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Abstract

In recent years, extended efforts have been made to protect the environment,
public and animal health from toxic chemicals that create a threat to the society.
Either it is rodenticides affecting the entire forest food chain or toxicity of certain
drugs on animals and humans. All such outbreaks require a faster and readily
available detection method as a solution. There are numerous techniques for such
toxic contaminant detection, but all require specific instrumentation and tedious
sample preparation procedures. Due to the growing popularity of Surface-
enhanced Raman spectroscopy (SERS), detection becomes a simpler, easier, faster
and inexpensive for multiplex detection of environmental, chemical or biological

contaminants.

Here, we explored a variety of SERS substrates (e.g., etched silicon, silver
dendrites, and silver colloidal nanoparticles) for such detection. Our results
demonstrate that colloidal nanoparticles combined with an omniphobic substrate,
known as slippery infused porous substrate (SLIPSERS) has the potential for
detection of rodenticides and anesthetic drugs in simple and complex biological
matrices. This research explores the diversity of this method as well as how it
behaves differently in different environments responsible for surface

enhancement by substrate characterisation.

An initial experiment was performed on Rhodamine 6G as a test analyte using
SLIPSERS which give an excellent limit of detection down to picomolar level
concentration. Therefore, the method was further applied for the detection of
rodenticides - brodifacoum and sodium monofluoroacetate in aqueous solution
and milk and lidocaine hydrochloride in aqueous and deer antler velvet. The
results indicate that SLIPSERS and SERS are capable of highly sensitive detection,
characterisation, and quantification of toxic analytes in the environment that pose
a threat to society. Moreover, for the first time, the SLIPSERS method has been

used for detection and quantification of such analytes quickly and accurately.
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Glossary of Terms

This thesis uses the following terms.

Term

Aggregation

Blinking

Diffraction-limited spot

Drop casting

Emission continuum

Enhancement Factor

Fractals

Focal volume

FERGIE

Geometric Dilution

Definition

Attractive interactions between nanoparticles lead to irreversible
binding between nanoparticles and the formation of aggregates.

Frequent SERS fluctuations either due to photobleaching or thermal
effects

The smallest possible illuminated area in an optical system. The
spot dimensions are ultimately limited by diffraction of the beam by
the smallest aperture in the system. The diffraction-limited spot
diameter determines the spatial resolution of the optical system.

Dropping a drop of solution mixture onto the substrate results in
spreading the liquid and forming a thin film after evaporation. The
solid-liquid (or liquid-liquid in the case of SLIPS) interfacial energy
determines the extent of the spreading.

The combination of a large number of weak scattering processes,
that occur across a wide spectral range and are amplified by
plasmon enhancement effect. The emission continuum appears as a
broad, unstructured background of varying intensity under the sharp
Raman bands.

Ratio of intensities of SERS and normal Raman spectrum of analyte
molecule.

A class of structures that possess the property of self-similarity
which can be described as a branch on a tree with each branch
divided again, and again, giving a repeated structure at a smaller
scale during each division.

The volume within a sample that is efficiently detected by a laser.

FERGIE is a Raman integrated spectrograph from Princeton
Instruments, USA.

Geometric dilution is a process that thoroughly mixes a small
amount of the analyte with an appropriate amount of another solid
substance that binds the analyte. The total analyte is added in the
first step. Because binder is added in each step the concentration of
the analyte at each step is multiplied by a dilution factor at each
step. The final concentration is then calculated using a geometric
series (analogous to calculating compound interest), hence the
name, geometric dilution.
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Hot spot

Kitaev Nanoparticles

Marangoni Effect

Numerical aperture

Normal modes

Pareto Distribution

PCA

Photobleaching

Plasmon

Principal component

Raman Line-scan

Raster scan

SERS

SLIPS

Highly localised regions within the metal nanostructures where
intense field enhancement of SERS signal is observed also called as
‘SERS-active sites’.

Borohydride reduced silver nanoparticles synthesis performed by
Kitaev et al.

If droplets are allowed to dry on flat surfaces, the Marangoni OR
coffee ring effect is often observed which results in the analyte
being deposited in rings as the droplet slowly evaporates.

In optical systems, this dimensionless quantity is used to measure
the angle over which the system can accept or emit light.

A set of independent vibrational modes that completely describe the
vibrational motion of a molecule

Pareto principle to SERS says that 80% of the signal will

come from 20% of the SERS sites. For a high concentration means
there are large number of molecules on the surface, then the observed
SERS signal have little fluctuations. It means many hot-spots are
located on the surface. The fluctuations are then reasonably small but
still present.

Principal Components Analysis (PCA) is an unsupervised

method that means it makes no a priori assumptions about the
number of components or factors that are required to distinguish the
samples.

Irreversible chemical changes to molecules from photochemical
processes. Results in a change in the Raman cross section
producing fluctuations in signal. Most likely to occur at hot-spots
and with high laser power.

Collective electron oscillations to enhance Raman scattering,
allowing sensitive detection

A linear combination of the independent variables of a system that
is an eigenvector of the covariance matrix.

Technique where spectra are recorded at successive points along a
line defined over the SERS substrate to look at the location and
number of hotspots with analyte that can alter SERS fingerprint.
A process of acquiring Raman scattering from a sample on a
surface where the incident laser beam scans along a sequence of
horizontal strips called lines which are further divided into
collections of dots (pixels). The scan sweeps across a defined area
row-by-row.

Enhanced Raman scattering of molecules that are adsorbed on, or
near, SERS-active surfaces such as nanostructured gold or silver.
Dried SERS means drop casting the silver nanoparticle analyte
mixture on the substrate.

Slippery infused porous surface is an omniphobic surface inspired
by the surface of the Asian pitcher plant, Nepthenes.
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Susceptibility (¥).

Symmetry species

Sub-sampling regime

Substrate

Scattering cross-section

Spot

Tensor

Zetasizer

List of Abbreviations

AgNO3
AgNP
AuNP
CARS
CCD
CT
CTAB
Cv
DVA
EDX
EM

The property of the material that determines the magnitude of the
polarisation under an applied electric field.

The normal modes of vibration can be classified by their behaviour
under the symmetry operations of a molecule. Each mode will
belong to one of the symmetry species of the molecular point
group.

Below a critical concentration the probability of finding a molecule
or possibly a small aggregate of analyte molecules in the focal
volume and at a hot-spot becomes quite low. This is the sub-
sampling regime, and a certain coincidence is required to find a
signal.

Surface that the nanoparticles and analyte are deposited on.

A scattering cross section, ¢, is determined by the rate of the energy
removed from the incident beam due to scattering relative to the
rate of energy of the incident beam passing through a unit area
perpendicular to the direction of propagation

Area on the substrate surface illuminated by laser.

The mathematical object that acts on a vector and changes its
orientation is a tensor (which looks like a two-dimensional matrix,
that is, tensors have a rank equal to two.). Susceptibility is a tensor
quantity.

High performance instrument used for measuring the size of
nanoparticles for enhanced detection of aggregation.

Analytical enhancement factor

Silver nitrate

Silver nanoparticle

Gold nanoparticle

Coherent anti-stokes Raman scattering
Charge Couple Device
Charge-transfer
Cethyltrimethylammonium bromide
Coefficient of variance

Deer velvet antler

Energy dispersive X-ray spectrophotometer
Electromagnetic
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ENR Enrofloxacin

GC Gas chromatography

HF Hydrofluoric acid

HPLC High performance liquid chromatography
IR Infrared spectroscopy

KCl Potassium Chloride

LHC Lidocaine hydrochloride

LOD Limit of detection

LOD Limit of quantification

LSPR Localized surface plasmon resonances
MgSO4 Magnesium Sulphate

MS Mass spectrometry

NaCl Sodium chloride

PAHs Polycyclic aromatic hydrocarbons
PCA Principal Component Analysis

PCA Perchloric acid

PCBs Polychlorinated biphenyls

PLS Partial Least Squares

Polymethyl methacrylate PMMA

R6G Rhodamine 6G

RSD Relative standard deviation

SEF Substrate enhancement factor

SEM Scanning Electron microscopy

SERS Surface-enhanced Raman spectroscopy
SLIPS Slippery infused porous substrate

SM Single molecules

SMEF Single molecule enhancement factor
UV-Vis Ultraviolet-visible spectroscopy
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Chapter 1. Introduction

For more than 50 years, chemical and biological analysis of various analytes have progressed from
traditional ‘wet chemistry’ laboratory methods to highly advanced analytical techniques like
chromatography and spectroscopy. (McGorrin 2009). Gas chromatography (GC), high-
performance liquid chromatography (HPLC), mass spectrometry (MS), ultraviolet-visible (UV-
Vis) spectroscopy were considered as “gold standard” developed from 1955 to1970s. (Horvath
and others 1967), (James and Martin 1952a, 1952b). But these popular and established methods

had advantages and disadvantages. [1]

For instance, food contamination is a significant problem in terms of food safety throughout the
world. People are easily affected by foodborne illnesses, which may be severe leading to death.
There is an increasing number of cases every year where people get sick with contaminated food
caused by a variety of bacteria, parasites or due to the addition of some harmful chemicals like
pesticides during harvesting [2]. Centre of Disease Control and Prevention, U.S.A estimated that
every year 48 million people get sick from a foodborne illness out of which 128,000 are
hospitalized and 3,000 die [3]. Hence, an effective method is required for the detection of such

toxins or food borne pathogens to save people from life-threatening diseases and even death.

Traditional methods used for such detection such as cell culture which are quite tedious and
difficult to differentiate whereas modern detection techniques like immunoassays or spectroscopic
techniques are also quite time consuming, expensive and need a significant number of samples for

detection and overall require experienced personnel for analysis.

Hence, we need an urgent and rapid method of detection with high sensitivity and specificity,
which can easily detect concentrations of the sample. Raman spectroscopy, infrared and
fluorescence spectroscopy have emerged as promising techniques for identification of molecules
by spectral information. Fluorescence spectroscopy is used as a simple measure to determine the
concentration of a known compound from its fluorescent properties. Fluorescence lacks spectral
specificity which gives an opportunity to other spectroscopy techniques. Infrared (IR) and Raman

spectroscopy are considered to generate a “fingerprint” spectrum of the sample which can easily

1
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be compared between target analytes for differentiation. (Alvarezordéfiez and Prieto, 2012)
[4]. But every technique has some advantages and disadvantages. The problem with IR is the
interference from water giving intense absorption which makes it unsuitable for detecting analyte
in aqueous solutions. IR has some applicability if pathlengths are kept small to minimise the
absorption of IR by the water solvent. Raman, however, has an advantage over this as water is a
weak Raman scatterer but has high interference due to fluorescence and typically takes longer
acquisition time than IR. (Craig et al., 2013) Surface-enhanced Raman (SER) methods (vide infra)

can overcome limitations with a weak signal, however.

Therefore, the best must be chosen from the current modern analytical techniques that overcomes
all these limitations and provide us with quick and sensitive information for detection of analytes.
Below (Table 1.1) is the list of pros and cons of a few analytical techniques [5] compared with

surface-enhanced Raman spectroscopy (SERS).

Table 1. 1: Pros and cons of a few modern analytical methods compared with SERS

Pros

Chromatography based Superior sensitivity Expensive, time-consuming, variability

methods (LC-MS/MS considered the best in interlaboratory results, highly

GC-MS/MS) standard; qualified personnel required, sample
Multiplexing capabilities, clean-up is necessary, a considerable
i.e., running multiple LC number of samples is required.

systems into a single mass
spectrometer;

No interferences

Less cross-reactivity

between metabolites

Immunoassay-based Need a small amount of Interference from complex matrices
method (ELISA, EMIT, sample (<100 uL), no like antibodies, protein, lipid content in
CMIA, etc.) sample clean up required, the samples, need Several steps for
work on highly automated quantification of the analyte; less
systems, Multiplexing specific and sensitive.
capabilities
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SERS based methods Rapid measurements with Require good contact between the
no/minimal sample enhancing surface and
preparation, Multiplexing analyte; selection of right substrate for
capabilities, and advanced the analyte of interest is challenging;
portable Raman homogeneity and reproducibility issue
spectrometer for on-site of SERS substrate.
detection capability.

Therefore, surface-enhanced Raman spectroscopy is widely used and developed for a wide range
of applications. This technique, an advanced form of Raman spectroscopy not only improves
sensitivity up to several orders of magnitude (10-7— 1010) but also suppresses the fluorescence due
to its metallic nanostructure surface, which was a major problem faced using Raman spectroscopy.
(Sengupta et al., 2006). In SERS, molecules adsorb at a roughened metal surface (e.g. Ag, Au),
which generate hot spots, or SERS active site that greatly enhances the Raman signal. (Najafi et

al., 2014)

Figure 1. 1: Nepthenes Asian Pitcher Plant

Despite the advantages of SERS over normal Raman methods, there are still some drawbacks, one

that has received recent attention is how to ensure close contact between the metal nanostructure
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surface and the analyte, as enhancement requires the analyte to be within a few nanometers of the

surface.

To develop a SERS platform that can detect simple chemical to complex biological analytes with
high sensitivity and specificity, Wong et al. prepared an omniphobic surface inspired by the surface
of the Asian pitcher plant (Figure 1.1), also called Nepthenes (as they belong to the Nepthenes
genus). These plants are carnivorous by nature and have evolved a surface more slippery than
Teflon. The Pitcher plant is named for their pitcher-like tubes that form at the end of tendrils. The
slippery water-lubricated surface inside the pitcher causes the insect prey to slip and drown in the
fluid at the bottom. The plant has an exceptional feature of controlling the level of lubricant to
create a slippery surface the lubricant, so it can create a slippery surface. Wong et al. developed
synthetic versions of this liquid-repellent surface called slippery liquid-infused porous surfaces
(SLIPS). Wong and his group used a lubricant to create ‘omniphobic surface’ that repels simple

liquids like water and complex solutions like blood and oil.

When combined with SERS this sensing platform is called Slippery liquid-infused porous surface-
enhanced Raman scattering (SLIPSERS) method and has been used for ultra-sensitive detection
and has shown a great potential to meet many analytical levels of merit. This SERS platform [9]
delivers near 100% analyte concentration by constant contact angle drying in both aqueous and
non-aqueous solvents. The metallic nanoparticles are suspended in a droplet of the analyte and
drying process on the SLIPS surface also produces a high density of SERS active “hot-spots”. This
methodology is still in its infancy stage, and this research explores the diversity of this method as

well as how it behaves differently in different environments responsible for surface enhancement.

1.1. Fundamentals of Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy that can be used for non-invasive probing of
chemical and biological samples [10]. The diagram below depicts the scattering process that
involves an initial, intermediate (virtual) state and final state, and always involves pairs of photons

(incident and scattered) that cause transitions between the states (which are simultaneous).



In general, in a scattering process, the incident photon causes a transition from the initial state to
the virtual state and a simultaneous transition from the virtual state to the final state. In Rayleigh
scattering the initial state and final state are the same (Figure 1.2). In Raman scattering, the initial
and final states are different. There are two Raman processes, Stokes Raman where the final state
is at higher energy than the initial state and Anti-Stokes where the initial state is at higher energy

[11].
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Figure 1. 2. Energy conservation for Rayleigh and Raman scattering
Energy (E = hv) is conserved during the scattering process:
hvy — hVseatterea = hvyip = 0 (1.1)

where hvy;, is the energy difference between the initial and final states.

At normal room temperature, the magnitude of intensity of Stokes Raman scattering is larger than
that of anti-Stokes due to smaller number of molecules in an excited vibrational state than in the

ground state.

