO2 hybrid SERS enhancement:

e |t is laser-induced — the increase in the SERS peaks starts when the
NPs are irradiated with the 633 nm laser (regardless of how long the
substrate has been submerged in the solution) and no increase is
observed when the laser is turned off.

e ltis irreversible (at least for the time periods and conditions tested) —
when the laser is turned off, the enhancement remains for at least 12

hours.

e It has only been observed for Ag@SnO2 NPs — it is not observed for
uncoated Ag NPs, SnO> NPs or Ag@SiO2 NPs and appears to be
unique to the hybrid system. However, there may be other NPs that
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have not been tested, that exhibit this behaviour, particularly other

plasmonic-metal metal oxide systems.

e |t appears to be specific to solid substrates and has not been observed

for colloidal substrates (Appendix Figure A.15).

e It is analyte dependent — some molecules exhibit the laser-induced
increase (“active”) and others do not (“inactive”). Currently, the active
molecules appear to be mildly reducing.

e |t is not analyte specific — it is possible to “induce” the SERS

enhancement for an “inactive” analyte by adding an “active” molecule.

Based on these observations and other research in the literature, particularly
PIERS research® and our group’s previous work using SnOz-coated gold
nanotriangles for SERS®%¢, two general possible explanations were
considered. The first is that over time, there is a laser-induced increase in the
oxygen vacancy density in the SnO2, enabling additional charge transfer and
boosting the electromagnetic and chemical enhancement of SERS. The
second suggestion is a laser-induced change in the geometry of the
nanostructure, which increases the electromagnetic enhancement component
of SERS. To investigate these possible mechanisms as well as understand
and characterise other observations which had been made, a series of

experiments were performed which are presented in the following section.

5.5.1 SERS with 785 nm laser

Since the Ag@SnO:2 enhancement is understood to be laser-induced, tests
were carried out to determine whether the time-dependent enhancement is
also observed for a 785 nm Raman laser as well as the usual 633 nm laser.
The measurement conditions were kept consistent with a laser power of 22
mW and an integration time of 7s. A standard Ag@SnO2 NP substrate was
tested in a 0.1 mM UA solution. The time-dependent enhancement was still
observed (Figure 5.18) with the 636 cm™' peak increasing from 0.009 to 1.098

counts mW-' s after 1 hour irradiation. The characteristic SERS peaks are
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generally lower than those recorded with the 633 nm laser (~1 vs. ~5 counts
mW-! s after 1 hour), which is to be expected as the Raman scattering
intensity is proportional to A* and 785 nm is further from the resonant
wavelength of the Ag@SnO: NPs. The fact that the laser-induced
enhancement is observed for both 633 nm and 785 nm irradiation is notable
as it implies that the behaviour does not rely on a particular laser wavelength,

unlike resonance Raman scattering for example.37?
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Figure 5.18: (a) A heatmap showing how the 785 nm laser SERS spectra of a 0.1 mM UA
solution recorded using a Ag@SnO: substrate change over time. (b) The characteristic UA
peak heights are plotted against time. The positions of these peaks in the spectra in (a) are
indicated with an orange and blue arrow.

Unlike the 633 nm HeNe laser which had a fixed power, it was possible to
adjust the power of the 785 nm solid-state laser in this set-up. A series of tests
were carried out where a Ag@SnO: substrate was irradiated for 15 minutes in
a 0.1 mM UA solution with a 785 nm laser at different laser powers from 10
mW to 130 mW. These laser powers are higher than those typically used in
most SERS measurements. However, due to the set-up of the sample holder,
the measurements are being taken at a focal distance with a large laser spot
size (~ 400 uM in diameter) so the energy density at the laser spot is well

below the recommended 1 mW/um? limit.373

The peak height at 636 cm™ is plotted against time for the different 785 nm
laser powers shown in Figure 5.19. The peaks height is normalised for the
laser power (i.e. plotted in counts mW-' s'). For laser powers up to 70 mW,
the enhancement in the 636 cm™ peak height after 15 minutes irradiation
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increases with laser power. Above 70 mW, the enhancement starts to level off
and then decreases at 130 mW. The rate of peak height increase also rises
with higher laser powers with the lower laser powers (50 mW and below)
exhibiting linear increases over the 15 minutes whereas the higher powers
(above 70 mW) increase quickly in the first 5 minutes and then start to plateau.
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Figure 5.19: The height of the characteristic UA peak at 636 cm’ plotted against time for a
Ag@SnO: substrate irradiated for 15 minutes in a 0.1 mM UA solution with a 785 nm laser at
different laser powers from 10 mW to 130 mW.

The fact the magnitude and rate of the enhancement both increase with laser
power further supports the belief that this phenomenon is laser-induced. It also
indicates that this behaviour could be related to plasmonic heating (section
1.3.6) as the heat generated through LSPR in a plasmonic nanoparticle
increases with higher laser powers. The lower peak heights observed at the
highest laser powers (above 70 mW) could indicate that the substrate is being
damaged by the laser, for example melting or sintering of the Ag NPs.
However, in this case, the spectra would likely exhibit a significant deterioration
rather than a slight reduction in signal intensity. It is also possible that the
adsorption of the analyte on the surface is being affected by the higher laser
powers (and increased temperatures). The possibility of substrate damage is
discussed further in section 5.5.3.

5.5.2 External heating investigation

Given the time dependence of the SERS signal increase and its correlation

with laser power, it seemed plausible that plasmonic heating, where heat is
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generated due to local surface plasmon resonance, could be playing a role in
the enhancement. Additionally, the absence of laser-induced enhancement for
colloidal substrates (Appendix Figure A.16), where particle diffusion leads to
less localized heating, further supports the idea that the enhancement could
be linked to plasmonic heating. To investigate this, a series of experiments
were carried out where the Ag@SnO: substrates were soaked in 0.1 mM UA
solutions of different temperatures. In these tests, a Ag@SnO: substrate was
submerged in a room temperature 0.1 mM UA solution and initial spectra were
recorded at three different positions (each spot was irradiated for 70 seconds).
The substrate was then placed in a centrifuge tube containing 0.1 mM UA
solution and held at a defined temperature (20, 40, 60 or 80 °C) for 1 hour.
Subsequently, the substrate was removed from the heated solution and
returned to the measurement holder containing room temperature UA solution.
The substrate was left to equilibrate for 15 minutes and then spectra were
recorded from three different positions on the surface. As a control, the same
process was carried out with another substrate but instead of removing the
substrate from the measurement holder and placing it in a heated solution, it
was irradiated with the 633 nm laser for 1 hour in three different positions.

The results of the heating tests are shown in Figure 5.20. The enhancement
due to the laser irradiation is much more significant than the enhancement due
to external heating. However, there is an increase in the 636 cm™ peak height
with heating. The substrate held at 80 °C displays an approximately 2x
enhancement in the SERS signal compared to the substrate held at 20 °C
(0.95 +0.12 vs. 0.40 + 0.08 counts mW-' s at 636 cm").
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Figure 5.20: (a) The intensity of the characteristic UA peak at 636 cm’’ before and after
external heating or laser irradiation in 0.1 mM UA solution. 3 points were measured on each
substrate. (b) The mean intensity of 636 cm’’ peak after external heating plotted again
temperature. The error bars are equal to +the standard deviation of three measurements.