The equations below provide a simple description of Rayleigh and Raman scattering using

expressions from the theory of classical electromagnetism.

Consider the scattering material to be completely uniform. The polarisation is the induced dipole
(per unit volume) in the material. Electromagnetic theory states that an oscillating dipole
(polarisation) radiates energy, the magnitude of the dipole determines the intensity of the radiation

(intensity is proportional to the square of the electric field).

The property of the material that determines the magnitude of the polarisation is the susceptibility

(%). This is a tensor quantity (noted with a double-headed arrow «).



In Eq. 1.2 the incident electric field is a vector with a specific magnitude and orientation. The

polarisation is also polarised and it can be at a different orientation to the incident field.

The mathematical object that acts on a vector and changes its orientation is a tensor (which looks
like a two-dimensional matrix). In other words, the susceptibility must be a tensor, to account for
the observation that the orientation of the polarisation of the scattered light can be different to the

orientation of polarised scattered light.

A classical description of the scattering process provides a simple explanation for the relative

intensities. Consider light as an electromagnetic wave with frequency, v, and electric field
vector, E. If the light is incident on a material with an optical susceptibility, ¥, the electric field of

the incident light induces a dipole (1_5) in the material

T’)(Vo) = 5073(1/0) or P;= gOZXijEj(VO) (1.2)
J
(g¢ 1s the permittivity of free space).

The frequency dependence of the incident light is:

(1.3)

E(vy) = E, cos vyt

where E|, is the amplitude of the electric field and v, is the frequency of the laser.

The susceptibility is dependent on the positions of the atoms; there is a (large) static component
and a smaller component due to the vibrational motion of the nuclei, determined by the change in
susceptibility with atomic displacement (x).

«—>

d
X)) =Xxo+ d—;(xo cos vt (1.4)

Substituting the electric field, susceptibility and nuclear displacement into the electric dipole

moment equation (1.2), below was obtained:

P(v;vy) = €9Eq XocOs vot + onod—i(cos(vo +v)t+ onod—i(cos(vo — V)t (1.5)



Using the trigonometric relation:

1
cosxcosy =3 [cos(x +y) + cos(x — y)]

The polarization now has three components:

€0Ey XoCOS Vot Rayleigh scattering
L dy :
Eox, d_jc( cos(vy + V)t Raman (Anti-Stokes)
E 0Xo é cos(vy — V)t Raman (Stokes)

which correspond to the processes shown in Figure 1.2.

Hence, to be Raman active, the rate of change of susceptibility with the vibration (Q) must be non-

Z€10.

dy

The greater the susceptibility, the greater the ability of a material to polarize in response to the
field. This condition means that the vibrational displacement of atoms corresponding to a

vibrational mode results in a change in the polarizability [111].

These expressions are important because they show the origin of the relative intensity of Rayleigh
and Raman scattering [14]. Noting that the incident field strength is the same in all three processes,
it is the susceptibility that determines the strength of Rayleigh scattering and the so-called derived

susceptibility that determines the strength of Raman scattering.
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Figure 1. 3. Raman scattering process

The Raman effect is the inelastic scattering of photons while interacting with vibrational modes of
molecules (Figure 1.3.). Chandrashekhra Venkata Raman first experimentally observed this

inelastic scattering in 1928.
For Raman scattering:
"Raman Shift" = ¥y — Vscarterea = Vvin

And so, Raman shift is directly related to the frequency of vibration of the molecule and helps in
deducing molecular structure and the chemical constitution [15, 16]. Hence, it is considered as a
valuable tool of detection and quantification of chemical and biological agents in a sample of

interest.

The Raman technique can work remarkably well with solids, liquids, solutions, and even gases
without spending much time on experimental set-up. This flexibility also allows for speed of
analysis, prevention of sample contamination and preservation of evidential material (e.g.,
historical artifacts) [17]. Water has a very weak Raman signal and so Raman spectra can be readily

obtained from aqueous solutions.



Despite these advantages, Raman spectroscopy suffers from the drawback of poor efficiency.
Raman instrumentation has been traditionally confined to the research laboratory due to the need
for high power laser sources and sensitive detectors required to analyse the inherently weak

scattering process.

Raman spectroscopy needs special enhancement methods for analyte detection at trace
concentration levels due to the intrinsically small Raman scattering cross-section, typically
between 10728 — 10732 cm? per molecule which is several orders of magnitude smaller than

fluorescence scattering cross-sections (for comparison).
Raman cross section
The Raman scattering intensity, I [J s™1], is

[=IXNXo [Sl]

where N is the number of molecules in the scattering volume and J is the laser irradiance

(Jm™2s71),

The total scattering cross section, o, is a determined by the rate of the energy removed from the
incident beam due to scattering relative to the rate of energy of the incident beam passing through
a unit area perpendicular to the direction of propagation [111]. The scattering cross section has

units of area, so any light passing through this area will be scattered.

aO'RS
aQ

The differential cross section, , may be defined using the power scattered into an element of

solid angle 0Q [sr]. The units of differential cross-section are then [m2 sr-1]. Both total and

differential cross section are usually related to a single molecule. [112]

Differential Raman cross section measures the Raman signal in a single direction (or at least
around a small solid angle along a single direction) whereas Raman photons are generated in all
directions which can be measured by total Raman cross section. Raman scattering cross section
provides is used to relate scattered to incident irradiance, along with molecular number density. It
serves as an important parameter to gauge likelihood of success for the proposed measurement, as
it determines the scattering activity of an analyte and can be used to compare different Raman

techniques for measuring that analyte (via measurement of so-called enhancement factors).



Computational chemistry methods are often used for calculating Raman cross sections for

comparison with experiment.

Using only the intrinsic Raman cross-section limits detection levels to approximately mmol L2
concentration levels in solution, under safe and convenient operation conditions (i.e.,

approximately 100 mW of incident laser power and a few minutes of data acquisition time).

For such situations, signal enhancement techniques like resonance Raman scattering or coherent
anti-stokes Raman scattering (CARS) can be used but again they have other requirements to be
fulfilled like high power and multiple wavelength excitation sources (CARS) which makes it
challenge to implement sometimes [18], or interference from fluorescence which occurs under

identical conditions to resonance Raman scattering.

Surface-enhanced Raman spectroscopy (SERS), uses collective electron oscillations known as
surface plasmons to enhance Raman scattering, allowing detection down to attomolar level
concentrations. Metallic nanoparticles are often used as a source of surface plasmons (in which
case they are known as localized surface plasmons). Localized surface plasmons generate large
electric fields at the surface (by effectively focusing the incident radiation field at the nanoparticle
surface), and Equation 1.2 shows that enhanced electric fields will generate stronger polarization,
and so, more intense Raman scattering. The enhancement effect only extends a few nanometers
from the surface, so this requires the analyte to be in close contact with the surface for effective

enhancement.

Typical metals that support surface plasmons are silver, gold, copper, platinum, titanium, and
chromium. [28, 29] For silver and gold, the plasmon frequency lies in the visible region of the
electromagnetic spectrum, so plasmon resonance is obtained with visible light for these metals.
Enhancement of Raman scattering through resonance with plasmon modes can enhance Raman

intensities up to 5 or 6 orders of magnitude via plasmon resonance.
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Figure 1. 4. a) A typical SERS substrate with a hot-spot in the gap between the nanoparticles. Dots
represent molecules, either SERS active (red) at hot-spots and SERS-inactive (blue). b) the main objective

is to get large number of SERS active regions to achieve single molecule level detection c) Aggregate of
nanoparticle with lots of hot-spots

Detailed modelling of the plasmon modes show that their amplitudes are greatest at junctions
between nanoparticles called “hot-spots” (Figure 1.4(a)). This leads to highly inhomogeneous
intensity distributions that need to be accounted for when using SERS to determine the analytical
concentration of an analyte. The main objective is to locate every analyte molecule at a hot-spot.
This could be achieved by using some specific binding condition to locate the particles at the
hotspots (e.g. block the areas of the nanoparticles that aren’t hotspots), as shown in Figure 1.4(b),
or, increase the number of hot-spots in the focal volume. The challenge is to produce a large
number of SERS-active hot-spots, so that at low analyte concentration, every molecule can adsorb

at a hot-spot and give highest SERS enhancement as shown in Figure 1.4(c).

Stronger Raman signals are obtained by collecting over a wide collection angle (6), and this

requires collection optics with a high numerical aperture (NA) (see diagram below):
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(f is the focal length and D is the diameter of the simple lens). The focal volume (that is, the region
in the sample where most of the scattering is collected from) is determined by the numerical
aperture and is proportional to 1/NA3. So, as collection efficiency increases, the focal volume

decreases.

To get highly intense Raman signal from the sample, high NA optics are used so then the challenge
is to get as many molecules into the (small) focal volume as possible. The solution to this problem

will be discussed in the later section of this chapter under SLIPSERS.

1.2. Theory of surface-enhanced Raman spectroscopy (SERS)

SERS is a process that describes the increase in the Raman cross-section of molecules adsorbed
on the surface of metallic nanostructures. SERS relies on the coupling between the electronic
transitions in the system and the molecular vibrational motions that generate Raman scattering. If
the coupling between the vibrational motion and electronic transitions leads to an increase in the
change of the polarizability with vibrational motion then the Raman scattering intensity will
increase. A key idea is that enhancement is a resonance phenomenon, so the frequency of the laser
radiation that is generating the Raman scattering must be in resonance with the frequency of the

electronic motions that are enhancing the Raman scattering. [24-27]

Identifying the enhancement mechanism in SERS is then a matter of identifying the nature of the
electronic transitions in the system. For a molecule adsorbed on the surface of a metallic

nanostructure (e.g. metal nanoparticle), there are three important electronic transitions:
1). The electronic transitions of the nanoparticle
2). The electronic transitions of the molecule
3). The electronic transitions between the molecule and the nanoparticle

The electronic transitions of the nanoparticle are the localized surface plasmon resonances. The

plasmon resonance has a characteristic frequency known as the plasmon frequency.

Electronic transitions of the molecule itself can also enhance the Raman scattering. This effect is

known as resonant Raman scattering. The conditions for strong resonant Raman scattering are
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similar to those for plasmon enhancement, that is, the molecular electronic transition must be
resonant with the frequency of the incident light source. This is the same condition that leads to
photon absorption and this provides a simple method for optimizing the resonant Raman scattering
— match the wavelength of the incident light source with the absorption maximum of the resonant

molecule. For many molecules, this condition often leads to fluorescence.

An added advantage of the SERS experiment is the close contact between the molecule and the
metal surface which provides very efficient quenching of fluorescence and so the problems
typically associated with resonant Raman scattering of molecules in solution due to competing
fluorescence scattering are avoided with SERS. The enhancement via resonant Raman scattering
is similar to the plasmon enhancement mechanism and the two effects multiply together, so under
ideal conditions up to 10 orders of magnitude enhancement can be obtained if the plasmon and

molecular transitions are resonant with the incident light source.

For normal Raman the polarizability is represented in quantum mechanics as the sum over all the
electronic states of the molecule of the product of the transition dipole moments for the one-photon
“up” and “down” transitions shown in Figure 1.2. Under resonant conditions, a single resonant
electronic state dominates the scattering. The probability of each one-photon process is
proportional to the transition dipole moment of each process and the polarizability is the product
of the transition dipole moments so the probability of resonant Raman scattering is proportional to
the square of the transition dipole moment for the resonant electronic state. The transition dipole
moment, in turn, is proportional to the area under the electronic absorption band. So, strongly
absorbing molecules give the strongest resonant Raman enhancement, and systems with
delocalized m-systems such as porphyrins, cyanine and azo dyes and “laser dyes” such as
rhodamine and fluorescein all have very strong electronic transitions and have all been observed

to give single-molecule Raman scattering using SERS. [30]

For some species there may be strong chemical interactions with the metal surface. This is the case
for the very first observation of SERS reported by McQuillan, Hendra and Fleischman [31], where
pyridine was chemisorbed onto a roughened silver electrode. Covalent bond formation may take
place and metal/ligand complex forms on the surface. The metal/ligand complex may then exhibit
transitions that are associated only with the complex, such as charge-transfer from the occupied

metal bands to low energy unoccupied ligand orbitals. This transition is then entirely equivalent to
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the molecular transition discussed above and becomes a source of enhancement for Raman
scattering. [31] This mechanism has been associated with the “chemical enhancement” mechanism
due to it relying on the specific chemical interactions between the molecule and the surface.
Charge-transfer transitions have strong electronic transitions, but not as strong as the molecular

transitions discussed above.
For all three processes there are two factors that determine the strength of the enhancement:
(1) The magnitude of the electronic transition dipole and

(2) the frequency mismatch between the electronic transition frequency and the incident light

frequency.

SERS can be optimized by understanding the resonant electronic states of the system and the
excitation energy profiles of these states. The interaction between nanoparticle plasmonic states

and molecular electronic states is also important for SERS enhancement. [32]

It is important to note that the plasmon transition or induced dipole is several orders of magnitude
larger than the strongest molecular transitions (simply due to the large number of atoms in the
nanoparticle), and so the plasmon resonance tends to dominate in most applications of SERS. As
given by Kelley [25], if the transition strength of a single dye molecule is 1 (arbitrary units) then
the nanoparticle transition strength is 3300, and the relative enhancement factor will be
approximately 107 which shows the very intense nanoparticle transition provides nearly all the
enhancement in a nanoparticle-dye system. Proximity to the resonance condition must also be
considered, this rough 107 factor assumes that the excitation is equally resonant with both the
nanoparticle and molecule transitions. Kelley’s simulations also show that in the case of strong
resonance with the molecular transition but very weak resonance with the nanoparticle transition

(as measured by the frequency difference, V.- — V) then the molecular resonance can dominate.

Hence, SERS spectra are strongly ruled by nanoparticle transitions with minor contributions from
molecular transitions. Even weak coupling between nanoparticle and dye provides a significant
increase in dipole strength of molecular transition due to very large and strong nanoparticle
electronic transition. [26] It is important to note that optimum SERS should be obtained if both

plasmon and molecular states are on-resonance with excitation frequency.
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Figure 1. 5. Energy levels and transitions in a nanoparticle-dye system.

Figure 1.5 shows the energy levels and transitions in a model nanoparticle-dye system. Horizontal
lines are states of the system. The nanoparticle and dye states are shown on the left and right
respectively. If strong interactions between the nanoparticle and dye are present (“chemical
enhancement”) then new states are generated, shown here as |r) and |s) states. Vertical lines show

transitions between states, labeled with the transition dipole moment,u, for each transition [110].