In Figure 5.20b, there is a positive relationship between the external
temperature and the 636 cm™' peak height. A simple linear regression is fitted
to the data with moderate agreement (R? = 0.78). Extrapolating this line to find
the temperature needed to reach the mean peak height observed for the laser-
irradiated substrate results in a predicted temperature of 433 °C. This is higher
than the temperatures typically reported in the literature for plasmonic heating
(although a wide range of temperatures can be achieved depending on the
laser power and material, size, shape, and arrangement of the
nanoparticles).”® However, the relationship between the enhancement and the
temperature may not be linear. If the enhancement is the result of a chemical
reaction taking place between the analyte and the SnO, then the rate of the

reaction would depend exponentially on temperature, as described by the
Arrhenius equation (k « exp(%)), where k is the rate constant, E, is the

activation energy, R is the gas constant and T is temperature). If this is the
case, then it is possible that the peak heights achieved by the laser irradiation
could be matched at a much lower temperature, which may be within the

typical plasmonic heating range for continuous laser irradiation (~<250 °C).374
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It is difficult to draw conclusions from the current data as it was only possible
to test low temperatures (80 °C and below) with the equipment available.
Ideally, it would be better to measure the temperature of the system during
laser irradiation. However, it can be very difficult to measure the temperature
at the surface of the NPs during plasmonic heating’® and it was not possible
to measure the bulk temperature in-situ with the time and equipment available.
This is an area for further research but based on the positive relationship
between external temperature and the peak height increase as well as the
previous investigations into the laser power, it seems likely that plasmonic
heating is playing a role in the enhancement observed.

Another factor to consider is the potential role of hot electrons or hot carriers.
This is an area of significant debate that accompanies much of the discussion
around plasmonic heating.'*® Hot carriers are formed when a metal
nanoparticle absorbs a photon and promotes one electron from below the
Fermi level to a state high above the Fermi level.'%31% The energy gained by
the electron is equal to that of the incident photon (a few electronvolts in the
visible-NIR range). The electron-hole pair formed in this process only exists for
tens of femtoseconds due to collisions with other unexcited electrons in the
particle. However, in that time they can be transferred to molecules adsorbed
on the surface of the NP and activate chemical reactions.'"-3”%> Plasmonic hot-
carrier chemistry has been an area of substantial interest over the last few
years with researchers suggesting it has applications in nanochemistry92:376,
water splitting®’7-37° and artificial photosynthesis38%-382, However, there is still
significant debate over the underlying mechanism and the question of whether
plasmonic heat generation or hot charge carriers play a more significant role

in the catalysis remains.

In the case of this work, there is a possibility that hot electrons play a part in
the observed enhancement, particularly as hot carriers can exist for longer in
hybrid plasmonic-metal metal oxide systems than plasmonic metal
nanostructures.383-38 This is due to electron-hole separation which delays
recombination. However, even in hybrid systems, the lifetime of hot carriers is
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typically less than 100 femtoseconds.3®3 Considering that the laser-induced
enhancement typically increases for around an hour, it seems unlikely that hot
carriers are the primary reason for the enhancement. Nevertheless, there is
still a possibility that hot carriers are catalysing a reaction which leads to the
enhancement. It could be possible to investigate this further by studying the
SERS spectra of probe molecules that are particularly sensitive to hot carriers.
For example, the conversion of p-nitrothiophenol to 4,4'-
dimercaptoazobenzene is known to be triggered by hot carriers, so this
reaction is commonly used to study plasmon-induced photocatalysis.386-387

5.5.3 Morphological changes to the nanoparticle film
5.5.3.1 Observation of “dark spots”

As discussed above, the prolonged laser irradiation and the likely plasmonic
heating mean it is important to consider whether morphological changes are
taking place in the NP film. In particular, there is a possibility that the Ag NPs
are reshaping or sintering, which could lead to changes in the plasmonic hot
spots and consequently, the electromagnetic SERS enhancement. Another
key reason this possibility was considered is the presence of circular “dark
spots” which appear on the Ag@SnO: film at the measurement site after
sustained laser irradiation (Figure 5.21). The “dark spots” are approximately
0.6 mm in diameter (Appendix Figure A.16) and can be clearly identified as the
Ag@SnO2 normally has a silvery-blue appearance, and the “dark spots” are
black-brown.
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Figure 5.21: Optical images of the “dark spot” which appears on the Ag@SnO: film at the
SERS measurement site after sustained 633 nm laser irradiation for 1 hour in 0.1 mM UA
solution. The “dark spot” is indicated with a black arrow.

These “dark spots” could be the results of morphological changes, either
through an increase in surface roughness resulting in increased light scattering
or a change in the size or shape of the plasmonic nanoparticles causing a
colour change. However, there may be other reasons for the colour change.
SnO2 nanostructures with a high concentration of oxygen vacancies can
appear black so the “dark spot” could be due to an increase in the oxygen
vacancy density in the Sn0..38389 This would support the theory that the
observed enhancement is the result of an increase in the oxygen vacancy
density in the SnO2, enabling additional charge transfer and boosting the
chemical enhancement component of SERS.

5.5.3.2 SEM imaging of irradiated areas

To investigate the possible morphological changes at the “dark spots”, SEM
images were taken of the Ag@SnO: film after 1 hour irradiation with the 633
nm laser (ca. 22 mW) in a 0.1 mM UA solution (Figure 5.22). Comparing the
SEM images from the “dark spot” and the rest of the Ag@SnO2 NP film, there
is a noticeable difference in the nanostructure. The images from the “dark spot”
show a more irregular arrangement of NPs with more variation in the NP size
and spacing than the unirradiated area. Additionally, the images from the “dark
spot” display more variation in depth, resulting in a rougher appearance in
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contrast to the flatter and smother unirradiated areas. This could be increasing

the light scattering at the surface and causing the area to appear darker.

13 ”

Away from

%

“dark spot” From “dark spot

R XY
" S @ -'. ¥ .

8 -

Figure 5.22: SEM images of a Ag@SnO: NP substrate that had been used to measure SERS
spectra of 0.1 mM UA for 1 hour with a 633 nm laser. (a) was taken from an area away from
the measurement position and (b) was taken from the “dark spot” which had been irradiated
with the 633 nm laser for 1 hour. Accelerating voltage of 10 kV.

The next step was to try to understand whether these morphological changes
were the reason for the observed enhancement. To do this, a test was carried
out where a Ag@SnO: film was submerged in deionized water and a spot was
irradiated for 1 hour. The deionized water was then removed and replaced with
0.1 mM UA solution and SERS spectra were recorded from the same spot for
1 hour. If the enhancement is caused by laser-induced morphological changes,
the expectation would be to observe large UA peaks from the start (without the
time-dependent increase) as the pre-irradiation in water would have already
altered the nanostructure.

The results from the test are shown in Figure 5.23 and the time-dependent
laser-induced increase in the UA peaks is still observed despite the pre-
irradiation in water. These results are similar to those presented in section
5.4.1, where the enhancement of “inactive” molecules was activated through
the addition of “active” molecules. This observation further supports the idea
that the analytes molecules are playing an important part in the enhancement,
implying that the observed behaviour is not simply due to a morphological

change in the nanostructure.
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Figure 5.23: The height of the characteristic UA peak at 636 cm? plotted against time for a
Ag@SnO2 substrate. For the first 60 minutes, the SERS measurements are recorded in
deionized water. Then, the deionized water is removed and replaced with a 0.1 mM UA
solution and the same position is irradiated for a further 60 minutes.

When the Ag@SnO: film was irradiated in deionized water, the “dark spot” was
still observed and the same change in the nanostructure morphology can be
seen in the SEM images (Figure 5.24). This implies that the change in the
morphology is separate from the analyte-dependent enhancement which is

observed in the SERS signal.
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From “dark spot”

Figure 5.24: SEM images of a Ag@SnO2 NP substrate that had been used to measure SERS
spectra of deionized water for 1 hour. (a) was taken from an area away from the measurement
position and (b) was taken from the “dark spot” which had been irradiated with the 633 nm
laser (ca. 22 mW) for 1 hour. Accelerating voltage of 10 kV.