In older literature, there are two primary theories that explain SERS mechanisms, the
“electromagnetic (EM) model” and the “charge-transfer (CT) model” [24,26]. These theories
persist in current literature and it is worth placing them in the context of Kelley’s model. The EM
model accounts for the nanoparticle transitions and CT model accounts for the molecule transitions
in the Kelley model. However, they both have a quantum mechanical basis and Kelley’s work
demonstrates that both nanoparticle and molecular resonances contribute to SERS via the same
“mechanism” (i.e. resonant enhancement). Furthermore, molecular resonances include but are not
limited to charge-transfer transitions. Charge-transfer enhancement, or lack of, is simply a feature

of the chemical structure of the molecule itself.
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1.2.1. The SERS Effect

The SERS effect is achieved by carefully controlling both nanoparticle and molecular effects, by
designing the best substrates (maximise plasmon transition strength), and the ensuring the analyte
is strongly adsorbed onto the surface (the resonant frequency of the analyte is clearly fixed by the
analyte’s molecular structure) [33-35]. This is an active field of research and there is no universal
way to prepare one best SERS substrate for all analytes. There are several factors to consider when

optimizing the SERS effect:
1). the optical resonance conditions
2). optimisation of plasmon amplitude

3). Proximity of the analyte to the nanoparticle surface, and if possible, to the sites of maximum

plasmon amplitude
Optical resonance condition

As discussed, the incident laser wavelength should match the absorption maxima of the
nanoparticle and molecular absorption. For the cases where the molecule does not absorb visible
light then only the nanoparticle absorption is important. There is a slight complication because
most commonly used colloidal metal nanoparticles have an absorption maximum at relatively short
wavelength (e.g. 420 nm), but the most efficient SERS is observed at much longer wavelengths.
This is due to the strong coupling between nanoparticle resonances at hotspots leading to a shift in
the plasmon resonance to lower frequency. For typical silver nanoparticles the strongest resonance

is observed with green laser excitation (500 — 530 nm).
Optimisation of plasmon amplitude

Interparticle interaction and stability of colloids depends on the forces between surfaces present in
the system according to DLVO theory (Derjaguin—Landau—Verwey—Overbeek theory). [36-40].
There is a relationship between ionic strength and dielectric constant - dielectric constant decreases
as ionic strength increases. The decrease in dielectric constant then reduces the repulsive Coulomb

force, [123] so the result is that aggregating agents screen the electrostatic repulsion forces and
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with decreased repulsion (and van der Waals attraction largely unaffected), aggregation occurs.

Aggregation generates hotspots and hence, strong SERS [106].

Finding the most stable SERS responses as per the experimental design is the key point. For
colloidal substrates, aggregating agent dramatically enhances the signal to 10-fold or more but one
aggregating agent again cannot work for all. The most widely used aggregating agent sodium
chloride (NaCl) when replaced with lithium chloride, increased SERS signals than by using NaCl
[41,42].

Proximity of the analyte to the nanoparticle surface

SERS enhancement depends on the distance between the analyte of interest and SERS surface as
reported by Haes et al. [123]. The distance should be within 1- 30 nm from SERS surface to get
strong SERS enhancement [43-46]. Specific surface chemistry effects and the structure of the
electrical double-layer around the nanoparticle can influence the interaction between the analyte

and the nanoparticle.

Le Ru et al have reported significant work of detecting every molecule of analyte by directing the
analyte towards SERS hotspots using surfactant, cethyltrimethylammonium bromide (CTAB) [47-
49]. The principle is to chemically block access of analyte to the surface coated with surfactant
layer, except at the nanoparticle surface tips, which act as hot-spots and highest enhancement factor
is expected. Such technique has the capability of trace level detection with every molecule to be

detected at single molecule level [50-52].

1.2.2. “Normal” and SERS spectra

With SERS, one thing to be kept in mind is that SERS will give somewhat different spectra than
what is obtained from normal Raman. As explained above, it is the derived polarizability that
determines the “normal” Raman intensity. Normal Raman intensities are observed in the absence
of any of the resonance effects described above. In practice this means the incident laser frequency
must be well separated from any plasmon or molecular resonances in the system. Because
molecular and plasmon resonances are typically in the visible or UV region, normal Raman

intensities are obtained with long wavelength excitation e.g. 785 nm or 1064 nm. The derived
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polarizability is a tensor quantity and there is a strong directional dependence with Raman
scattering. In solution, the directional dependence averages out due to the random orientation of
the analyte molecule relative to the orientation of the polarization of the incident laser source.
Molecules adsorbed on nanoparticle surfaces receive enhancement from the electric field of the
plasmon oscillation [106]. If the molecules adsorbed with a geometrical preference tend to form
vertically oriented aggregates on the nanoparticle surface e.g. planar molecules such as
rhodamine6G or brodifacoum, then there is limited orientational averaging relative to the plasmon
field and vibrational modes with strong derived polarizability components with the same

orientation as the plasmon electric field will receive preferential enhancement.

As there is a different kind of interaction between the analyte and nanoparticles adsorbed onto the
surface this will result in different spectral intensities. If the interaction between the molecule and
the surface is sufficiently strong then the vibrational frequency of the molecule might also be
perturbed. Thus, differences in peak position, height of peaks or shape can be observed in a SERS

spectrum relative to a “normal” Raman spectrum.

Resonance Raman effects can also alter peak heights (band intensities). The theory of resonance
Raman scattering shows that modes that translate the molecule from its ground state geometry to

the relaxed excited state geometry receive the strongest resonance Raman enhancement [10].

Consider the description of resonant Raman scattering shown in Figure 1.6.
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Figure 1. 6. Scheme of resonant Raman scattering
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the blue regions represent the electron distribution and the balls and sticks are the nuclei and bonds
in the molecule (bottom left). For example, for rhodamine6G the molecule is planar in its ground

state.

In this model, resonant Raman scattering consists of an electronic transition from the ground state
to a specific excited state, |e) and a transition back to the ground state.The electronic transitions
are polarised along a specific direction, in this example, along x and y. When the system returns
to the ground state the molecule is now polarised, shown as a distortion of the electron distribution
along the x and y axes in the example. The polarisability component, ayy describes the extent of

the polarisation. Note that ayy is a single component of the polarisability tensor, @.

As the electronic distribution is now distorted the nuclei will adjust their positions to find the
equilibrium positions in the polarised state. The only allowed motions of the nuclei that can achieve
the required distortion are the molecular vibrations, that is, the normal modes, Q. The step shown
with 6H/8Q represents the displacement of the nuclei towards their new equilibrium positions.
6H /56Q itself is the gradient of the total energy along the normal coordinate — or, in other words,
the force acting on the nuclei along the normal coordinates due to the polarised electron

distribution.

Only vibrations that distort the molecule to match the shape of the distorted electronic distribution
are allowed. The shape of the electronic distribution determines the symmetry of the molecule, or
in other words, the shape of the electronic distribution determines which symmetry elements the
molecule possesses. To maintain the correct symmetry, the active vibration must possess all of the
same symmetry elements, and a vibration that possesses all of the symmetry elements of a group
is, by definition, the totally symmetric vibration. [118] Thus, only totally symmetric modes are

expected to be enhanced in resonant Raman scattering with a single electronic state.
Comparison with “normal” Raman scattering

This analysis doesn’t necessarily work for normal Raman scattering because for normal Raman
there is no resonance with a specific excited-state, usually because the excitation energy is below
the energy of the lowest excited state energy. Polarisation still occurs but because there is no
resonance with one excited-state, quantum mechanics states that for the Raman process, all of the

excited states should be involved.
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So the description explained above using the symmetry of a single component of the polarisability
tensor must be replaced with a description that considers the symmetry of the entire polarisability
tensor [119], as the polarisability tensor contains all possible combinations of ¢ X p where o and
p are “translations” i.e. x,y or z.
yx  Axy Axz
a= Ayx QAyy Ayz
Azx azy Az

Group theory methods are most commonly used for this purpose [120]. A simple rule is derived

from the group theoretical analysis:

Raman active vibrations have the same symmetry as the “quadratic

polynomials”.

Character tables give the symmetry species for all the quadratic polynomials so Raman activity
can be easily read from a character table. Only totally symmetric vibrations (a normal mode with

all characters = 1 in the character table) give rise to polarized lines. [114]

1.2.3. Incident laser power

The laser power must be carefully optimized for SERS measurements, to maximize the signal
intensity (and detection limits) but without causing sample damage. Higher laser powers are
desirable but high laser power can damage the sample, which introduces errors when attempting
to quantify the amount of sample present. Sample damage is more likely in SERS measurements
where the solvent is removed (by drying) as the solvent provides a convenient bath to dissipate the
energy supplied by the laser. All resonant Raman measurements are prone to sample damage by
absorption of the laser light (because resonance is a necessary condition for photon absorption).
Due to the dependence on the nanoparticle morphology, or formation of hotspots, the plasmon
resonance effect is highly localized and the plasmons effectively focus the light into highly
confined volumes within the sample. This focusing effect is compounded using high numerical
aperture microscopy lenses, which can produce a diffraction-limited focal diameter that is less than
1 micron for visible excitation [53-55] This produces very high irradiance (photons per unit area

per unit time) and the plasmon effect increases the effective irradiance even further. Without
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solvent to dissipate the photon energy, power levels as low as a few mW can cause irreversible
sample damage. For comparison, a sample in solution with no resonance effects (and using long

working distance lenses) can tolerate hundreds of mW without showing any signs of damage.

1.2.4. SERS enhancement factors

Le Ru et al. have introduced definitions of SERS enhancement factors, such as SMEF and SERS
substrate enhancement factor (SSEF). Both explain the intrinsic behavior of the substrate. [20,21]

SMEF is the ratio of SERS intensity of single molecule, I5rh¢, to Raman intensity of single

molecule without any metallic substrate, I3+,

ISM
SERS

SMEF =
(Igs'

Where the angle brackets indicate the average (over an orientation in solution) Raman intensity
per molecule. Such comparison of SERS intensity with Raman intensity of a free molecule will
produce variations in SERS enhancement factor as I5rk¢ depends on substrate position, geometry,

orientation of the molecule and it is difficult to control these factors experimentally.

On the other hand, SSEF is defined as the ratio of SERS intensity (per molecule adsorbed on the
SERS substrate, Nsers) to normal Raman intensity of analyte molecule in solution. SSEF is
obtained from the SMEF by averaging over all possible orientations of the molecule on the
substrate and then averaging over all spatial locations. This is a good estimation for evaluating
SERS activity, but it can be difficult to calculate Nsers. It has been observed during drying the
drop of analyte solution on SERS substrate that multiple layers are created with an increased
thickness on the edges due to the ‘coffee ring’ effect (explained in detail in section 1.7.1.)
compared to the molecules adsorbed at the centre. Such variation in the uniformity of pattern
formed on SERS substrate creates complexity in estimating the number of SERS adsorbed

molecules. [21-23]
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To overcome both above mentioned SERS enhancement factors, Le Ru et al. proposed an
Analytical Enhancement Factor (AEF) which is useful for colloidal nanoparticles and evaluating
SERS efficiency with respect to the concentration of the analyte used. The AEF [56-58] is defined

as

I C
AEF — -SERS RS

IRS CSERS

Where Irs is the Raman signal of an analyte at concentration Crs. Similarly, Isers is the SERS

signal measured for the same analyte at concentration CsErs.

SERS for the detection of single molecules (SM) adsorbed on nanostructured surfaces is referred
as SMSERS. Single molecule SERS efficiency (SMSERS), 1, also called adsorption efficiency,
can be measured to roughly estimate the number of analyte molecules adsorbed in the hot-spot
region using single molecule enhancement factor (SMEF), which is the ratio of SERS intensity of
a specific single molecule to the normal Raman intensity for the same molecule under
consideration and Analytical enhancement factor (AEF= IsersCraMAN/ IRAMANCSERs; where ISERrs,
IramAN represents peak intensity with and without Ag nanoparticles and Csers, CRamaN are the

concentration of analyte with and without Ag nanoparticles.) ;

n = AEF/SMEF

In an ideal case, where every analyte molecule is responsible for enhancement, then it has the
highest enhancement factor, n=1. However, for the best experimental case where average AEF,
that is, every molecule experience specific adsorption enhancement close to SMEF then it should
be within the theoretical range of 0.1 <n < 1. It depends on the system of study whether it is a
colloid or solution, molecular orientation with respect to polarization at the hot-spots will change

leading to the SM detection level.
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1.3. SERS-active substrates

In this section, a few terms are used to explain the common SERS active substrates. A substrate is
the surface that the nanoparticles and analyte are deposited on and a nanoparticle refers to the

silver nanoparticles. Nanoparticle surface is then the interface where the analyte adsorbs.

Scattering from SERS hotspots dominates over SERS scattering from other locations. Hotspots
are generated randomly in silver nanoparticle (AgNP) aggregates. Hence, reproducibility is the

main issue with analytical applications of SERS [51].

There are various types of SERS-active substrates including silver colloids [S5], silver nanowires
(Tao and others 2003), silver/gold fractal aggregates (Qiu and others 2008b), silver dendrites (Song
and others 2006), roughened gold film electrode (Sauer and others 2004), gold-coated silicon plate
(Alexander and Le 2007b) etc.

Most SERS substrates are fabricated by “bottom-up” techniques that largely utilize controlled or
random self-assembly of nanoparticles that can provide tremendously enhanced Raman signals.

[52-54]

Other substrates are fabricated by “top-down” techniques (e.g. electron-beam lithography)
(Alexander and Le 2007b); however, they often produce weaker signals although reproducible
signals can be obtained. Additionally, most “top-down” techniques involve the use of costly

equipment and complex methods.

Therefore, a better method is needed to fabricate substrates that are reproducible, stable, easy-to-

make, economic, and can provide satisfactory signal enhancement. [56-59]

One of the problems limiting the use of SERS as a conventional lab technique is the absence of
reliable substrates [60-61]. Despite the high number of publications and licenses where new active
materials are proposed, commercial substrates are still rare, often expensive and quite unstable.
The SERS active substrates obtained by either ‘bottom-up’ or ‘top-down’ approaches give ideally

a reliable and cost-effective substrate and experimental results show higher enhancement signal
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than that obtained with expensive commercial substrates [62, 64]. Therefore, parameters to be

considered for best enhancement postulated by Natan et al. are below [74]:

1. Spot-to-spot reproducibility: spot-to-spot variations should be less than 20% to ensure
uniformity and to obtained good statistics.

2. Substrate-to-substrate reproducibility: Less than 20% variations within different substrates to

ensure repeatability.

High enhancement factors of more than 10s.

Shelf-life stability of at least a few months.

Effective adsorption of analyte at the surface.

SERS cross section should be higher than any interferents.

Low cost of production.

*® N » kW

Tian et al. [75] added one more factor to consider that the substrate should be clean enough to
avoid any signal from the surface of the substrate itself which might interfere with SERS

signal of an analyte, leading to false interpretations.

This last point is important if the analyte has weak interactions with the nanoparticles, then
interference from the contaminants cannot be ignored. Therefore, measures should be taken to
obtain clean SERS substrates. It can be by either centrifuging the nanoparticles a few times or by
use of competitive chemical adsorbates that react with the nanoparticles to eliminate the
interference. The background signal and SERS spectrum of the analyte should be carefully

compared to identify competing adsorbates.

The most commonly used SERS substrates, included in this dissertation, are colloidal metal
solutions either silver (Ag) or gold (Au). AuNP’s have longer shelf time and are compatible with
various biomolecules like antigen, antibody, and DNA whereas AgNP’s delivers better
performance in SERS due to their stronger localised field [65]. Silver is a much better and efficient
optical material giving 10 to 100-fold higher SERS signal than gold [108]. Also, silver can easily
excite from the UV region to the IR while gold is restricted to the red visible and IR region damped
by interband transitions [109]. Colloidal metal substrates are nanoparticles suspended in solutions
ranging in size from 30 to 100 nm in diameter, and with a variety of particle shapes. Silver

nanostructures are the most common substrates for achieving strong SERS signals.
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There are numerous methods in the literature for the preparation of silver nanoparticles [66] with

ideal methods offering some control over particle size and shape.

Reduction by citrate ion, most commonly known as the Lee and Meisel method [67], produce
AgNP’s in water, but with no attempt made to control particle size and shape. There is difficulty
in controlling the reduction of silver ions that lead to the broad size distribution of nanoparticles
which creates a problem in stabilizing the particle shape. Therefore, several researchers
investigated the parameters to improve the reproducibility from these silver nanoparticles using a

modified Lee Meisel method.