5.5.3.3 TEM imaging of irradiated nanoparticles

To further investigate the changes in morphology observed in the SEM images,
TEM images were taken of the Ag@SnO2 NPs before and after irradiation. To
do this, a needle was used to remove NPs from the substrate, either in an area
which had been irradiated for 1 hour (the “dark spot”) or in an area which had
not been irradiated. The entire substrate had previously been submerged in
0.1 mM UA solution. The NPs which were removed from the substrate were
mixed with water and then sonicated to re-disperse the particles. The colloidal
solutions were then drop-cast onto TEM grids and imaged. The re-dispersed
Ag@SnO2 NPs can be clearly seen in the TEM images (Figure 5.25).
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Figure 5.25: TEM images of Ag@SnO2 NPs which had been removed from the glass
substrates and re-dispersed. (a) shows particles which were taken from an area away from
the measurement position and the NPs in (b) were taken from the “dark spot” which had been
irradiated with the 633 nm laser for 1 hour in a 0.1 mM UA solution.

Comparing the images of the NPs from the “dark spot” and the rest of the film,
no significant differences were observed between the two sets of images in
terms of the size, shape, or coating of the nanoparticles. This was surprising
considering the differences observed in the SEM images (Figure 5.22). These
images are only a snapshot of the many thousands of particles in the
substrate, and it is difficult to ensure that only particles from the “dark spot”
were removed with the needle. So, there could be a difference which has not
been captured in these images. Alternatively, rather than causing a change in
the NPs themselves, the irradiation could be causing NPs to become detached
from the NP film. This would explain the difference in roughness observed in
the SEM images. Ideally, to understand this further, it would be helpful to TEM
image the same particles before and after irradiation. This may be possible
with very careful preparation the TEM grids and precise control of the laser
position and would be a valuable area of future research.

5.5.3.4 XPS of irradiated areas

To further investigate the “dark spots”, XPS was performed on six points on
the same Ag@SnO: substrate which had been submerged in a 0.1 mM UA
solution. Three of the points had been irradiated with the 633 nm laser for 1

hour (“dark spots”) and the other three points had not been irradiated. The
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normalized O 1s, Sn 3d and Ag 3d spectra are shown in Figure 5.26. No

consistent differences were observed in the spectra from the two areas.
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Figure 5.26: The XPS core level spectra of the (a) O 1s peak, (b) Sn 3d peaks, and (c) Ag 3d
peak from three irradiated spots (red) and three unirradiated spots (blue) on an Ag@SnO2 NP
Substrate which had been submerged in 0.1 mM UA. The spectra are min-max normalised,
and the binding energy scale was calibrated to the C 1s peak at 284.8 eV.

It should be noted that the literature contains many examples of researchers
using the O 1s XPS to identify the presence of oxygen vacancies in SnO.3%0-
392 However, this has now been debunked by XPS specialists.393-3% XPS relies
on measuring the kinetic energy of an electron removed from the core or
valence levels of an atom in a material. Therefore, it is not possible to measure
a photoelectron signal originating from a missing oxygen atom. The peak
which is erroneously attributed to oxygen vacancies (around 531 — 532 eV) is

actually the result of surface hydroxyls.3%

5.5.4 Quantifying the degree of charge transfer

The discussion of the mechanism thus far has suggested two general possible
explanations. The first is a laser-induced increase in the oxygen vacancy
density in the SnO., enabling additional charge transfer and boosting the
chemical enhancement component of SERS. The second suggestion is a
laser-induced change in the geometry of the nanostructure, which increases
the electromagnetic enhancement component of SERS. To try and determine
which of these explanations is more plausible or exhibits a major contribution,
it is important to establish whether the chemical or electromagnetic component
is responsible for the observed enhancement. Lombardi proposed a method
to determine the degree of charge transfer taking place in a SERS
measurement by comparing the b. (non-totally symmetric) and a1 (totally
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symmetric) vibrational modes of a probe molecule.?*® This approach is

commonly used to study charge transfer in hybrid SERS systems.397-400

In the charge transfer model proposed by Lombardi, the Frank-Condon
principle (LSPR - electromagnetic enhancement) is only responsible for the
enhancement of the totally symmetric vibrational modes of a molecule, while
the Herzberg-Teller effect (charge transfer - chemical enhancement) can
enhance totally and non-totally symmetric vibrational modes.?% Therefore, the

degree of charge transfer (p.r) can be calculated using the following equation:

_IK(CT) — I¥(SPR) |
Pcr = Ik(CT) + IO(SPR) Equat|0n 21

Where k is an identifier for a Raman band and I*(CT) is the intensity of a
Raman band which is affected by charge transfer. I°(SPR) is the intensity of a
totally symmetric line which is only enhanced by LSPR. If the Raman band, k,
is totally symmetric, then I¥(SPR) = I°(SPR). If it is not totally symmetric, then
I¥(SPR) is the intensity of the Raman band, k, without charge-transfer
contributions. Under normal conditions, I*¥(SPR) is expected to be small or
zero, while I°(SPR) is larger.3®® Therefore, Equation 21 can be simplified to

calculate the p.r of a b2 line to give:

- R — Iy
DPer = R+1,whereR—

ai

Equation 22

4-mercaptobenzoic acid (4-MBA) was chosen as the probe molecule for this
study as it has a well characterised Raman spectra.*! When choosing the a1
and b, peaks for analysis it is important to choose peaks which are in the same
region of the spectra with comparable heights to minimise disruption due to
other factors in the SERS measurement. Here, the a1 peak at 1185 cm™ and
the bz peak at 1142 cm™" were used.3%740" SERS spectra were recorded with a
Ag@SnO:2 NP substrate in a 10 uM 4-MBA solution for 1 hour.
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The spectra are shown in Figure 5.27 and the peaks used for the charge
transfer analysis are highlighted in Figure 5.27b. The degree of charge transfer
was calculated using equation 22 and is plotted with the characteristic peak at
1587 cm™ in Figure 5.28. There is a clear increase in the degree of charge
transfer with irradiation time (from 0.307 to 0.338 over 1 hour). This increase
in the degree of charge transfer is mirrored by the increase in the characteristic
4-MBA peak at 1587 cm™. These results indicate that additional charge
transfer is responsible for the observed enhancement. This supports the idea
that an increase in the oxygen vacancy density in the SnO> could be causing

the improvement in the SERS spectra.
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Figure 5.27: Successive SERS spectra of an aqueous 10 uM 4-MBA solution recorded over 1
hour with a Ag@SnO: substrate. The colour of the spectra indicates the irradiation time with
the initial spectra plotted in yellow and the final spectra plotted in blue. (a) shows the spectra
across the full Raman shift range and (b) shows the section of the spectra which is used to
calculate the degree of charge transfer. The largest characteristic 4-MBA peak at 1587 cm" is
indicated with a * in (a) and the a1 and b2 peaks used for the charge transfer calculation are
labelled in (b).
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Figure 5.28: The characteristic 4-MBA peak at 1587 cm" and the degree of charge transfer
calculated using the ar peak at 1185 cm" and the b2 peak at 1142 cm™" are both plotted against
time for spectra recorded in a 10 uM 4-MBA solution with a Ag@SnO: substrate.

5.5.5 Investigation of the SnO2 SERS peaks

The changes in the relative peak heights indicate that the observed

enhancement is the result of charge transfer processes. Previous research
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into hybrid SERS, particularly the PIERS work, has shown that charge transfer
in plasmonic-metal metal oxide systems is often due to oxygen vacancies,
which create donor states in the metal oxide and enable the excitation of
electrons from the semiconductor to the plasmonic metal.f%¢! To determine
whether the oxygen vacancies (Vo) are responsible for the enhancement, it
would be helpful to observe how the oxygen vacancy density changes during
laser irradiation. However, it can be challenging to characterize the oxygen
vacancies in a metal oxide — by definition, it is difficult to measure the absence
of an atom and ex-situ characterization is problematic due to vacancy
healing.?? One approach is to look at the Raman signal of the SnO; itself. There
has been some work linking the SnO. peaks to different types of oxygen
vacancies in SnO2 nanostructures.*%?-40 Lju et al. studied Raman spectra of
spherical SnO2 nanocrystals annealed at different temperatures and identified
peaks at 573 cm™ and 618 cm™.402 They linked the 573 cm™' peak (As) to the
presence of in-plane V, and suggested that the peak at 618 cm™' was due to a
downshifting of the A1g mode in the presence of bridging V.. However, it is
important to note that there is limited published work in this area and these

assignments may not necessarily be reliable.

The SERS spectra recorded using the Ag@SnO2 NP substrates normally
contain the broad SnO: peak at 573 cm™'. However, it can often be difficult to
study as it can become obscured by more dominant analyte peaks and it is
hard to distinguish increases in this peak from the general SERS signal
enhancement observed with sustained laser irradiation. To avoid these
disruptions, a SERS test was carried out in 0.1 mM acetone. Acetone was
chosen as it is known to be a “active” molecule (section 5.4.1) and has a simple
SERS spectrum which is dominated by one peak at 788 cm™'. The SERS
spectra in the wavelength range of interest are plotted in Figure 5.29. The
broad SnO; peak at 573 cm™" (As) can be clearly identified, it increases initially
before plateauing and shifting slightly to the right (larger Raman shifts). The
A1g peak is not visible initially but increases with irradiation time until a clear

shoulder is observed in the SnO> peak.
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Figure 5.29: A zoomed-in section of successive SERS spectra recorded over 1 hour in an
aqueous 0.1 mM acetone solution with a Ag@SnO: substrate. The colour of the spectra
indicates the irradiation time with the initial spectra plotted in yellow and the final spectra
plotted in blue. The As and A1g peaks, linked to SnO2 containing in-plane and bridging oxygen
vacancies respectively, are labelled.

The height of the As and A1g4 peaks are plotted in Figure 5.30 along with the
ratio of the two peaks. The relative height of the A1g increases with irradiation
time, rising rapidly in the first 15 minutes and then plateauing. Based on the
previous work relating the Raman peaks to the SnO> defects, these results
imply that the relative density of bridging oxygen vacancies is increasing with
laser irradiation.#%2403 With the information currently available, it is difficult to
discern how this relates to the enhanced SERS signals. However, studying the
literature related to SnO> gas sensors (the focus of most SnO> research), it
seems that bridging oxygen vacancies play a more significant role in charge
transfer processes than in-plane oxygen vacancies.3¢54% |f this is also the
case in this system, then this could help to explain the observed enhancement.
In theory, laser irradiation could increase the density of bridging oxygen
vacancies, enabling additional charge transfer, and boosting the chemical
enhancement component of SERS. However, more research is needed to
substantiate this theory and it is possible that this observation may be an
incidental consequence of the enhancement mechanism rather than its

primary cause.
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Figure 5.30: (a) The height of the SnO:2 peaks linked to in-plane (blue) and bridging (orange)
oxygen vacancies are plotted against irradiation time for spectra recorded in a 1 mM acetone
solution with a AQ@SnO: substrate. (b) shows the ratio of the two peak heights (616 cm™/572
cm).

5.5.6 Mechanism discussion

The current theory for the in-situ laser induced SERS enhancement is that an
increase in the bridging oxygen vacancy density in the SnO:2 results in
additional charge transfer. The next question is how does the laser irradiation
increase the oxygen vacancy density? The results in section 5.4 revealed that
the enhancement is analyte dependent, and an “active” molecule is needed to
observe the increase in the SERS signal. The “active” molecules are generally
reducing and have lower oxidation potentials than the “inactive” molecules.
Therefore, it seems plausible that a redox reaction between the “active”
molecule and the SnO: is creating the additional oxygen vacancies. Reducing
molecules have been shown to generate oxygen vacancies in SnO, either
through the adsorption of reducing gases in SnO2 gas sensors®54%7 or pre-
treatment with strong reducing agents like NaBH4*%8-411_ |t is possible that this
redox reaction is being made possible by plasmonic heating, which would help
explain the laser dependence of the observed behaviour and the plasmonic
heating results in section 5.5.2. Based on all the results presented in this
section, the current proposed mechanism is as follows: The reducing “active”
molecules undergo a redox reaction at the SnO: surface, which generates
additional bridging oxygen vacancies. This reaction is made possible by
plasmonic heating in the Ag NPs. The additional oxygen vacancies enhance
the SERS signal by boosting the chemical enhancement through additional

charge transfer.
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This is a tentative proposed mechanism, and more research is needed to
substantiate it. It would be beneficial to gain a deeper understanding of the
behaviour of the “active” and “inactive” molecules to give a clearer picture of
the redox reactions taking place. Testing a wider variety of analytes would help
with this and it would also be interesting to study how the concentration of the
different analytes influence the enhancement. It was not possible to study how
the UV-vis spectrum of the Ag@SnO2 NP films changed with laser irradiation
with the available time and equipment. However, this approach has been used
previously to study the change in the electron density of the plasmonic
nanoparticles in hybrid systems and could be a useful way of substantiating
the current proposed mechanism.®0366412 Finally, it would be interesting to
explore other plasmonic-metal metal oxide core-shell nanoparticles,
particularly Ag@TiO2 NPs, to ascertain whether similar enhancements are

seen for these systems.

5.6 Applications
5.6.1 Uric acid quantification

After discovering the in-situ laser enhancement of the Ag@SnO. NP
substrates and delving into the mechanism behind this behaviour, the final step
was to investigate the potential applications of this phenomenon. The detection
of uric acid with the Ag@SnO2 NP substrates has already been studied and
significant laser-induced enhancements were observed. As discussed
extensively in Chapter 3 and Chapter 4, UA is an important biomarker for
several conditions, including preeclampsia, gout, and cardiovascular disease.
An investigation was carried out to assess whether the Ag@SnO2 NP
substrates could be used for the quantitative detection of UA and evaluate
whether their LoD could rival that achieved by the Ag NP E-SERS system. The
concentration of the UA solution was gradually increased from 0 uM to 100 uM
and a new position was irradiated on the Ag@SnO2 NP substrate for each
concentration. The characteristic peak at 636 cm™' is plotted against time for
each UA concentration in Figure 5.31 and the spectra recorded after 60
minutes irradiation are compared in Figure 5.32. The UA characteristic peak

increases over irradiation time for all the UA concentrations. After 60 minutes
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irradiation, the peaks can be clearly distinguished for all the UA concentrations

including the 1 uM solution.
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Figure 5.31: The height of the characteristic UA peak at 636 cm plotted against time for a
Ag@SnO: substrate irradiated for 60 minutes in a solution containing between 0 - 100 M UA.
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Figure 5.32: SERS spectra of UA solutions with concentrations ranging from 0 uM to 100 uM
recorded after 1 hour of irradiation. The characteristic UA peak is indicated with a *.

The heights of the 636 cm™" peak in the initial spectra and the final spectra are
compared in Figure 5.33a. This clearly illustrated the benefit offered by the in-
situ laser enhancement. Without laser irradiation, it is not possible to
distinguish between the different UA concentrations but after 1 hour irradiation,
there is a clear positive correlation between the peak height and the analyte
concentration. However, the relationship is not particularly strong (R? = 0.81).
For the higher concentrations, the 636 cm' peak height started to plateau after
around 20 minutes and there was not a significant difference in the final heights
for the 5 — 50 uM solutions. However, it was possible to observe a difference
in the initial rate of increase of the characteristic peak. The initial gradient of
the 636 cm' peak increase is plotted against UA concentration in Figure 5.33b.
This shows a much stronger relationship (R? = 0.98), although it should be
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noted that only one measurement was performed for each concentration due
to time constraints and much more testing would be needed to properly assess
the quantitative sensing ability of this system.
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Figure 5.33: (a) The peak height at 636 cm™ plotted against UA concentration for the initial
spectra recorded using the Ag@SnO: NP substrate (blue) and the spectra recorded after 60
minutes of irradiation. A linear relationship is fitted between log(concentration) and peak height
for concentrations from 1 uM to 100 uM. (b) The initial gradient of the 636 cm™ peak height
increase plotted against UA concentration. A linear relationship is fitted between
log(concentration) and gradient for concentrations from 1 uM to 100 uM.