Kitaev et al. [68] reported such a synthesis for controlling the particle size and shape within the
range of 10-70 nm. Sodium borohydride was used as the reducing agent. Citrate acts as a stabilizer
and forms complexes with the Ag nanoparticles creating negatively charged surfaces which
prevents aggregation. These two reagents are commonly used in silver nanoparticle synthesis.
Kitaev also used potassium bromide to alter the shape of silver nanoparticles by acting as a shape-
modifying agent and giving different plasmon frequencies (plasmon frequency is more sensitive
to particle shape than average particle size). Hydrogen peroxide works as an etching agent to
rapidly digest unstable nanoparticles and create a stable, and therefore uniform, distribution of
nanoparticles (with shape controlled by addition of the bromide ions). These chemical approaches
are quite simple and effective in controlling the morphology of particles. The Kitaev method is
used in this work and nanoparticles produced via this method will be referred to as “Kitaev

nanoparticles”.

Like various methods for the preparation of silver nanoparticles in literature, there are several
substrate materials for SERS characterization (where substrate means the surface on which the
silver nanoparticles are deposited). In the case of solid analytes, there is no specific need for
substrate preparation just cleaning the surface of the substrate can work (and typical substrates are
simple glass microscope slides). On the other hand, for the liquid sample where drop casting is
done [116], i.e. placing a drop of analyte and silver nanoparticles on the surface of the substrate
and acquiring the spectrum after the drop has dried, the substrate properties need to be carefully
controlled to control drying process in order to collect as many nanoparticles and analyte

molecules into the focal volume of collection optics.
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There are many options like using a silicon wafer as silicon gives stable peak that is a good
reference point for calibration purpose or microscope glass slides [69]. For the liquid samples, one
should use a substrate that will not impact the results based on, for example, chemical
reactions between the substrate and the liquid sample or by introducing Raman features that may
cause confusion in terms of interpreting the Raman spectra. For instance; glass slides will
contribute interfering bands in the Raman spectrum which can be fixed by background subtraction
[70]. Slippery liquid-infused porous surfaces are another method for preparing thin film sample
from liquids on a substrate using a spin coating process. This method is explained in a later section

of this chapter. [9]

1.4. Advantages of SERS techniques

Some of the SERS advantages are:

1. SERS is very sensitive. It can reach the lowest detection level by optimising the surface
concentration of active sites (hot-spots) of analytes which are more easily enhanced in signal
intensity than the signal from other sites. Therefore, SERS is suitable for trace detection of
analytes in different matrices. [71]

2. SERS technique requires minimum sample preparation before measurement.

3. SERS can achieve the rapid diagnosis of diseases and detecting the differences in various
stages by analysing spectral features.

4. Extraction methods can be simplified compared to time-consuming methods employed for
HPLC or LC/MS, and large particles do not affect the results significantly.

5. SERS equipment is cheaper and smaller than mass spectroscopy if LC/MS or GC/MS is
used. With the development of SERS substrates and the use of a portable Raman, it is

possible to have cost-efficient SERS methods for on-site investigation.

1.5. Challenging issues

Some challenges for implementing SERS include:
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1. Picking a suitable substrate for the sample to be investigated.

2. Other components in complex matrices may influence the SERS signals of target samples.
The SERS signals of the target analyte may be much weaker than other components.

3. Proper match of substrate plasmon resonance frequency and laser frequency to get the best
SERS enhancement. Matching can be difficult because a large proportion of the Raman signal
can come from a small portion of nanoparticles with a dramatically shifted plasmon resonance
from the nanoparticle population that contributes most to the absorption maximum.

4. Currently, there are only a few SERS substrates commercially available, and they are costly.

5. Nanoparticle preparation. When making metal nanoparticles, it is necessary to clean glassware
properly, and prepare fresh solutions so desired nanoparticle size and shape is achieved.
Aggregating agent selection is also of utmost importance, as aggregation affects the formation
and density of hotspots.

6. Variation in hot-spot density will lead to larger uncertainty, or spread, in the measured

intensities and therefore concentrations. This affects precision of SERS.

1.6. Some Applications of SERS

This section of the dissertation provides an overview of applications of SERS currently employed
or new areas of research that may benefit from SERS high sensitivity, specificity, and simplified
technique. There are several reviews [73-79, 82-89] that are available in this context to find more

in-depth details.

Few applications of SERS with relevant examples as per this study are listed below:

1.6.1. SERS in bioanalytics

SERS is a promising technique in bioanalytics, which combines specificity with ultrasensitive
detection. For example, for ultrasensitive detection of Enkephalin, an endogenous substance in the

human brain using SERS, Kneipp et al. [72] employed a SERS tag to functionalise nanoparticles
to detect that specific biomolecule [73-75].
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The biggest challenge of SERS biosensing is to achieve selectivity of the analyte of interest and to
keep the unwanted analytes from the complex matrix away from adsorption. This can be achieved
by making some modification in the silver nanoparticles colloids and surface of the substrate.
Immunoassay techniques are widely used for biomolecular detection, but due to low sensitivity,
there is a need for advanced and sensitive analytical techniques. Hence, the immunoassay platform
coupled with SERS labels (molecules of highly intense and distinguishable Raman signal such as

dyes) is employed for sensitive detection. [76-77]

The most important targets are proteins [78-79, 95], DNA or nucleotides [80-82], detection and

identification of bacteria [83-85] and small molecule metabolites [86-87].

1.6.2. Environmental Pollutants and Pesticides

Environmental monitoring is another significant challenge. Small trace pollutants like polyatomic
anions and organic compounds are present in the atmosphere, soils, rivers, and lakes. SERS is a
very promising technique for the detection of such pollutants in the environment. A few novel
SERS sensors have been made for sensitive detection of soil and water contaminants that are
creating an impact on the environment and non-target animals. For example, polycyclic aromatic
hydrocarbons (PAHs), a toxic pollutant in the atmosphere was determined by Huang et al. group
by combining SERS with magnetic extraction. PAH shows high performance because of its
structure which is quite similar to other compounds that gives excellent SERS such as porphyrins,
rhodamine, fluorescein, crystal violet, nile red. All these molecules (and PAHs) have conjugated
aromatic rings. Therefore, SERS has always shown very good results in PAH detection compared
to other techniques as it can easily generate SERS spectra of different components in PAH. Limit
of detection (LOD) of PAH’s from Huang et al.’s work was 10-10 mol/L and for polychlorinated
biphenyls (PCBs) detection was 10-7 mol/L [88-90]. Compared to the SERS detection limit with
SLIPSERS, Yang et al. has further enhanced LOD to a nanomolar level that gives a subject of
future investigation on various simple and complex chemical contaminants with just a proof- of -

concept done previously.

Another work of Liu and co-workers [91] developed a SERS-based method to detect three different

pesticides - Carbaryl, phosmet, and azinphosmethyl extracted from the surfaces of apples and
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tomatoes. Using multivariate statistical techniques including Partial Least Squares (PLS) and
Principal Component Analysis (PCA), both quantitative and qualitative analysis of the data was
carried out. It involved a few steps of sample preparation, extraction, and detection with a detection
limit within the range of 4.51 ppm for carbaryl, 6.51 for phosmet and 6.6 ppm for azinphosmethyl
for apples and 5.5 ppm for carbaryl, 2.91 for phosmet and 2.94 ppm for azinphosmethyl on
tomatoes. Chromatographic methods are currently employed for such detection which again as
described before are time-consuming, complex and lengthy extraction procedures and requires

highly trained staff for analysis. [92-93]

1.6.3. Pharmaceuticals

Several pieces of work have been done in this field of pharmaceutical applications of SERS. Pavel
et al. [121] in their work have included SERS data on therapeutic drug categories like antibiotics,
antimalarial, antipyretic, anticarcinogenic drugs, and other such classes. From these, antibiotics
are the most common drugs used to treat human infections. These are also used for the treatment
of animals and aquatic life. Any toxicity or residues remaining in these species and passed onto
the food products is a serious concern. Liver and kidney are highly susceptible to residues given
their biological function. Enrofloxacin (ENR) and chloramphenicol are commonly used antibiotics
in chickens for the treatment of infections of the respiratory system and various other bacterial
diseases [94]. However, antibiotic residues in food products are of great concern because of the
potential to develop antibacterial resistance to these drugs in humans. SERS has the potential to
detect such antibiotics by functionalising the substrate with an active group which helps in rapid

detection of trace amounts.

1.7. Focus on analytical applications of SERS

As already discussed before, the sensitivity of SERS is demonstrated by the observation of
scattering from single-molecule. Single-molecule SERS only confirms that there is at least one
molecule generating Raman scattering but not the total number of molecules (or concentration) in

the sample and so the conditions used for single-molecule SERS are not entirely appropriate for
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analytical applications. Some approaches have been suggested for improving the analytical
performance of SERS, such as ensuring the analyte adheres firmly to the nanoparticle surface
[122], and attempts to either localise the analyte to a small region of the substrate, or reduce the
volume of the sample to increase the local concentration and thereby generate scattering from a

more significant fraction of the sample (as discussed at the end of Section 1.1).

1.7.1. Increasing local concentration by controlled drying

One approach to increasing the local concentration is by controlled drying of a small volume
(droplet) of the analyte solution. Controlled drying refers to the ability to control the shape of the
analyte droplet by control over the interfacial energy between the analyte solution and the

substrate.

One approach is to place a small droplet on the tip of a nanostructure with a very small cross-
sectional area [96]. The surface tension of the solution holds the droplet on the tip, and the droplet
evaporates leaving the analyte concentrated at the end of the nanostructure tip, which is then placed

at the focal point of the Raman collection optics.

If droplets are allowed to dry on flat surfaces, the Marangoni (“coffee ring”) effect is often
observed which results in the analyte being deposited in rings as the droplet slowly evaporates.
The effect is a combination of many factors, one that is relevant to controlling drying of a droplet
is known as “contact line pinning,” which occurs when the contact line between the liquid and
solid becomes fixed. If the contact line is fixed, then the droplet evaporates from the centre of the
droplet, outwards, towards the contact line. This results in a build-up of an analyte at the contact
line (and, eventually, the formation of a “coffee ring”) as shown in Figure 1.7(a).

Under these conditions, the analyte is spread over the circumference of the ring (which will be
roughly the same size as the diameter of the droplet) and only a small fraction of the analyte will
be in the focal volume of the focused laser beam. Contact line pinning can be reduced by lowering
the interfacial energy between the solid and liquid and hydrophobic, superhydrophobic, and
ultimately, omniphobic substrates all reduce contact line pinning compared to high energy solid
surfaces (e.g., glass). If contact line pinning can be reduced, or ideally, removed, then evaporation
occurs uniformly over the approximately spherical surface of the droplet, leading to the minimum

possible volume of dried sample (a few microns in ideal conditions, depending on the mass of
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analyte present). Typical focal volumes for microscope objectives have dimensions of a few
microns so it would be possible to acquire Raman scattering from every molecule in the sample if

the sample is dried without contact angle pinning.

PTFE/PFPE (polyfluoropolyether) “Krytox™, Apiezon™” oil

PTFE Filter
(0.2 pm pores)

~ -

Pinned contact line at
liquid-solid interface

Deposited droplet

p N
s . ’, PN . — 3
4 N pid P Viriea = 125 um
o o 0
Hfe—— —) lj—— —4 @
“ h \ |
W\ //I \‘\ / ”I’
Y .y N P 4 x 108
™S P 4 Vg P
SIooz- Sooo” Ideal analyte

Laser spot illuminates a
small fraction of analyte

Marangoni effect deposits
analyte at contact line

concentration factor

Figure 1. 7. Top. The SLIPS surface (polyfluoropolyether oil on porous PFTE). Bottom left. Drying
process on high surface energy substrate. The diameter of the Marangoni ring would be approximately
900 um for a 50 uL droplet. Laser spot (not to scale) diameter is approximately 2um. Bottom Right.
Drying process on omniphobic SLIPS substrate, without contact line pinning.

1.7.2. Omniphobic substrates

The need for substrates that can control droplet drying, and in particular avoid contact line pinning
has been described above. Contact line pinning can be avoided by using smooth interfaces with
low interfacial energy. Surfaces can obtain superhydrophobic properties by creating a Cassie-
Baxter wetting regime using nanoscale surface structures (e.g. lotus leaf). However, the nanoscale
structures eventually lead to contact line pinning as the interfacial energy starts to dominate surface
tension at very small liquid volumes, and capillary action draws the liquid into the nanoscale

cavities on the surface.
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Thus, surface with very low interfacial energy and atomically smooth interfaces are required to
avoid contact line pinning. A very effective method for creating atomically smooth interfaces is to
use a thin layer of a low energy liquid on a suitable substrate.

The Pitcher Plant has provided the inspiration for such surfaces by demonstrating that liquids over
porous surfaces provide the required properties. Wong et al. reported these surfaces as slippery
liquid-infused porous surface (SLIPS) inspired by Nepthenes pitcher plant [99]. These SLIPS
surfaces can repel both aqueous and non-aqueous solvent and are classified as omniphobic
surfaces. SLIPS surface also allow prevent contact line pinning and give rise to a drying process
as described in Figure 1.7 (bottom right) where the droplet dries to the smallest possible volume,
leading to not only a significant increase in effective concentration but a very high hot-spot density
when silver nanoparticles are included in the droplet along with the analyte. Thus, SLIPS

substrates provide two significant advantages for SERS applications.

There are various methods for generating omniphobic surfaces by using different lubricants on the
hydrophobic surface. Lynn et al. prepared an omniphobic surface by lubricating the hydrophobic
surface and then placed for repeated chemical bath treatment for fabricating robust surface to get
a nice smooth layer [100]. Tesler et al. prepared SLIPS surfaces by coupling of electrodepositions
of tungstite films on steel and finally lubricating with Krytox which is polyfluoropolyether oil
[101]. Wang et al. prepared a roughened surface on aluminium after fluorinating the surface and
then lubricating [102]. Zhang et al. prepared the first superhydrophobic surface by depositing
fluorinated silicone nanofilaments on glass surfaces and then fabricating by lubricant [103].Yang
et al. prepared a SLIPS surface by lubricating a Teflon membrane with Krytox 103[9] as shown in
Figure 1. 7.

1.7.3. Omniphobic substrate - SLIPSERS

The SLIPS surface provides an ideal SERS substrate. SLIPS coupled with SERS is commonly
called as SLIPSERS.

32



- Loading of mixed solution

Nanoparticles  Analyte solution g '..
s . - - ]

Lubricant coating
Teflon sheet over indented slide

Dried in air

{ [©) / / g 2 /
|
{ l SERS aggregate

. WP

SERS spectra ‘ J

\ | \
¥ Mgl e oty sty

Contactline pinning-free evaporation

Figure 1. 8. Conventional SERS and concept of SLIPSERS

SLIPS surface is formed by a hydrophobic liquid filling the pores of a Teflon filter. The teflon
filter is a standard polytetrafluoroethylene (PTFE) membrane filter, then a polyfluoropolyether
liquid is dropped onto the surface, capillary action draws the liquid and the result is a slippery
surface to which nothing adheres. The intention was to develop a substrate that gradually and
uniformly shrinks the size of liquid volume on drying which leads to small densely packed silver
nanoparticle aggregates, so a better signal can be obtained. Other surfaces are unable to perform
in a similar way whereas SLIPS can do it.