The strong relationship between the rate of increase and the analyte
concentration shows how the dynamic nature of the Ag@SnO2 SERS spectra
could be utilised for quantitative detection. The LoD was calculated as 3.3
times the standard error of the slope in Figure 5.33b (divided by the slope (i.e.
3.30/S).2% This resulted in a LoD of 0.32 uM. As a comparison, the UA LoD
for the Ag NP E-SERS system was 0.13 uM. It is promising to see that the
initial tests of the Ag@SnO:2 system can achieve comparable limits of detection
to the optimised E-SERS system without the need for external applied
potential. However, more testing is needed to give a representative R? and
LoD, and properly assess the performance of this system.

5.6.2 Detection of 3-hydroxybutanoic acid

The “activation” tests in section 5.4.1 demonstrated that the addition of an
“active” molecule could be used to induce the laser enhancement of an
“‘inactive” molecule. The “activator” molecule does not need to be a strong

Raman scatterer itself, so the possibility that the Ag@SnO- system could be
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used to indirectly detect weak Raman scatterers was explored. This is a similar

approach to the one used in SERS tag systems.?8

Ketosis is a metabolic state that is characterized by increased levels of ketone
bodies (acetone, acetoacetic acid and 3-hydroxybutanoic acid (3-HB)) in the
blood or urine and is the result of low glucose availability.2° The uncontrolled
production of ketones can result in ketoacidosis, a serious medical condition
which most commonly affects people with diabetes. 3-HB is the ketosis
biomarker detected in commercial sensors and blood 3-HB concentrations of
over 1 mM indicate elevated levels of ketosis.?® Many of the hybrid SERS
“active” molecules are ketones or carboxylic acids and the ketone bodies
produced by ketosis are not strong Raman scatterers so the feasibility of using
laser-enhanced Ag@SnO> SERS to detect ketoacidosis was investigated.

A Ag@SnO: substrate was submerged in an aqueous solution containing 10
uM adenine (an “inactive molecule”) and irradiated for 60 minutes. 1 mM of 3-
HB was then added and a rapid increase in the adenine peak at 735 cm™ was
recorded (Figure 5.34). The adenine peak increased by over 16 times from
2.28 to 37.05 counts mW-! s over 60 minutes. No new peaks from the 3-HB

were observed.
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Figure 5.34: (a) A heatmap showing how the spectra of a 10 uM adenine solution recorded
using a Ag@SnO: substrate change over time with the addition of 1 mM 3-hydroxybutanoic
acid after 60 minutes. (b) The characteristic adenine peak height is plotted against time. The
position of this peak in the spectra in (a) is indicated with a blue arrow.

This indirect detection approach is not specific as it is only possible to detect
the general presence of “active” molecules rather than a “fingerprint” of a
particular analyte as in SERS. However, since ketoacidosis is characterised
by significantly elevated levels of ketones and the Ag@SnO: system is
particularly sensitive to ketones, it may be possible to measure a difference in
the laser-induced SERS enhancement for patients in ketoacidosis versus
healthy patients. Initial tests were carried out in human blood serum to assess
the feasibility of this idea. As expected, the SERS spectra of undiluted human
blood serum recorded using the Ag@SnO- substrates were extremely noisy,
and it was not possible to identify any specific peaks (Figure 5.35a). However,
when the serum was diluted 100x with deionized water, it was possible to
identify some SERS peaks including the SnO2 peak at 573 cm™'. Unsurprisingly
considering the plethora of different molecules in human blood serum, the
peaks increased with laser irradiation (Figure 5.35b).

A series of tests were then carried out with a solution containing 100x diluted
human blood serum (1%) and 1 uM adenine. Different concentrations of 3-HB
were then added based on 100x dilutions of clinically relevant levels. These
concentrations ranged between 5 uM and 50 uM which correspond to serum
concentrations of 0.5 — 5 mM; over 1 mM is an indicator of ketosis. A significant
laser enhancement was observed for all the concentrations (Figure 5.35b).

However, it was not possible to identify a quantitative relationship between the
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3-HB concentration and the magnitude or increase in the adenine
characteristic peak. This is probably because human blood serum itself has a
high concentration of “active” molecules, so the relatively low concentrations
of additional 3-HB do not make a discernible difference to the enhancement.
The variability observed across and between the substrates means that a
significant difference in SERS response is needed for sensitive quantitative
detection. The prospect of ketosis detection using the Ag@SnO- substrates
could be revisited if additional functionalities, such as analyte filtering or
separation within the blood serum, are incorporated into the system.
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Figure 5.35: (a) SERS spectra recorded using Ag@SnO: substrates in undiluted (blue), 10x
diluted (10%) (orange), and 100x diluted (1%) (green) human blood serum. The red line shows
the spectra for 100x diluted human blood serum after 1 hour of laser irradiation. (b) The height
of the characteristic adenine peak at 735 cm’’ plotted against time for a AQ@SnQ: substrate
irradiated for 60 minutes in a solution containing between 5 - 50 uM 3-hydroxybutanoic acid
(3-HB) and 1% human blood serum.

5.6.3 Detection of ketamine
5.6.3.1 Detection in water

Ketamine is a dissociative anaesthetic commonly used in veterinary and
human medicine.*'? It has also gained popularity as a recreational drug due to
its hallucinogenic and dissociative effects. Driving under the influence of
ketamine is an area of increasing concern as the drug can induce sedation,
alter perception of time and space, and impair judgment.#'3#15> Current
detection methods include lateral flow-based rapid oral fluid test kits, which are
not quantitative and have limited sensitivity, and specialised and expensive
lab-based techniques, such as liquid chromatography—mass spectrometry
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(LC-MS). As such, there is a need for quick, cost-effective, quantitative

ketamine sensors.

An investigation was carried out to determine whether laser-enhanced
Ag@SnO2 NP substrates could be used to detect ketamine. The Ag@SnO:
NP substrates were submerged in solutions containing 1 uM to 100 uM
ketamine and irradiated for 60 minutes. Characteristic ketamine Raman peaks
were identified at 612, 770, 1313, 1366, and 1513 cm™" with the largest being
observed at 1513 cm™ (Figure 5.36).
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Figure 5.36: (a) SERS spectra of ketamine solutions with concentrations ranging from 0 ¢M to
100 uM recorded after 1 hour of irradiation with AQ@SnO:2 NP substrates. The characteristic
ketamine peak is indicated with a *. (b) A zoomed-in section showing the spectra for the 0 uM
to 10 uM ketamine solutions.

These peaks display the typical in-situ laser enhancement (Appendix Figure
A.17) and after 60 minutes irradiation can be clearly distinguished at
concentrations down to 5 uM. There is a strong relationship between the
intensity of the 1513 cm™' peak and the ketamine concentration (Figure 5.37).
However, more tests are needed to give a representative R? and properly
assess the performance of this system. There was also a good correlation

between the initial gradient of the peak increase and the concentration
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(Appendix Figure A.18). These results were compared to previous data
collected by a member of our group, Alice Cozens, using Ag NPs to detect
ketamine (Appendix Figure A.19). The Ag NPs displayed much smaller
characteristic SERS peaks (10.5 vs 49.8 counts mW-"' s for a 100 uM solution)
and it was only possible to distinguish the ketamine peaks for solutions with
concentrations greater than 20 uM. This highlights the benefits offered by the

laser-enhanced Ag@SnO: system for the detection of trace analytes.
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Figure 5.37: (a) The peak height at 1513 cm plotted against ketamine concentration for the
spectra recorded using Ag@SnQO2 NP substrates after 1 hour laser irradiation (blue) and the
spectra recorded using Ag NP substrates collected by Alice Cozens (red). A linear relationship
is fitted between the concentration and peak height for concentrations from 1 uM to 100 uM.

5.6.3.2 Detection in synthetic saliva

After the success of the initial ketamine detection tests, the next step was to
carry out tests in synthetic saliva to simulate real-world use. The synthetic
saliva contained KH2POa, NaCl, CaCl; and NaOH and was used undiluted.?®’
Real human saliva is much more complicated than this, however, this was
used as a starting point to test the system. The Ag@SnO- NP substrates were
submerged in ketamine-spiked synthetic saliva solutions and irradiated for 60
minutes. The characteristic ketamine peaks could be clearly identified, and
they were actually significantly larger than those recorded in the aqueous
solutions (Figure 5.38). The reason for this is unclear. One possibility is that
the salts present in the synthetic saliva could be enhancing the SERS signals,
potentially through reduction reactions which form additional oxygen
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vacancies as discussed in section 5.5.6. Alternatively, it could be attributed to
the general improvements that had been made to the Ag@SnO:2 substrate
fabrication process as these results were collected much later in the project.
Due to time constraints, it was not possible to investigate this further.

SERS spectra were recorded from three different positions on an Ag@SnO:
NP substrates submerged in a synthetic saliva solution containing between
0.05 uM and 1 uM. It was possible to distinguish the characteristic peak for all
the ketamine solutions. There is a strong relationship between the intensity of
the 1513 cm™ peak and the ketamine concentration (Figure 5.39). A linear
relationship is fitted between log(concentration) and peak height for

concentrations from 0.05 uM to 1 uM with good agreement (R? = 0.91).
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Figure 5.38: (a) SERS spectra of synthetic saliva solutions containing between 0 uM to 1 uM
ketamine recorded after 1 hour of irradiation with Ag@SnO2 NP substrates. The spectra
plotted are the mean spectra calculated from three different spots on the substrates. The
characteristic ketamine peak is indicated with a *.

20.01
17.51
15.01
12.51
10.0;
7.5
5.0
2.5

0.0 1 ' '
0.05 0.10 0.20 0.50 1.00
Ketamine concentration (uM)

1513 cm~! peak height
(counts s~Imw~-1)

Figure 5.39: (a) The peak height at 1513 cm™" plotted against ketamine concentration for the
spectra recorded using Ag@SnO2 NP substrates after 1 hour laser irradiation. A linear
relationship is fitted between the log(concentration) and peak height for concentrations from
0.05 uM to 1 uM.
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5.6.3.3 Improved measurement conditions

The results presented above were encouraging; however, the practicality of
the Ag@SnO:2 system is limited by the need for approximately 1 hour of
irradiation to reach the maximum peak heights. The 785 nm laser tests in
section 5.5.1 had shown that increasing the laser power could speed up the
in-situ enhancement and give large SERS signals. The 633 nm laser had a
fixed power; however, the measurement setup was adapted so that spectra
could be recorded at a focal distance which was closer to the focal point of the
laser. This reduced the laser spot size and increased the power density within
the measurement area. Using these new measurement conditions, the
maximum peak heights were reached within 15 minutes (Appendix Figure
A.20) and much larger peaks were recorded (~30x larger) which enabled the

detection of lower concentrations of ketamine.

SERS spectra were recorded from three different positions on a Ag@SnO2 NP
substrates submerged in a synthetic saliva solution containing between 0.5 nM
and 200 nM. The substrates were irradiated for 15 minutes. The new
measurement conditions meant it was possible to distinguish the characteristic
peak for all the ketamine solutions, down to 0.5 nM (Figure 5.40).
Unfortunately, due to the sensitivity of the system and the fact that the 3D-
printed PLA substrate holder is difficult to properly clean, there were some
contamination issues, and occasionally ketamine peaks were detected in the
pure synthetic saliva solution (0 nM ketamine). However, they were still smaller
than the peaks observed for the lowest concentration ketamine solution (the
1513 cm™ peak was 29.0 + 0.03 for the 0.5 nM solution and 23.0 + 14.8 for the
“0 nM” solution). Improving the robustness of the measurement set-up in the

future should be able to eliminate this problem.
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Figure 5.40: SERS spectra of synthetic saliva solutions containing between 0 nM to 200 nM
ketamine recorded after 15 minutes irradiation with Ag@SnO:2 NP substrates using the
improved measurement position. The spectra plotted are the mean spectra calculated from
three different spots on the substrates. The characteristic ketamine peak is indicated with a *.
There is a strong relationship between the intensity of the 1513 cm™' peak and
the ketamine concentration (Figure 5.41). Alinear relationship is fitted between
log(concentration) and peak height for concentrations from 0.5 nM to 200 nM
with good agreement (R? = 0.87). The limit of detection (LoD) was calculated
as 3.3 times the standard error of the slope of the calibration line divided by
the slope (i.e. 3.36/S). The LoD for the detection of ketamine using Ag@SnO-

substrates after 15 minutes irradiation was 0.342 nM.
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Figure 5.41: (a) The peak height at 1513 cm™" plotted against ketamine concentration for the
spectra recorded in synthetic saliva using Ag@SnO: NP substrates after 15 minutes irradiation
at the improved measurement position. A linear relationship is fitted between the
log(concentration) and peak height for concentrations from 0.5 nM to 200 nM. The error bars
are equal to +the standard deviation of three measurements.

The LoD of 0.342 nM offers a significant improvement over the current non-
quantitative commercial sensors. The advertised ketamine cut-off values for
three rapid oral fluid testing devices, the DrugWipe® 6S, Ora-Check® and
SalivaScreen®, are 21 nM, 210 nM and 105 nM respectively.#'® However, a
study by Tang et al. evaluated these devices and found that they had poor
sensitivity — 43% for DrugWipe® 6S, 60% for Ora-Check® and 71% for
SalivaScreen®.4'® Studies testing the saliva of ketamine users have found
concentrations from ~25 nM to ~230 uM with median concentrations of
approximately 1 uM.416417 As these typical concentrations are significantly
higher than the 0.311 nM LoD, it may be possible to dilute the saliva before
performing SERS measurements, which could help to minimise disruption
from possible polluting molecules in the saliva. This study is preliminary, and
more research is needed to determine the sensor’s performance with real
human saliva samples. Nevertheless, the laser-enhanced hybrid SERS
system offers a promising tool for rapid, inexpensive illicit drug detection.

5.7 Conclusions

This chapter has demonstrated the in-situ laser enhancement of hybrid

Ag@SnO: NP substrates for SERS. An unexpected, time-dependent increase

in the SERS signal was observed when the Ag@SnO2 NP substrates were
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irradiated with a 633 nm laser. For a 0.1 mM UA solution, the characteristic
SERS peak increased by 19x over 60 minutes of irradiation and the
enhancement was stable for at least 12 hours. Analysis of uncoated Ag NPs,
SnO2 NPs or Ag@SiO2 NPs revealed that this behaviour was only observed
for Ag@SnO2 NPs. The laser-induced enhancement was revealed to be
analyte dependent (reducing molecules were generally “active” whilst oxidising
molecules were normally “inactive), but not analyte specific as it was possible
to “induce” the SERS enhancement for an “inactive” analyte by adding an

“active” molecule.