It has been observed that if a droplet of liquid is placed on any normal surface, when the liquid
evaporates, the target molecules are left in random deposits with weak signals. But if all the
molecules can be clustered among the silver nanoparticles, they will produce a very strong Raman
signal. Although there are several pieces of work [115,116] that allow researchers to concentrate
molecules on a surface, those techniques mostly work with water as the medium whereas SLIPS

can be used with any organic liquid.

Figure 1.8. represents the concept of SLIPSERS of how lubricating fluid, Krytox GPL-K10321 is
fabricated onto a Teflon membrane, a nanoporous polymer, to obtain smooth film over it creating

free of pinning surface.
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The strategy in this work is to develop this substrate and test this with a simple matrix (analytes
in aqueous solutions) and then more complex matrices. Hence, this can be called as a universal
platform that allows enrichment and delivery of targets into the SERS-sensitive sites called ‘hot
spots’ for detection in both aqueous and non-aqueous fluids (Yang et al. 2016) by controlled drying
of analyte solutions into a small volume. Working on this technique helped to understand how the
superhydrophobic interaction of surfaces vary with different analytes and how different structures
can improve SERS from single molecule detection of simple analytes of environmental concern to
biomolecule detection [104]. SLIPSERS technique has opened doors for a wide variety of
applications including medical diagnostics, environmental monitoring, and analytical chemistry,

and allows analysis of solid, liquid and even gaseous samples.

It is quite challenging to apply this SLIPSERS technique to biological samples and suffers from
a few limitations like:

1. Poor adhesion between biological matrix and lubricating fluid results to wetting and
dispersed the drop over the substrate. This means weak bonding between the substrate and
various matrices adsorbed on the surface.

2. The lubricant is lost after evaporation [99,101].

3. For nanostructures, mechanical robustness is required for high contact angle which reduces
smoothness [124].

4. Biological samples prevent close-packed structures from forming will decrease the hotspot

density.

Figure 1.8 shows the SERS and SLIPSERS methods for comparison. Both methods require
adhesion of the analyte to the silver nanoparticle surface. With SERS detection a droplet of the
silver nanoparticle suspension (loaded with analyte) can dry on a standard substrate (e.g., glass),
with strong wetting and contacting line pinning during drying resulting in the nanoparticles being
dispersed over the substrate. [105] Subsampling may occur during collection of Raman scattering
(i.e., some positions may show very little, or no signal, other positions, which contain high hotspot

density in silver nanoparticle aggregates will show strong signal).
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The controlled drying on the SLIPS surface concentrates the silver nanoparticles into a small
aggregate with a consistently high hotspot density and a strong signal can be observed from a much
higher proportion of the sample. An advantage of SLIPSERS in this situation is that the small
sample volume and therefore high analyte concentration favours adhesion of the analyte to the
nanoparticle surface. Hence, it can act as a universal platform for multiple analytes in highly

diluted aqueous and non-aqueous solutions.

The following chapters will discuss applications of SLIPSERS for detection in simple aqueous
media (Chapter 3: Ultra-sensitive SERS detection of brodifacoum and sodium monofluoroacetate
in aqueous solution) and complex biological matrices (Chapter - 6 highly sensitive SERS detection

and quantification of lidocaine hydrochloride in deer antler velvet).

1.8. Dissertation Organization

The unique ability to detect molecules of an analyte at very low concentration in a chemical and
biological environment using surface-enhanced Raman scattering (SERS) makes the spectroscopy
of considerable interest. The primary goal of this study is to continue this development and to look
for new applications in fields such as food security, environmental applications and biomedical

applications [6, 8]
This dissertation is organised into six sections.

Chapter 1 discussed above includes the literature review which led to the motivation of this
dissertation. Also outlining the strengths and weaknesses of each approach focussing on
minimal sample preparation time, faster speed of analysis, prevention of sample
contamination and preservation of evidential material which makes SERS as the best

technique.
Chapter 2 describes the investigation of a range of potential SERS substrates.

Following four research chapters are presented as a separate manuscript.
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Chapter 3 explains about SERS using omniphobic substrate, SLIPS that overcomes the
drawback faced by SERS regarding a collection of hot-spots and delivering ultra -sensitive
and enhanced Raman signal of brodifacoum and 1080. Both these compounds are under the
category of rodenticides, but both behave quite differently in the collection by SERS
extending to the lowest detection concentration to picomolar level. This has demonstrated

the versatility in terms of types of an analyte.

Chapter 4 investigates the application of SLIPSERS substrate for the detection of
brodifacoum and 1080 in a complex matrix, milk, with the objective of attaining highly

sensitive and specific detection.

Chapter 5 investigates the performance of line-scan Raman spectroscopy for detection and
imaging of lidocaine hydrochloride. This analysis is useful in finding out the spectral
variations and the most significant modes which are contributing these variations using

Principal Component Analysis (PCA).

Chapter 6 extends the LHC drug detection from dog plasma to deer antler velvet. Several
analytical methods have been published for detection of LHC in various biological fluids
like serum, urine, plasma but detection of LHC residues in antler velvet is still novel. This
work compares the reproducibility and sensitivity of SLIPSERS with other bioanalytical

techniques

All other techniques are quite time-consuming, difficult and involve a lot of costs but SLIPSERS
solved this problem and created a unique place through this work. This dissertation concludes with
a general summary of all the work done and highlights the future work for this exciting approach

of detection using SERS.
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Chapter 2. Substrate Development

The beginning of this research started with the idea to develop a SERS method coupled with novel
nanosubstrates and to evaluate its performance in detection, characterization, and quantification of
different substances with a focus on environmental and food security applications. Being new to
the SERS field, several substrate fabrication techniques were explored by the thesis author. The
aim of the work in this chapter is to carry out a systematic investigation of SERS substrates, to
determine the positive and negative features of each type of substrate and then select which one to

select for this research.

There are several techniques in the literature to develop rapid, sensitive and suitable solid SERS
substrates but they also have some drawbacks which needs to be addressed before adopting one
technique for developing SERS substrate. Similarly, there are several companies like Real-Time
Analyzers, Sigma Aldrich, Horiba Scientific, Ocean Optics and Mesophotonics that offer
commercial SERS substrates with uniformity and high sensitivity [61]. Despite the progress in
manufacturing these substrates, it is not yet obvious what specific applications are for a
reproducible SERS substrate. These substrates are getting more popular for fast on-site detection,
but this thesis involves the development of SERS substrate in the laboratory understanding the role
of various optimization factors to get highly reproducible and quantifiable results. The main
concerns are the high cost of fabrication, complex procedures, and shelf life, sensitivity to air, the
need for specialized fabrication equipment and many others which may be beyond the reach to
carry out on a frequent basis. These barriers drive the need to design a simple and accessible
substrate used for most of the analytes [43]. In this chapter, firstly the most common methods were
evaluated then based on the experience gained a substrate was prepared that was suitable for most

of the analytes with the aim of developing low cost, simple and sensitive method.

For identifying a simple SERS substrate, we have set a few guidelines, which must fit the

fabrication method for SERS substrates:

All the equipment and reagent can be easily found in a typical lab as daily routine chemicals and

readily available equipment like centrifuges, sonicator, magnetic stirrers, and oven.
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1. Minimal training required for sample preparation and how to use the equipment.
2. Easily fabricated with shelf life of at least six months.

3. Easy to use on Raman system without any complicated procedures of sample handling.

Keeping these criteria as a basis of identification, three substrate fabrication “classes” were

investigated in this chapter:

a. Etched-silicon method: The first work begins with a metal-assisted etching method for
developing SERS substrate and then understanding how morphology affects SERS activity
and a chosen silicon substrate. The first experiment performed in search of a suitable SERS
substrate was an adaptation of work presented by Benoit et al. [1] of preparing silver
dendritic nanostructures via metal- assisted chemical deposition method in the form of
stems, branches and leaf patterns using aqueous hydrofluoric acid (HF) and silver nitrate
(AgNOs3) solution. The experimental procedure was followed with variation in HF, AgNO3
concentration and etching time parameter. The growth mechanisms are discussed in the
further section. Obtained samples were investigated by scanning electron microscope
combined with energy dispersive X-ray (EDX) spectrophotometer. Scanning Electron
microscopy (SEM) and EDX have revealed the presence of silver nanoparticles on a silicon
wafer. Silver (Ag) nanoparticles showed different morphology with different concentration
and a different time. [2] This method however suffered from lack of control of Ag network
shape even when controlling etching parameters such as concentration of reactants. A high
concentration of HF can form some randomly-aligned pores, i.e., voids within the surface,
which can be the result of the increasing strain of HF movement inside the etched
structures. This method has the potential of fabricating nanodevices and delivers promising
results in the field of nanotechnology, but this study was performed in search of finding a

simple method of detection of chemical and biological analytes.

b. Dendritic nanoparticles: The method involves developing SERS-active Ag dendritic
nanostructures which provide a rapid and practical potential for onsite detection of trace
level of toxins. These Ag dendritic nanostructures were tested to detect pesticide rhodamine
6G (R6G). Scanning Electron Microscopy examined the morphology of nanostructures.
This method is good in terms of detection, but dendritic nature often results in variability

and deterioration of the nanoparticles. This could lead to inconsistent results and lack of
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reproducibility. Hence, it is a challenge to control all the parameters for successful

detection.

c. Colloidal nanoparticles, the most popular method used since decades [44]: Silver (Ag)
colloids-based nanostructures are the most common substrates for achieving strong SERS
signals with high sensitivity. The hot spots formed between the nanoparticles provide ease
for sensing analyte-using Raman. Kitaev et al. [S3] method was used for the preparation of
silver nanoparticles. We have used these nanoparticles for detecting R6G in aqueous

solution in this chapter.

2.1. Preparation of silver nanostructures on silicon as SERS active

substrate using metal-assisted chemical etching method

The metal-assisted chemical etching method was considered as a first choice in the search for
active SERS substrate due to its low-cost, simplicity and sensitivity. Several publications of nano-
dendrites formed by etching of silicon have been reported [4-6]. The objective of performing this
experiment is to understand the surface characteristics of etched silicon over time which is an

important parameter for the substrate stability.

Etched silicon has a large surface area and open pore structure which can yield highly sensitive
SERS substrates. The objective is to obtain a substrate of nanoporosity which can be directly used
for analyte detection. The main issue faced in fabricating silicon is controlling the size of
nanoparticles etched on it. Hydrofluoric acid plays a double role; it maintains the size of
nanoparticles and contributes to the adhesion of AgNPs onto the pores of Si substrate. It also
reduces the ability of aggregation of AgNPs and leads to nanoparticles sizes. Different

concentration of hydrofluoric acid was used as an electrolyte solution for etching silicon.

In this process, silver (I) ions are reduced to silver, and in the presence of fluoride ions, silicon is
oxidized to Si (IV) in the form of soluble SiFe2- So the silver is deposited as silver metal
nanostructures, into the cavities produced by the dissolution of the silicon. Silicon acts as both the

anode and cathode in this process.
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The morphology of the deposited layer, density and the average particle size, depends according

to the literature, on two main factors: (1) the structure of the underlying silicon substrate, which is

determined by the etching conditions, and (2) the deposition conditions, mainly the concentration

of the metallic solution used and the deposition duration. The large surface area creates suitable

nucleation sites. [1, 3] The synthesis includes pre-nucleation of silver nanoparticles inside the

pores of an etched silicon wafer as seeds and on the apex of formed silicon nanowires, and

subsequently self-organized growth of silver dendritic nanostructures.

2.1.1.

Experimental

Reagents and materials: HF, ethanol, silver nitrate, silicon wafers, acetone, distilled water.

Safety procedures were followed while working with hydrofluoric acid. Few were listed below:

I.
2.

(98]

A

Material Safety Data Sheet (MSDS) was read before conducting the experiment.

First aid kit and HF spill kit were kept nearby.

The experiment was conducted in a fume hood in the presence of laboratory technician and
supervisor.

Laboratory coat, acid resistant coat and safety glasses were worn by team.

Neoprene rubber gloves on the top of nitrile gloves was worn during the experiment.

All solutions, samples were properly labelled and kept in the fume hood.

Worked in a chemical compatible containment tray so if any HF spill happens, it can be
discarded in a Hazardous waste container following the hazardous waste disposal
procedures.

Experiment containers were kept close to each other to minimise the exposure.

A polished silicon wafer of size 2cm x 2cm was cut into slices and rinsed with acetone and ethanol

to remove possible contaminants and for degreasing. After rinsing with distilled water and drying

in a nitrogen atmosphere, the silicon slices were immediately immersed in the mixing of silver

nitrate (0.013M) and hydrofluoric acid (5M) solution for a variable time of 20 seconds, 60 seconds
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and 5 minutes at room temperature (24° C) (Figure 2.1). These initial experimental conditions
were changed to observe the effect of each factor [7]. After etching, the samples were rinsed with
deionised water and ethanol for 1 minute. The concentrations were varied with a factor two (lower
or higher) with variable time frames. Scanning electron microscopy was employed for the
microscopic characterization of the SERS substrate. ImagelJ software was used to analyse the size
distributions of the fractal nanostructures, that is, described as uneven structure composed of
fragments whose structural design is repeated with self-similarity like trees where each branch

divides again and again giving a repeated structure on every branch. [60]

All the measurements were carried out at room temperature.

Silver dendrites

HF Etching e
deposition

+Ag+

Si wafer

Figure 2. 1: Schematic representation of growth of silver dendrites shown as circles on silicon wafer
etched with hydrofluoric acid.

2.1.2. Results and Discussion

Silver was chosen because it is the best SERS substrate. Metal assisted etching is done between an

oxidizing agent and Si. [45]

At cathode, there is reduction of Ag+:

Ag++e— Ag Eo=+0.79V

At anode, Si substrate is dissolved on oxidation:

Si+2 H20 — Si02 + 4H+ +4e- Eo=+091V
Si02 + 6HF — SiFe2- + 2H20+2H+
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Overall reaction:

SiO2 + 4Ag+ + 6HF — SiFer- + 4Ag+6H+

The mechanism of silver nanoparticle growth process on silicon surface starts immediately after
immersion creating holes on the silicon surface in a few seconds. Ag nanoparticles are deposited
on the Si surface and their development is restricted by Ag+ diffusion. At the same time, few
nanoparticles connect with each other and form a large network. This network due to Ag deposition
results in the formation of silver dendrites clearly visible on the surface. It was observed during
the process of etching; the Ag network has two layers: the bottom layer results from the oxidation
of silicon while the top layer embedded over silicon is due to the reduction of Ag+. As it grows,

the silver network sinks into the silicon substrate. [11]

To obtain nanoparticles of desired length and diameter, the need is to optimise the etching
parameters: [AgNO3], [HF] and time. Three different concentration sets of HF and AgNOs3 were
used to etch the silicon wafer for 20 seconds, 60 seconds and 5 minutes at room temperature

(24°C).

i.  5M HF+ 13mM AgNO3,
ii. 2.5M HF + 83 mM AgNOs3,
iii.  10M HF + 5.3 mM AgNO3

The experiment was conducted using 5 M HF+ 13mM AgNO3 and then parameters changed to
observe the effect. 5 M HF formed more densely packed silver nanoparticles covering most of the

surface than deposited with the solution containing 2.5M HF.

Peng et al. proposed that different morphologies can be obtained with changing the concentration
of HF. SEM was used to investigate samples for surface morphology. Figure 2.2, 2.3 and 2.4 shows

that the surface of silicon layers etched for different times with different concentrations.