Extensive testing was carried out to determine the mechanism behind this
enhancement using SEM, TEM, XPS and in-depth analysis of the SERS
spectra. Based on this work, the proposed mechanism is that reducing “active”
molecules undergo a redox reaction at the SnO: surface, which generates
additional bridging oxygen vacancies. This reaction is made possible by
plasmonic heating in the Ag NPs. The additional oxygen vacancies enhance
the SERS signal by boosting the chemical enhancement through additional
charge transfer. To further substantiate this theory, more investigation is
needed into the potential redox reactions taking place at the surface and it
would also be useful to determine whether this phenomenon is observed for
other hybrid systems.

Potential applications of the Ag@SnO. NP system were investigated.
Quantitative detection of uric acid using the rate of increase of the
characteristic SERS peaks was demonstrated. A preliminary LoD of 0.32 uM
was achieved, which is only slightly higher than the 0.13 uM detection limit
realised by the optimised Ag NP E-SERS system, and crucially the hybrid
system does not require an external applied potential. The indirect detection
of the ketosis biomarker, 3-hydroxybutanoic acid, was also explored. This was
successful in an aqueous detection but was not practical in human blood
serum due to the other activator molecules present in the complex fluid. Finally,

quantitative detection of ketamine in synthetic saliva was demonstrated. A limit
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of detection of 0.342 nM was achieved, which offers a significant improvement

over the current non-quantitative commercial sensors.
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Chapter 6 Conclusions and future work

6.1 Conclusions

SERS is a powerful analytical technique that has been the focus of significant
research over the last 50 years. Despite its potential, it is still yet to achieve
clinical use. This thesis has explored ways to boost the sensitivity, selectivity,
and interpretability of SERS using electrochemistry, hybrid nanomaterials, and
machine learning for the detection of biomarkers and other trace analytes.

Simple Ag NP electrodes were fabricated and used to detect uric acid and
creatinine with E-SERS. Applying a potential to the SERS electrodes resulted
in significant enhancement of the Raman signal of these analytes and enabled
lower concentrations to be detected compared to conventional SERS.
Crucially, the applied potential also facilitated the controlled adsorption of UA
and CRN on the Ag NP surface, which enabled the selective enhancement of
particular characteristic peaks and therefore, the simultaneous detection of the

analytes.

Research was carried out to assess the reliability and robustness of the Ag
NP/FTO electrodes. A series of improvements were implemented including
coating the FTO-coated glass with APTES to improve the adhesion of the Ag
NP film; using R6G as an internal standard to normalise the E-SERS spectra
and applying negative potentials to remove the adsorbed citrate on the Ag NP
surface. These improvements enabled the quantitative detection of UA and
CRN. At the optimal applied potentials, the E-SERS system achieved limits of
detection of 0.127 uM (UA) and 0.354 uM (CRN) with linear ranges of 1 — 100
uM and 1 — 1000 uM, respectively. The LoD for UA is significantly lower than
the concentrations previously detected by colloidal Ag NP E-SERS systems
(0.1 mM)?%8209 and comparable to many of the results achieved for more
complex nanofabricated electrodes.?#2340 Quantitative E-SERS detection of
CRN has not been reported previously but the LoD compares favourably to the
results achieved for sophisticated SERS set-ups.317:342-345
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Despite the improvements implemented, there are still issues with the
variability in the SERS signal across and between electrodes which reduces
the reliability of the quantitative detection. Although using R6G as an internal
standard helps reduce this issue, there are concerns over the competitive
adsorption of the target analytes and the R6G molecules and the consistency

of the enhancement of the R6G signal at different applied potentials.

An extensive UA/CRN E-SERS dataset was collected, and different machine
learning approaches were applied to interpret the spectra. ML has not
previously been used for quantitative E-SERS but it is a promising approach
as the applied potential offers an additional dimension for the ML analysis,
enabling greater differentiation between the spectra recorded from complex
multiplexed solutions. Using ML-based concentration prediction also reduces
the need for time-consuming visual inspection of SERS spectra by trained

operators, increasing the practicality of SERS as an analytical technique.

A two-step PLSR-MLP algorithm was developed which was able to predict the
analyte concentrations of unseen spectra with a prediction accuracy of 0.94.
The root mean square error of prediction (RMSEP), which can be taken as an
indication of the limit of detection of the system, was 5.93 uM for UA and 84.7
uM for CRN. To our knowledge, this is the first demonstration of quantitative,
multiplexed detection using E-SERS. These are promising results; however,
machine learning relies on large datasets to make reliable predictions.
Increasing the size of the UA/CRN E-SERS dataset (to > 10,000 spectra)
would help to improve the robustness of the model and reduce the RMSEP. It
is also important to recognise that ML models can sometimes be “black boxes”
and it is difficult to know how they are making their predictions so care must
be taken to make sure the dataset is reliable and representative.

Finally, proof-of-concept experiments were performed in dilute synthetic urine
to demonstrate the detection of clinically relevant concentrations of UA and
CRN. These tests were preliminary, and more work is needed to achieve

quantitative detection of these analytes in complex media. Competitive
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adsorption of other molecules in urine would likely dampen the detection of the
target analytes and synthetic urine is still much simpler than real human urine
which is highly variable. Furthermore, to verify multiplexed detection three or
more analytes would need to be studied.

Recent work has demonstrated that hybrid plasmonic metal-metal oxide
systems can be used to boost the chemical component of the SERS
enhancement. Building on this work, tin dioxide-coated silver nanoparticles
(Ag@SnO2 NPs) substrates were fabricated and tested. An unexpected
increase in the SERS signal was observed when the Ag@SnO2 NP substrates
were irradiated with the Raman laser, resulting in a ~20x enhancement in the
analyte peak heights. The laser-induced enhancement was stable for at least
12 hours and only observed for Ag@SnO2 NPs.

Extensive testing was conducted to determine the mechanism behind this
enhancement using in-depth analysis of the SERS spectra, SEM, TEM and
XPS. Based on this work, the proposed mechanism is that reducing molecules
undergo a redox reaction at the SnO2 surface, which generates additional
bridging oxygen vacancies. This reaction is made possible by plasmonic
heating in the Ag NPs. The additional oxygen vacancies enhance the SERS
signal by boosting the chemical enhancement through additional charge
transfer. However, this is a tentative proposal, and other factors, particularly
morphological changes in the nanostructure, could play a part in the

enhancement.

The large peaks observed for the in-situ enhanced Ag@SnO- NP substrates
meant that they could be used to detect trace concentrations of target analytes.
The rate of increase of the characteristic SERS peaks was used to
quantitatively detect uric acid, achieving a preliminary LoD of 0.32 pM. This is
only slightly higher than the 0.13 uM detection limit achieved by the optimised
Ag NP E-SERS system, and crucially the hybrid system does not require an
external applied potential.
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The indirect detection of the ketosis biomarker, 3-hydroxybutanoic acid, was
also explored. This was successful in an aqueous solution but was not
practical in human blood serum due to the plethora of other molecules present
in the complex fluid. Finally, quantitative detection of ketamine in synthetic
saliva was demonstrated. A limit of detection of 0.342 nM was achieved, which
offers a significant improvement over the current non-quantitative commercial
sensors. However, it is important to recognise that the Ag@SnO2 NP system
is extremely sensitive to the presence of other reducing molecules, and it may

struggle to achieve the same results in real human saliva.

6.2 Future work

The variability in the SERS signal across and between the Ag NP/FTO
electrodes is still a concern which limits the reliability of the E-SERS system.
The drop-cast colloidal NP fabrication approach was chosen due to its
accessibility and simplicity. However, more sophisticated methods such as
nanosphere lithography can produce much more uniform nanostructures but
rely on specialist equipment. Going forward, it would be useful to properly
evaluate the cost of these fabrication processes on a larger scale and the
improvements they offer to determine if this would be a better approach for

low-cost healthcare sensing.