At low HF concentrations, SiO2 is deposited at the surface and is only fairly solubilized by HF

[8]. At high HF concentration, complete dissolution of the silicon surface occurs as Ag collects
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the electrons from silicon and allows Ag+ ions to be reduced at its surface. Vertical pores are
created at the junction between Ag and silicon resulted in etching of the surface near the Ag
nanoparticles [9, 10]. The unetched walls between the pore lead to fractal structures with high

concentrations and increased time. (Figure 2.4)

Figure 2. 2: SEM images of SERS substrates prepared by dipping Si wafer into a deposition solution of
SM HF + 13mM AgNOs for a) 20s b) 60s ¢) Sminutes
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Figure 2.2(a-c) measured SEM images of silver nanoparticles deposited on silicon wafer using SM
HF + 13mM AgNO:s for 20, 60 seconds and 5 minutes. At this high concentration of AgNO3, with
increased time rough surface was formed resulting non-uniform distribution. It was found that the
nanostructures length depends on HF. The diameters of the nanostructures are not highly variable
but are more compact and less detached for 5 M HF (Figure 2.2). Using the micrographs above,
the average diameter of structure for SM HF/13mM AgNOs3 went down from 27.03 nm to 11.08
nm with respect to time from 20 seconds to 5 minutes measured using Image J software masking
the area of 1um. Surprisingly; a higher AgNO3 does not affect the length but reduces the substrate
thickness. The diameter of the nanoparticles formed has increased with a rougher surface. It was
observed even with the naked eye, as the concentration of AgNO3 increases, the colour changes

from brown to black [57]

[HF] concentration had a significant influence on the surface area. SEM images of samples etched
at HF = 10 M i.e., with the longest fractal nanostructures show that the surface structures are closer
to tree/leaf-like structures (Figure 2.3) than observed at lower [HF]. This indicates that the Ag/Si
contact area (bottom of the Ag network) is reduced when [HF] is increased. It was hypothesised
that [HF] may affect the deposition of Ag at the nucleation step and increase the extent of the Si/Ag
contact area [12]. Because Si is dissolved only at Ag/Si contacts, different contact areas could
result in different dendritic lengths, even if the dissolution rate and etching time are identical. Like
Benoit et al.’s work [1], in this case of silver deposition, the etched silicon wafer was always
covered with a layer of thick silver film, which is slightly loose and could be easily detached from

the surface of the silicon wafer.
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Figure 2. 3: SEM images of SERS substrates prepare by dippig Si wafer into a deposition solution of
2.5M HF + 88mM AgNO:s for a) 20s b) 60s c) Sminutes (low magnification) d) 5 minutes (high
magnification)

With the increase in AgNO3 concentration, the etching rate increases resulted in higher dissolution
rate and longer dendritic structures (Figure 2.3(a-d)). SEM observations of sample etched for 5
min, shows that the surface remains smooth after losing the thick top layer. [13-15]. It was assumed
that during etching, consumption of Ag+ is not controlled by diffusion. The duration of this stage
increases with [AgNO3]. Once the surface concentration of Ag+ is depleted, the Ag+ diffusion
regime is reached, and fractals start to grow. After 5 min etching, Si wires 200 nm in length are

observed.
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Figure 2. 4: SEM images of SERS substrates prepared by dipping Si wafer into a deposition solution of
10M HF + 5.6mM AgNQO:s for a) 20s b) 60s c¢) Sminutes (low magnification) d) 5 minutes (high
magnification)

Besides fractal nanostructures, various kinds of leaf life structures are formed, irrespective of the
soaking composition. The silver layer looks detached from the etched surface of silicon [2] and
gives leaf-like silver dendrites Figure 2.4(a-d). Si nanostructures were covered with dendrite-

like Ag-deposits as a top layer, which was clearly observed [16].
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Figure 2. 5: SEM image (60,000 X magnification) of SERS substrates prepared by dipping Si wafer into a
deposition solution of 10M HF + 5.6mM AgNO3 for Sminutes.

A study with 10 M HF /5.6 mM AgNO3 was done to examine the morphology of dendrites at
higher magnification. The dendrites become thicker with a higher growth rate which resembles a

network of dendrites sinking into the Si substrate. [S8]

EDX analysis was done to prove the presence of Ag on a silicon wafer. Results of EDX for all the
concentration at 60 seconds are shown in Figures 2.6, 2.7 and 2.8. It was found that as HF
concentration increased (with the lowest concentration of AgNO3), gives greater deposition of Ag
on silicon due to favourable etching conditions. Minimum traces of silver nanoparticles were found
at the lowest HF concentration and highest AgNO3 concentration. Moderate concentration shows
a good quantity of Ag on a silicon wafer. And with respect to time, as the dissolution rate increases,
more fractals are produced with maximum HF concentration and a considerable quantity of silver
on silicon. [17, 18] There were some traces of carbon and oxygen even which most likely comes
from rinsing the silicon with acetone and ethanol. Also, trace metal peaks (other than silver) might

suggest that there were some trace metal contaminants in silver.
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Figure 2. 6: EDX elemental results of Silicon wafers into deposition solution of 2.5M HF + 88mM AgNO3
for 60s

cledax32igenesisigenspc.spc

Label A: 5M 0.088M 60sec

Figure 2. 7: EDX elemental results of Silicon wafers into deposition solution of SM HF + 13mM AgNO3
for 60s
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Figure 2. 8: EDX elemental results of Silicon wafers into deposition solution of 10M HF + 5.6mM
AgNO3 for 60s.

2.1.3. Conclusion

The substrate in this section was produced by metal-assisted chemical etching method with silver
nanoparticles precipitated on the surface. SEM analysis of the etched silicon wafers has revealed
the formation of round-shaped pores at a moderate concentration with decreased diameter size
whereas for lowest (13mM) silver concentration, there was considerable number of Ag NPs in 5
minutes with size reduced to 11.08 nm. It was found that length and width of pores can be
controlled by selecting an appropriate etching time. SEM analysis of samples with precipitated Ag
NPs has shown a non-uniform distribution of Ag NPs on the surface of silicon wafers. Ag NPs
were also observed inside of pores in the silicon layer which is confirmed by EDX analysis at a

later stage. On increasing the time, the small pores grow to fractal structures which has an
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increasing quantity of Ag deposited on it. 10M HF and 0.088 M AgNOs revealed large fractal
structure with a good quantity of Ag on silicon wafer compared to the other two concentrations.
This method, however, suffers from lack of control of Ag network shape even when controlling
etching parameters such as the concentration of reactants. The presence of Ag NPs was
additionally proved by EDX analysis, which showed that the quantity of Ag in silicon samples

amounts to almost 5% of the total percentage weight at a maximum concentration of HF.

To consider this as SERS substrate for any further work, a comprehensive study is required
analysing the etching rate, the direction in which etching was done and orientation of silicon
substrate. Therefore, gaining the knowledge from this experiment and understanding the
shortcomings, for example, silver getting oxidised at room temperature reduced the substrate shelf-
life of around a month, another method using silver dendrites was identified and carried out for a

reproducible SERS substrate.

2.2. Method of forming silver dendritic nanostructures

The primary interest in silver as a SERS substrate is due to its optical properties and the fact that
it has a plasmon resonance in the visible region. Silver dendritic nanoparticles are quite popular
SERS substrates due to its branches and stems which have unique electromagnetic field

enhancement [27].

Silver dendrites can be easily formed via simple reduction method using metals like copper (Cu)
[19], magnesium (Mg) [20], zinc (Zn) [21] or iron (Fe) [22]. These metals transfer electrons
through galvanic displacement by reducing Ag+ions and silver is deposited on the metallic surface,
copper mesh, in the form of dendrites [23]. The difference between this bimetallic (Ag/Cu)
nanostructures method with etching of silicon by silver ions method is the different reductant, that

is, copper for bimetallic and silicon for etching method.

The standard electrode potential of the Ag+ /Ag pair (Eo= +0.799V) is higher than Cu2+ /Cu pair
(Eo= +0.377V) whereas in the previous etching method Si2+/Si has a higher electrode potential

than the Ag+ /Ag pair which allows silver to sink into silicon surface results in etching. In these
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bimetallic dendritic nanostructures, copper atoms reduce silver ions to silver atoms with the
simultaneous release of Cuz+ ions that covers the whole copper surface with dendrites in a few
minutes. [44,45]. Therefore, it is a simple, rapid and low-cost method to synthesize silver
nanostructures than using dangerous hydrofluoric acid for etching silicon with silver. These Ag

dendritic nanostructures were used to detect rhodamine 6G(R6G) in this experimental work.

2.2.1. Experimental

2.2.1.1. Materials

Copper powder (<425 pm mesh), silver nitrate, rhodamine 6G and ethanol of analytical grade was

used. Milli-Q water was used for the preparation of all solutions.

2.2.1.2.  Preparation of silver dendrites and SERS samples

Silver (Ag) dendritic nanostructures were formed using 0.07 g copper powder (<425 pm mesh)
added to 0.22g silver nitrate (AgNO3) aqueous solution at 50° C without stirring. After 24 hours,
Ag dendrites were formed, then washed twice with ethanol and water and the dendrites were
collected in deionised water. 10 uL of R6G were pipetted onto the quartz coverslip which already
had Ag dendritic nanoparticles dried on it. R6G drop was left for few minutes for air drying and
then analysed using a 532 nm laser with a 9 mW power and 40X objective. The integration time

was 15 seconds with four accumulations [24].

2.2.1.3. Instrumentation

A home-built Raman microscope system was used which is based on an inverted fluorescence
microscope, various optical components, and dedicated Raman spectrograph, FERGIE, and
detectors. All SERS measurements were measured using FERGIE integrated spectrograph
(Princeton Instruments). A setup of this kind is illustrated in Figure 2.9. The sample was placed
on the stage placed above the microscope. The spectrometer was calibrated using standard Raman
positions of Polymethyl methacrylate (PMMA). Light field software was used for collection and
analysis of Raman spectra. Spectra were obtained using 532 nm excitation wavelength using a 40

X 0.65 NA objective, 9 mW laser power, 15s exposure time and 4 accumulations.
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Figure 2.9. lllustration of Raman spectroscopy hardware and setup.

Scanning electron microscopy was employed to understand the morphology of silver
nanoparticles. Zeta-potential and nanoparticle size was measured using Malvern Zetasizer Nano

ZS. A sonicator was used to homogenise the samples at 50 watts, 10% amplitude.

2.2.2. Results and Discussion

A simple reduction method without the use of any surfactant was employed for fabrication of
silver dendrites using copper powder. Copper powder was used as a reducing agent which plays
an important role in the formation of silver dendrites. Copper has a high standard reduction
potential and can reduce silver ions at a faster rate than any other metals [28]. Keeping the copper
powder and silver nitrate solution undisturbed for 24 hours will promote the reaction allowing to
get regular crystalline branches of silver dendrites that gives the fractal network even on
decantation. It can easily control the size and shape of dendrite giving regular nanodendrites with

equivalent growth on all sides [25,46].
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The copper powder would certainly speed things up due to the greater surface area. Without
stirring will make complete use of copper powder in a timely manner giving most of the silver
cemented at the bottom and when cement silver was washed well, it will remove any
contamination from the left traces of copper in solution. The solution initially turned light blue
after the reaction but cleared up after washing. Higher surface area of copper allows more analyte
molecules to get adsorbed at the surfaces that can serve as an attractive sensing substrate for SERS

analysis [62].

The concentration of silver nitrate has a significant effect on the morphology of silver dendrites,
changing the size and shape of dendrites. Higher Ag+ concentration results in faster formation of
nanodendrites in the form of branches and stems while low concentration can lead to irregular

nanoparticles with fewer chances of forming regular dendrites [26].

2.2.2.1.  Morphology of silver dendrites substrate

Scanning electron microscopy (SEM) images in Figure 2.9. demonstrate a leaf-like branching
pattern of Ag dendritic nanostructures with R6G deposited on it. The details of the structures were
revealed at various magnifications. Length of each individual dendrite varies from 3-6 um. Time
plays an important role in morphology, size and amount of formation of dendrites, if all the
reactants were added with stirring and reaction time was more than 24 hours, copper powder turns
the silver dendrites to dark black. So, it requires an optimum procedure for addition of chemicals
and keeping the reaction time to 20 hours. High density of nanoparticle clusters between the edge
of neighbouring branches acts as SERS ‘hot-spots’ and responsible for an enhanced SERS signal.

These dendritic nanostructures clearly differentiate from the earlier etching method.
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Figure 2. 10: SEM of a) R6G (10-+ M) on silver dendrites from low magnification (50 um), (10 um) to
high magnification 5 um

2.2.2.2.  SERS performance in rhodamine 6G.

Rhodamine 6G, Raman active dye, was used as a standard for evaluation of SERS performance on
silver dendritic nanostructures with the aim of obtaining high sensitivity. This is generally the most
popular target analyte for single-molecular detection.10 uL. of 10-5s mol/L R6G ethanolic solution
was used for testing on Ag dendritic substrates. Figure 2.11 shows the spectra that demonstrates
the efficiency of dendritic SERS substrates. R6G fluorescence and Raman spectra overlap in the
spectral range 540-580 nm [63], the Raman spectrum has a strong fluorescence background.
Therefore, SERS spectra of 10-s M and 10-7M R6G in water was acquired as shown in Figure 2.11.
The strong Raman peaks above the fluorescence background were found at 613 cm-1, 777 cm-1are
associated with C-C- C ring in plane, C-H out-of-plane bending, 1188 cm-1 and C- C stretching
vibrations 1362 cm-1, 1505 cm-1, and 1649 cm-1 assigned to totally symmetric modes of aromatic
C-C stretching vibrations. [29, 31] The experimental results obtained from R6G concentrations
using silver dendritic nanostructure matched with the literature data.

With decrease in concentration from 10-5 to 10-7 M R6G, few detectable Raman bands were lost.
This illustrates that this silver dendritic SERS substrate is limited to a certain range of detection

level without much potential for ultra-sensitive detection to probe single molecule regime. To
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overcome this sensitivity problem which is an important feature of SERS substrate, the fate of

colloidal SERS substrate was investigated and described in the next section.
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Figure 2. 11: SERS spectra of R6G 10-sand 10-7 M on Ag dendrites acquired at 532 nm laser wavelength

with 40 X objective, laser power of 9 mW and 15 s exposure time with average spectra from four
accumulations.

Despite many advantages, few shortcomings of the technique were found. At the time of
deposition, suspension of dendrites creates a thin layer of nanoparticles at the centre and they dry
in a ring-shape, so the particles collect at the edge of the ring. The dendrites are dispersed around
the circumference of the ring, so even if the focus is on few hot-spots of the dendrite ring, there
are still a lot of analytes that is not generating SERS intensity. This diverted the objective to look

for some other options for SERS substrate. The fabrication process of the dendritic substrate is
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very simple and inexpensive, and dendrites have stable SERS signal, and they can be used for
wider applications in Raman analysis and imaging but are not particularly suited for analytical

applications.

2.2.3. Conclusion

The method developed was quite simple and reproducible for detection of R6G using Ag dendritic
nanostructures. Good enhanced SERS signal was found with different concentration of R6G at
several ‘hot-spots’ found at the edge of a dendritic ring formed. Dendrites can give strong SERS,
but they disperse across the substrate when drying and this creates problems. Therefore, the
colloidal nanoparticles method was investigated that could overcome the dispersal problem as

previous method deal with silver dendrite suspensions.

2.3. Use of SLIPS surfaces as a SERS substrate with silver colloidal

nanostructures

Silver (Ag) colloid-based nanostructures are the most common method of achieving strong SERS
signals as compared to any other method. These colloids are investigated for the shape, size and
an extent of aggregation of colloidal nanoparticles [46-50]. The hot spots formed in between the
nanoparticles provide ease for sensing analyte using Raman. Aggregation by salt addition can also
activate surface chemistry leading to more enhanced signal for surface-enhanced Raman
spectroscopy. R6G, an analyte that gives very large Raman signals, is often used as a standard
probe for SERS investigation on silver colloids [35]. Such dyes like R6G, malachite green and
crystal violet are the most popular analytes of interest for single-molecule detection because of

their high scattering ability.

Many SERS studies are published for silver colloids using different reducing agents, such as
borohydride, hydroxylamine [36-38]. Researchers have widely used silver colloids using sodium
borohydride and proven to be effective substrate for SERS [51-52]. In this section, Kitaev et al.
method was used for preparing borohydride-reduced silver colloid which provide the ultrasensitive

detection of R6G to picomolar level [39, 53].
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2.3.1.

2.3.1.1.

II.

2.3.1.2.

Experimental

Preparation of silver nanoparticles

Silver nanoparticle preparation was performed in accordance with Kitaev et al. [53]
method. These nanoparticles are referred to as ‘Kitaev silver nanoparticles’ throughout
the dissertation. To a borosilicate vial, 4 mL of 1.25 X 10~?mol L™ trisodium citrate,
1 mL of 3.75 x 1073mol L™ 1silver nitrate, 9 mL of Milli-Q water and 10 mL of
5.0 X 1072mol L~ *hydrogen peroxide were mixed. Then 0.80 mL of 1.0 X
107*mol ™! potassium bromide was added. Lastly, 5 mL of 5.0X
1073mol L™ sodium borohydride was added and stirred continuously for two minutes.
A permanent yellow colour solution was formed immediately. 0.8 mL volume of KBr
was chosen for SERS analysis as it gives the best spectra with
R6G. Therefore, Kitaev silver ~ nanoparticles prepared  using  0.8mL of KBr is
chosen for a 532nm laser for SERS.

Lee Meisel Colloid: 90 mg silver nitrate was dissolved in 500 mL of Milli-Q water and
brought to boiling. 10 mL solution of 1% sodium citrate was added. The solution was
kept on boiling for one hour. A greenish yellow colour solution was formed and used

for SERS analysis.

SERS sample preparation

For SERS analysis, to 2 mL centrifuge tube, an aqueous solution of 750 pL of analyte, (i.e., any

chemical substance that needs to be detected and measured), 750 puL of Kitaev nanoparticles and

150 uL of 0.01 mol/L magnesium sulphate (MgSO4) or potassium chloride (KCI), used as an

aggregating agent, were sequentially added to Raman vials. The solution was then vortexed for 1

minute, sonicated for five minutes and then used for SERS detection.

The solution finally obtained was used either as dried SERS samples by simply pipetting 2 uL of

the solution mixture onto quartz coverslip, allowed to dry at room temperature, and then used for
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SERS analysis. Or as it is in solution form by taking few mL’s in a cuvette and then placing it in

a cuvette holder for SERS analysis, termed as ‘Liquid SERS’ in the thesis.

2.3.1.3.  SLIPS sample preparation

The lubricant used for SLIPS substrate was Krytox which is a polyfluoropolyether oil and the
Teflon sheet used was Sterlitech Polytetrafluoroethylene (PTFE) unlaminated membrane filters of
0.2 micron pore size and diameter of 13mm. The white Teflon sheets were first placed at the top
of concave well of the indented glass slide. 15uL lubricant was dropped onto the centre of each
Teflon sheet using a pipette. The glass slides were then tilted in every direction to ensure the
lubricant completely covers the Teflon sheet before being placed on the spin coater. The spin coater

was spun at 1000 rpm for 1 minute to ensure excess lubricant was removed.

The lubricated membrane was placed in an oven set at temperature 64 ° C and a 50 pL drop of
analyte solution was place on the Teflon membrane. 10 pL of Ag nanoparticles with 1 pL 0.01
mol/L MgSO4 or KCI aggregating agent was injected onto the droplet. The slide was removed
once the aggregate was dried. It took approximately an hour to dry the sample. To accelerate the
evaporation process, the optimum temperature for drying is required. Overheating may degrade
the sample. Yang et al. have shown that increasing the temperature beyond 64 °C could increase
the evaporation but also causes the droplet to enter a “sticky” Wenzel state where droplets are
pinned to the surface and have strong contact with the surface [39]. Therefore, optimum
temperature set for SLIPS surface is 64 ° C that facilitates the pinning-free formation of aggregate.
After evaporation, the droplet formed as a single black dot, visible to the naked eye. Finally, the

aggregate was transferred to a coverslip for Raman analysis.

For Raman testing, the laser power should be as low as possible, ~1 mW, to avoid sample damage
and an exposure time of 15 seconds with 4 accumulations. It was found that the Teflon sheet could
be used multiple times to create the SLIPS surfaces. To carry out the multiple usages, the Teflon
sheet was wiped with ethanol to remove any remaining solute and then 10uL of lubricant was

reapplied to the Teflon sheet, tilted to spread evenly and spun on the spin coater.
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SERS measurements were performed on aggregates which consist of close-packed nanoparticles,
an aggregating agent and analyte of interest. All SERS measurements were recorded on FERGIE

spectrograph at 532 nm laser wavelength as described in the above section of Instrumentation.

2.3.2. Results and Discussion

The preparation of silver nanoparticles involves the aqueous solutions of all above listed chemicals
that plays an important role in getting size dependent AgNPs. Bromide has been used as a shape-
modifying agent for AgNPs. It alters the size and limit the growth of silver nanoparticles, leading
to different sizes of nanoparticles. Bromide strongly binds to the silver surface, forming silver
bromide that restricts the growth of silver particle surfaces. Sodium citrate acts as a buffer and
stabilizes the silver nanoparticles. Firstly, citrate form complex with silver, then combines with
Ag+ of a growing nanoparticle, making the surface negatively charged and electrostatically
preventing nanoparticles from aggregating. Hydrogen peroxide serves as an etching agent and
facilitates formation of shape-selected nanoparticles. Sodium borohydride acts as a reducing agent
that reduce silver nitrate and allow silver atoms to aggregate. Sodium borohydride used should be
fresh as it decomposes over time rendering larger size nanoparticles. With proper laboratory care

and handling, AgNP preparation is robust and reliable and can last for few months.

Another important addition in getting highly enhanced SERS signal for any analyte detection is
the addition of suitable aggregating agent which does not compete with the analyte molecule
during adsorption. Previous reports suggested that different aggregating agents have different
influence on SERS enhancement. Several combinations of cations (Mg2+, Na+, K+, Li+) with anions
(CL, Br-, SO42-, I-) where one combination can work for an analyte whereas other can work for
another [59]. Aggregating agents cause metal colloids to aggregate because they compromise the
electrostatic stabilisation that colloid particles have at their surface which keep them in colloidal
suspension. The electric double layer thickness is compromised by the increase in electrolyte
concentration so lessening the repulsive forces and allowing the natural attractive dispersion forces

between the particles to dominate so favouring their agglomeration into larger particles.

Two different aggregating salts were chosen and used: 0.01 M MgSO4 and 0.01 M KCI for

comparison for SERS enhancement. Both are capable of aggregating silver colloids forming a
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cluster of nanoparticles. These aggregates obtained were analysed under SEM. Although
aggregation is essential for strong SERS, it can be difficult to control. Using these two aggregating
agents, it was found that chloride based aggregating agents can cause issues with silver colloids
due to the formation of insoluble AgCl blocking the adhesion of the analyte to the AgNP surface
but sulfate does not act in a similar manner, it has low affinity to silver therefore occupies the

AgNP surface sites and enhance the signal by aggregation.

Also, interesting to note, as per Law of Schultz and Hardy [64], MgSOa4 with its divalent cation
(Mg2+) will be more effective at aggregating the colloids relative to the KCI which has monovalent
cation and have the same influence at a lower concentration of aggregating agent. Even increased
concentration of aggregating agent results in instability of the colloidal solution and eventually
leads to precipitation of nanoparticles. Ag has the potential of aggregating themselves and adding
an aggregating agent of an optimal amount can increase SERS enhancement whereas if the
concentration has increased it will ultimately lead to a significant decrease. Therefore, one-fifth to
the volume of sample mixture was added as an aggregating agent to optimally achieve

enhancement.

2.3.2.1.  Morphology of colloidal substrates

Two types of nanoparticles were initially investigated, the Kitaev nanoparticles [53] and the Lee
& Meisel nanoparticles [65]. Kitaev nanoparticles are typically spherical in shape and of almost
same size whereas Lee-Meisel colloids has different shape nanoparticles but size of both

nanoparticles ranges from 44 nm-50 nm. (Figure 2.12)

Mark Waterland’s undergraduate students - Harry Deare and Callum Hill investigated both
colloids in detail for their nanoscience project and found that both produced good Raman spectra
with Rhodamine 6G in the concentration range of 10-6 to 10-10 mol/L using 532nm Raman laser but
below that the Lee & Meisel nanoparticles were unable to produce constant results. It was
suspected that even on very low powers (~1mW) the laser is still altering the shape of the Lee &
Meisel nanoparticles causing the spectra produced tochange erratically. While

the Kitaev nanoparticles produced good spectra till at least the 10-15 concentration. The volume
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of KBr used in the reaction also plays an important role of the size of the nanoparticles formed and

therefore, 0.8mL KBr nanoparticles seemed to produce the best and reproducible spectra.

Figure 2. 12: Transmission electron microscopy images of a) Kitaev silver nanoparticles, b) Lee Meisel
silver colloid.

After learning the information about the morphology and stability of these nanoparticles, Kitaev

silver nanoparticles were chosen for sensitive detection and quantification of our selected analytes.

Figure 2.13 a, b and c shows the effect of an aggregating agent on Kitaev silver nanoparticles.
Before aggregation, the nanoparticles are isolated and randomly distributed. The clusters shown
in the figure below is the dried solution. Once the salt has been added the nanoparticles form dense
structures and form large flakes, which can be easily seen with the naked eye. These flakes were
made of particles of different shapes and sizes. Under SEM examination it was found that with
MgSOs, the shape of aggregate is more circular with some gaps found at the junction of
nanoparticles whereas with KCl it’s like a mesh with no space in between. It has been reported by
Bell et al. [32] that MgSO4 does not compete with the analyte at the adsorption sites allowing more
analyte molecules to adsorb and finally giving strong enhancement. It is important to add analyte
molecules to nanoparticles before adding aggregating salt to it. This allows the analyte molecule

binds strongly to the nanoparticle surface giving large signal intensity. [35]

72



Figure 2. 13: SEM image of original Kitaev silver nanoparticles a) before aggregation (scale: 5 um) b)
after aggregation with 0.01 M MgSO4 (scale: Sum) c) after aggregation with 0.01M KCI (scale: 100 um)

2.3.2.2. UV-Visible Characterisation

UV-Vis spectra of Kitaev silver nanoparticles mixed with two different salts, 0.01 M MgSO4 and
0.01 M KCI, were obtained as shown in Figure 2.14. The spectra were recorded immediately after
adding the aggregating agents to the nanoparticles because the nanoparticles eventually aggregate
and fall out of suspension. In case of MgSOs, the peak was reduced as compared to Kitaev silver
nanoparticles absorption peak which is due to silver nanoparticles aggregating whereas KCl
absorbance is the lowest due to large aggregates settling out of solution. [40]. Also, it was found
that MgSO4 gave much better SERS intensities due to weak adhesion of the sulfate ion. This is
proved by the results obtained in Chapter 4. Unaltered colloids, colloids without any aggregating
agent offered weak (low SERS intensity) spectra as compared to ones with salt. Chapter - 4
demonstrates the significance of MgSQO4 by presenting the SERS spectra of an analyte with and
without aggregating salt.
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Figure 2.14: UV-Vis spectra of Kitaev silver colloid (blue), Kitaev silver colloid aggregated using
MgSO0s (orange) and Kitaev silver colloid aggregated using KCI (grey) (inset: Kitaev silver
nanoparticles)

2.3.2.3. SERS and SLIPSERS performance of R6G with citrate-reduced silver colloid.

The performance of the colloid was evaluated by SERS and SLIPSERS activity with R6G.

Firstly, the Raman spectra of Krytox (polyfluoropolyether oil used for SLIPS substrate
preparation, Figure 2.15) and Kitaev silver nanoparticles were acquired (Figure 2.16). In the
preparation of SLIPS surfaces, an indented glass slide is used as opposed to a regular glass slide
as gravity gives good assistance in forming a smaller aggregate. The Raman spectrum of Krytox
is heavily dominated by noise and therefore, has very weak signal. The ‘peak’ at about 2200 cm-1
would be overpowered by sample spectra of higher intensity. The spectrum is considered as a

reference when using samples at very low concentrations.
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Raman Spectrum of Krytox Lubricating Oil Dried at 64°C
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Figure 2. 15: 532nm Raman spectrum of the liquid Krytox lubricating oil.

Raman Spectrum of 0.8mL KBr Kitaev AgNPs Dried at 64°C
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Figure 2. 16: Raman spectrum of Kitaev silver nanoparticles

There is always a maximum concentration of an analyte that gave an observable SERS signal. The
molecules are either scattering or absorbing the incident laser so that very little SERS enhancement
occurs for the sample with very high analyte concentration. Hence, for this study, SERS detection
was initiated from10-7 mol/L concentration of R6G concentration. Concentrations higher than this
gives a very high intensity signal resulting in unreadable spectra that results from R6G

fluorescence. As the concentration increases, R6G completely covers the aggregate giving no
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SERS and no spectrum obtained. Silver nanoparticles quench any fluorescence from R6G. So, if

fluorescence is observed, then it is coming from molecules that are not in contact with the surface.

Rhodamine 6G is a large molecule (65 atoms including 4 conjugate ring structures) with high
fluorescence quantum yield [54] and thus has larger Raman cross-section. The particles can
completely cover the aggregate at higher concentrations and such adsorption prevents the
scattering of signal. The aggregate structures are visible in the Figure 2. 9(left), but in the Figure
2. 10 (right) the aggregates are obscured by the dried analyte. Higher the concentration of analyte,
higher is the surface coverage resulting to increase in the probability of accidental clustering which
blocks SERS enhancement. It was observed that for higher concentrations, a crystallized R6G
structure formed on top of the AgNP aggregates. To determine the appropriate concentration to
detect the analyte of interest, it must be kept in mind that the nanoparticles are used to create “hot
spots”. If the solution is at too high concentration, the solute will form a shiny surface over the

surface of the silver nanoparticles blocking the “hot spot” effect.

Figure 2.17 and 2.18 are two SEM images, show the difference in surface structure between the
10-2 and 10-10 mol/L concentrations. Higher concentration at 0.001M R6G, structure looked shiny
with analyte in bulk giving no SERS spectra whereas low concentration (10-10 mol/L) the image

has a rough, dry looking surface and gives strongly enhanced spectra.