In terms of the E-SERS detection of UA and CRN, the next step would be to
build up a similar E-SERS dataset in synthetic urine. This dataset could then
be used to train a two-step PLSR-MLP machine learning algorithm which could
perform multiplexed quantification. Ideally, this dataset would be larger than
the one described in this chapter (over 10,000 spectra) to improve the
robustness of the model. A more representative test would be to perform the
same process with clinical urine samples. This would be very valuable for
determining how complex solutions might affect the E-SERS spectra, either
through competitive adsorption on the Ag NP surface or the overlapping of
characteristic peaks, and illustrating how the applied potential might overcome
some of these issues. It will also be important to study how the ML algorithms

handle the variability which is present in real human samples. More broadly,
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these approaches could be employed to detect a variety of biomarkers in urine
(or other bodily fluids). Combining E-SERS and ML with portable Raman
spectrometers could bring SERS closer to a clinical reality as a fast, cost-
effective tool for biomarker detection.

In Chapter 5, the reason for the in-situ laser-enhancement of the Ag@SnO:
NPs SERS signal was investigated. A proposed mechanism was presented
which centred around the generation of additional oxygen vacancies; however,
more investigation is needed to substantiate this theory. In particular, greater
understanding is needed of the redox reactions taking place at the SnO2
surface. It would be useful to perform a more in-depth study of the “active” and
“‘inactive” molecules, potentially by analysing the behaviour of a series of
molecules which only differ by one functional group. It may also be helpful to
perform some tests in a much smaller measurement cell to see whether it is
possible to identify any changes in the SERS spectra as the analyte molecules
undergo the redox reactions.

Looking at the nanostructure itself, it would be interesting to investigate how
the UV-vis spectrum of the Ag@SnO2 NP films changed with laser irradiation.
This approach has been used previously to study the change in the electron
density of the plasmonic nanoparticles in hybrid systems and could be a useful
way of substantiating the current proposed mechanism.60:366.412 |t would also
be helpful to observe the Ag@SnO2 NP under the TEM before and after
irradiation to determine whether any changes in shape or size are occurring.
This may be possible with very careful preparation of the TEM grids and
precise control of the laser position or with sophisticated in-situ TEM. Finally,
it would be interesting to explore other plasmonic-metal metal oxide core-shell
nanoparticles, particularly Au@SnO2 and Ag@TiO2 NPs, to ascertain whether

similar enhancements are seen for these systems.

For the applications of the Ag@SnO2 SERS system, further testing should be
performed to accurately determine the detection limit for UA and experiments
should also be performed in synthetic urine to assess how the presence of

other molecules affects the enhancement. The results for the detection of
188
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ketamine in synthetic saliva are promising. However, it is important to perform
tests in actual human saliva as the Ag@SnO2 NP system is highly sensitive
and may face challenges in achieving reliable performance in variable,

complex media.
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Appendix Figure A.1: SERS spectra of deionised water on an Ag NP/FTO electrode. The
characteristic citrate peak is indicated with a +.
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Appendix Figure A.2: E-SERS spectra of 0.1 M NaFq. The applied potential was stepped
from 0 to -0.8V in 100 mV increments. The characteristic citrate peak is indicated with a +.
(RE: Ag/AgCl; WE: Ag NPs on FTO; CE: platinum plate).
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0.1 mM Uric Acid + 0.1 M NaF (aq) - OV
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Appendix Figure A.3: Comparison of E-SERS spectra recorded at 0V in a 0.1 mM UA solution
with Ag NP FTO coated electrodes with (blue) and without (orange) APTES coating to improve
adhesion. The characteristic UA peaks are indicated with a *. (RE: Ag/AgCIl; WE: Ag NPs on
FTO; CE: platinum plate).

0.0004 02V =—— 0.6V
—— 0.4V =—— -0.8V
0.0002
<
*g 0.0000{ ==
5
Y _0.0002
—0.0004

0 50 100 150 200 250 300
Time (s)

Appendix Figure A.4: Representative chronoamperometry plots for each applied potential in a
typical E-SERS scan. (RE: Ag/AgCl; WE: Ag NPs on FTO; CE: platinum plate; supporting
electrolyte: 0.1 M NaF).
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Appendix Figure A.5: A comparison of the actual concentrations and the concentrations
predicted by the linear regression models based on the characteristic peaks at the optimal
potentials (1138 cm™" at -0.8V for UA and 684 cm" at 0.4V for CRN) for the test dataset for (a)
UA and (b) CRN. The dotted y=x line represents perfect agreement between the actual and
predicted concentrations.
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Appendix Figure A.6: A comparison of the actual concentrations and the predicted
concentrations for a two-step PLSR-MLP model trained and tested using only the spectra
recorded at OV for (a) UA and (b) CRN. The dotted y=x line represents perfect agreement
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Appendix Figure A.7: SnO: coating thickness distribution of the standard double-coated
Ag@SnO:2 substrate. The coating thickness of 312 particles was measured from TEM images
using ImagedJ.

60

102 = 21 nm

Count

75 100 125 150 175
Ag@SnO: nanoparticle diameter (nm)

Appendix Figure A.8: Size distribution of the standard double-coated Ag@SnO: substrate. The
coating thickness of 365 particles was measured from TEM images using ImageJ.
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Ag@SnO:z NPs on FTO
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Appendix Figure A.9: The characteristic UA peak heights plotted against time for a 0.1 mM
uric acid + 0.1 M NaF solution recorded with a single-coated Ag@SnO: substrate. The dotted
red line indicates when the laser was turned off and the substrate was left in solution overnight.
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Appendix Figure A.10: The height of the characteristic UA peak at 636 cm™ plotted against
time for a 0.1 mM uric acid solution for a Ag@SnO: substrate which had been submerged in
the solution for 4 hours (blue) and 18 hours (orange).
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Appendix Figure A.11: UV-vis spectra of Ag NPs (blue) and Ag@SiO2 NPs (orange) plotted
with normalised absorbance.
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Appendix Figure A.12: TEM images of as-synthesised silicon dioxide coated silver
nanoparticles (Ag@SiO2 NPs).
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Appendix Figure A.14: Comparison of the height of the uric acid peak at 636 cm” and the
citrate peak at 931 cm? over irradiation time for a Ag NP substrate in a 0.1 mM UA solution.
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Appendix Figure A.15: Successive SERS spectra of an aqueous 10 pM R6G solution recorded
over 25 minutes using a solution containing colloidal Ag@SnO2 NPs. The colour of the spectra
indicates the irradiation time with the initial spectra plotted in yellow and the final spectra
plotted in blue.

Appendix Figure A.16: Optical image of the “dark spot” which appears on the Ag@SnO: film
at the SERS measurement site after sustained laser irradiation. The black lines are spaced 1
mm apart and the “dark spot” is indicated with a white arrow. Image taken by Xiangyu Wang.
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Appendix Figure A.17: The height of the characteristic ketamine peak at 1513 cm™ plotted
against time for a Ag@SnQO: substrate irradiated for 60 minutes in a solution containing
between 0 - 100 uM ketamine. (b) A zoomed-in section showing the 0 uM to 20 uM ketamine

solutions.
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Appendix Figure A.18: The initial gradient of the 1513 cm™ peak height increase plotted against
ketamine concentration. A linear relationship is fitted between concentration and gradient for
concentrations from 1 pM to 100 uM.
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Appendix Figure A.19: (a) SERS spectra of ketamine solutions with concentrations ranging
from 0 uM to 100 uM recorded with Ag NP substrates by Alice Cozens. The characteristic
ketamine peak is indicated with a *.
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Appendix Figure A.20: The mean height of the characteristic ketamine peak at 1513 cm
plotted against time for three positions on a Ag@SnO: substrate irradiated for 15 minutes at

the improved measurement position. The solutions contained synthetic saliva and between 0
- 200 nM ketamine.
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