Figure 2. 17: (left) 10-2 R6G SEM
-\ image. Note, the smooth crystallized
R6G surface

Figure 2.18: (right) 10-10 R6G \
SEM image. Note, the rough R6G
and Kitaev AgNP surface

Raman spectrum of 1mM R6G dried on a coverslip was acquired as shown in Figure 2.19. This
serves as a reference spectrum for analyte identification and comparison. The SERS (dried) and

SLIPSERS spectra of 10-7 mol/L R6G with aggregating agent, MgSOa, were acquired with three
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accumulations per spectra at an excitation wavelength of 532 nm. The spectra exhibit the expected

R6G peaks as shown in Figure 2.20 and 2.21.
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Figure 2.19: Raman spectra of ImM R6 G acquired at 532 nm laser wavelength with 40 X objective,
laser power of 9 mW and 15 s exposure time with average spectra from four accumulations.

Intensity(a.u,)

T T T
500 1000 1500

Raman Shift(cm™)

Figure 2. 20: SERS spectra of 10-7 mol/L R6 G with 0.01M MgSOs+ acquired at 532 nm laser wavelength
with 40 X objective, laser power of 9 mW and 15 s exposure time with average spectra from four
accumulations. Position 1, 2 and 3 are the different random points focused on the substrate.
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Figure 2. 21: SLIPSERS spectra of 10-7 mol/L R6 G with 0.01M MgSO+ acquired at 532 nm laser
wavelength with 40 X objective, laser power of 9 mW and 15 s exposure time with average spectra from
four accumulations. Positionl, 2 and 3 are three different random points focused on a substrate.

The SERS and SLIPSERS spectrum are in good agreement with the literature values. The spectral
assignment of 1366, 1513 and 1653 cm-1 bands as aromatic C—C stretching in-ring vibrational
bands and band at 622, 776 and 1188 cm-1 as C—C-C ring in-plane, out-of-plane bend and C-C
stretching vibrations [41, 55, and 56]. The detailed assignments are given below in Table 2.1.

Table 2. 1: Assignment of Raman bands obtained from SERS spectra of Rhodamine6G

Raman shift (cm-1) Assignment

622 C—C-C ring in-plane bending
781 C-H out-of-plane bending
1069 C-H in-plane bending

1188 C—H in-plane bending

1317 Aromatic C-C stretching
1366 Aromatic C-C stretching
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1513 Aromatic C-C stretching

1577 Aromatic C-C stretching

1653 Aromatic C-C stretching

SERS enhancement factor is comparing the ratio of intensities of SERS and normal Raman
spectrum of R6G. We have used a normal Raman spectrum of ImM aqueous solution of R6G and
SERS (and SLIPSERS) spectrum of 10-7 mol/L R6G. The most intense peak at 1366 cm-1 was the

chosen Raman band to determine enhancement factor (EF).
The formula to calculate EF is listed below:

EF = IsLipSERSCRAMAN/ IRAMANCSLIPSERS

where IsLipsirs, IRaMAN represents peak intensity with and without Ag nanoparticles and

Cstipsers, CrRaMaN are the concentration of R6G with and without Ag nanoparticles.

The enhancement factor for SLIPS and SERS obtained is 7.4 X 107 and 2.9 x 107 respectively.
At this concentration (10-7 mol/L), both SERS and SLIPSERS are quite a close match. This means
if a strong hot spot on the SERS sample was captured then the EF for the SERS sample expected
to be very similar to the SLIPSERS sample. The key difference then is with SLIPSERS is to more
likely find a hot-spot than SERS, but the hot-spots in both cases give similar enhancement. And
this would be an advantage for detecting lower concentrations with ease and improving the

sensitivity, which is a challenge.

SERS spectra of 10-7 mol/L R6G with 785 nm excitation wavelength was also acquired as a
comparison to identify the maximum sensitivity factor. The peak at 1366 cm-1 was used to
calculate the enhancement factor for R6G. The intensity of R6G at 785 nm observed was quite a
low comparative at 532 nm. The enhancement factor calculated for SERS spectrum of  10-7

mol/L R6G at 785 nm and 532 nm excitation wavelength was 5.0 X 10® and 2.9 x 107
respectively. At this concentration (10-7 mol/L) even it was observed that the location of a few
peaks is not the same as per the literature. (Figure 2.22) This might be because different excitation
wavelengths have enhanced the different set of modes between the substrate and the adsorbent. As
in surface-enhanced Raman spectroscopy, these states can influence relative intensities, and

possibly the band frequencies.
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Figure 2. 22: SERS spectra of R6G with Kitaev silver nanoparticles at 785 nm excitation wavelength with
40 X objective, laser power of 15 mW and 15 s exposure time with average spectra from four

accumulations.
An acceptable parameter for determining LOD is the concentration [66] where:

Peak Height

Signal — to — noise

whereas the limit of quantification (LOQ) is the concentration where

Peak Height ~ 10
Signal — to — noise

To investigate the LOD of SLIPSERS, we obtained SERS spectra on concentrations ranging from
10-10 to 10-15 mol/L. (Figure 2.23)

In this concentration range, enhancement has become approximately constant. The reason for this

behavior is that below a critical concentration the probability of finding an R6G molecule (or
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possibly a small aggregate of R6G molecules) in the focal volume and at a hot-spot becomes quite
low. This is the sub-sampling regime, and a certain amount of “luck” is required to find a signal.
But if the microscope objective does focus on a hot-spot with R6G, then a signal is obtained, but
the signal is roughly the same intensity for each hot-spot (in the same way as the SLIPSERS and
SERS EF are roughly the same).

The spectra for 10-13 mol/L and below should be treated with caution, as at these concentration
levels, extreme measures are required to avoid cross-contamination of glassware, pipettors, and
substrates (and this data was obtained without taking these measures). Although, the concentration
may be nominally 10-15 mol/L, in practice, it could be several orders of magnitude higher due to
these cross-contamination issues. The data clearly demonstrate the potential of SLIPSERS for very
low detection limits and illustrate how the signal intensity behaves in the sub-sampling regime.
The onset of the sub-sampling regime effectively marks the lower limit for detection. Therefore,

LOD at this stage was the picomolar level for R6G using SLIPSERS method [39].

532nm Raman Spectrum of Various R6G Concentrations with Kitaev AGNPs
— 1071
— 0
— 1071
— 10—13
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Figure 2. 23: Graph showing how spectra intensity decreases with R6G concentration acquired at 532
nm excitation wavelength with 40 X objective, laser power of 15 mW and 15 s exposure time with
average spectra from four accumulations using SLIPSERS method.
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Such a low concentration region can be analysed using a sub-sampling technique such as Principal
Component Analysis (PCA), to identify individual SERS signals. The idea with using PCA to
analyse sub-sampling is relevant if there are multiple components in the sample, then multiple
spectra will be obtained, and a system with multiple spectra can be analysed with PCA. Such PCA-
based SERS technique has the potential to identify the multiple components even at low
concentrations from the most significant components by grouping them in different regions. This
issue is explained in detail with the investigation of the anesthetic drug, Lidocaine hydrochloride

(LHC) in the next chapter.

2.3.3. Conclusion

Here, all three SERS substrate classes are summarized.

Etched silicon was selected as an example of a “top-down” substrate; the idea behind that by
carefully controlling the etching conditions the morphology of the etched substrate can be
controlled. This gives a level of control which acts as an advantage over randomly aggregated
colloids or dendrites. But the method used HF acid which is quite dangerous to use on frequent
basis for preparing substrates [1,9]. Even the substrate has the detection sensitivity, a very
important issue in probing the surface of substrate which also gets oxidised in a very short duration
of time. This made to explore other methods of forming SERS substrate which do not suffer from

these limitations.

Silver dendrites method serves the purpose of identification of right SERS substrate and delivers
enhanced SERS signal for the detection of R6G, used as a standard SERS analyte. The method
involves surface galvanic reaction that took place on copper powder. Copper atoms reduce silver
ions to silver atoms with the simultaneous release of Cuz+ions that covers the whole copper surface
with dendrites in a few minutes. [61] Dispersal problem around the edge of dried sample brings
variation within spectra and poses challenge in finding the hot-spot. Also, dendritic substrate

restricts the detection to a concentration limit beyond which no readable spectra could be achieved.

Colloidal substrates take advantage over that limitation and brings the detection to single molecule

regime. Silver colloidal substrates are the most common in the past and recent studies [17,63].
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These substrates also have the largest SERS enhancement factor; therefore, it has been used for
the entire research presented in this thesis. SERS with dried samples and SLIPSERS method was
used to detect R6G down to 10-15 mol/L concentration.The SLIPSERS substrate provided the best
results in terms of reproducibility and sensitivity because the substrate aims at controlled drying,
brings many molecules in the small focal volume and forms a highly concentrated and tight
aggregate with near 100% analyte concentration. This aggregate has SERS active sites (hot-spots)

almost all over the aggregate and delivers ultra-sensitive detection of analyte of interest.

Use of MgSO4 aggregating agent with silver colloid has greatly enhanced SERS and SLIPSERS
signal by creating a large number of hot spots. LOD was picomolar level for R6G using SLIPSERS
method knowing that the signal intensity entered in the sub-sampling regime. SLIPSERS
overcomes the long-lasting limitations of SERS regarding precise delivery of analytes to SERS

hot spots in aqueous solutions.

Using Yang et al.’s, SLIPSERS technique, this opportunity has been rolled out to investigate a
variety of analytes in chemical and biological matrixes. Few selected will be discussed in later

chapters of this thesis.
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Chapter 3. SLIPSERS Substrate Characterisation

3.1. Introduction

Most SERS studies focus on surface-enhanced Raman scattering enhancement of hot-spots in
interaction with specific analytes. Very few studies have characterised the SERS substrate. Due to
hotspots being responsible for the majority of Raman scattering from SERS substrates one
approach to characterization of SERS substrates is to scan the location and density of hotspots and
to attempt to model the distribution of intensities across a SERS substrate. [28] This chapter utilises
a line-scan approach, where spectra are recorded at successive points along a line defined over the
SERS substrate to look at the location and number of hotspots with analyte that can alter SERS
fingerprint which has not been explored before. By accepting that hotspots are highly variable, a
statistical approach to characterizing SERS substrates is adopted where the distribution of hot-

spots is measured, and the hotspot distributions can then be used to compare other SERS substrates.

There are many challenges in characterization of SERS substrates including spectral variations
induced by hot-spots, sample damage due to the “focusing effect” of hotspots and the “blinking”
[29, 30] behavior of SERS. The blinking refers to frequent SERS fluctuations either due to
photobleaching which is a light-induced component [30] or thermal effects which is a thermo-
activated component [31]. It can be a challenge to separate photo-induced effects from purely

thermal effects.

Photobleaching depends on laser power density which may bleach the molecules at the hot-spots
which results in a change in the Raman cross section. This change in cross-section will produce
fluctuations particularly with the molecules at active sites because they have the largest

enhancements as compared to other surface non-active or weak sites.

The thermal effect is either heat produced either by the adsorbate or from the highly intense laser
which might damage the samples and lead to fluctuations. There is always a significant background
to every SERS analyte due to the emission continuum.[33] When the background and SERS

signals come to the same intensity, then photon count becomes very low. Unlike colloidal SERS,
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SLIPSERS uses dried samples — so there is no “solvent bath” to absorb the incident laser energy
and therefore cause sample damage through intense local heating. During this study extra caution

was taken to identify the carbonaceous species indicating sample damage.

A more common SERS molecule (e.g., R6G) wasn’t used here for hot-spot characterisation. The
reason is that R6G has strong molecular resonance enhancement as well as plasmon enhancement
[refer Chapter 1]. And because R6G itself has strong photon absorption, it may undergo
photobleaching, independently of SERS-enhanced photobleaching. Therefore, for characterizing
the plasmon enhancement of the SLIPSERS substrate, such an analyte is required that should not
have any molecular resonance enhancement. There are many molecules that could have been
selected for this purpose like 1,2-di-(4-pyridyl)-ethylene (BPE) [32], but Lidocaine hydrochloride
or [(2-(diethylamino)-N-(2, 6-dimethylphenyl) acetamide], also known as lignocaine, was chosen

simply because it is of interest as an analyte elsewhere in the thesis.

Therapeutic use of veterinary drugs has increased the risk of residue contamination in animal food
products. In humans, lidocaine is also used primarily for local anesthesia at many indications [1].
Lidocaine overdose may result in coma, seizures, and death. There was a case of death of a 76-
year-old man due to an overdose of lidocaine to treat heart disease [26]. There are several other
reports of lidocaine exposures resulting in fatality [27]. Wrong calculations for drugs or repeated
doses for therapeutic purposes are causes of toxicity inducements in humans. To guarantee there
is no risk to the consumer and regarding consumer protection, the toxicity of drug residues must

be evaluated before the use of a medicinal substance in food-producing animals is legalised.

The lidocaine metabolite 2, 6-xylidine, is categorised as a potential carcinogen in humans.
Lidocaine hydrochloride or [(2-(diethylamino)-N-(2, 6-dimethylphenyl) acetamide], also known
as lignocaine, a water-soluble local anesthetic agent will be used as an analyte for characterising
surface-enhanced Raman scattering generated by SLIPSERS substrate and various factors

responsible for surface-enhanced Raman signal in this study.

The single-molecule regime was observed with the R6G in Chapter - 2 with a detection limit down
to 10-15 mol/L. It was observed that by lowering the concentration the signal intensity eventually
becomes approximately constant. This is because below a critical concentration the probability of
finding an R6G molecule (or possibly a small aggregate of R6G molecules) in the focal volume

and at a hot-spot becomes quite low. This is the sub-sampling regime, and a certain level of
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fortuitousness is required to find a signal. But if the microscope objective does focus on a hot-spot
with R6G, a signal is obtained, but the signal is roughly the same intensity for each hot-spot (in
the same way as the SLIPSERS and SERS EF are roughly the same).

In this chapter Raman line-scanning of the SLIPSERS substrate is used to characterize the spatial
distribution of hot-spots, possibly with the hope of being able to model the sub-sampling with an
appropriate distribution. Another motivation for obtaining Raman line-scans is that SLIPSERS
data collected on analytes within complex matrices do not give identical spectra which suggests
that sub-sampling might be occurring, but the appearance of new features in the Raman spectra

might also be due to sample damage as discussed above.
Two hypotheses were assumed before performing line-scan:

(1). The analyte and the “matrix” components are unevenly (i.e. heterogeneously) distributed over
the SLIPSERS substrates. If this was true then spectra taken from different spots will be different,

meaning, different features will appear in different spectra.

(2). The analyte and matrix are evenly distributed. If this were true, then all spectra should appear
similar (meaning the relative intensities of the features in the spectra should be consistent for all

the points in the scan).

There was another scenario which was not considered beforehand but does help to explain the
results from the mapping data, that is, the sample being damaged, but the damage only occurs at
certain points. So, by recording a Raman map, the spectra at different points can be analysed
across the substrate to determine if the spectra are different, or not. Finding the best hot-spot was
difficult and took longer acquisition times to cover a wide range of areas. Secondly, with complex
biological matrices, highly focused laser spots make quantification quite challenging because of
signal fluctuations that add to the complexity of analysis. This defines the spatial inhomogeneity
problem. If this is the case, then the set of spectra collected from a Raman line scan over the
SLIPSERS surface could be classified into subsets. Classification can be achieved using

multivariate statistical techniques such as Principal Components Analysis (PCA). [3]

To describe briefly the concept and history of line-scan Raman mapping, in 1975, Delhaye and
Dhamelincourt [2] firstly introduced the concept of the “Raman microprobe” and described two

approaches to Raman imaging. These imaging methodologies were classified as either direct
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(raster) imaging technique or serial imaging also known as line-scan mapping. For direct imaging,
the detection system detects a single wavenumber using a monochromator, and the spectrum is
acquired by scanning the monochromator. The Raman image would have been acquired by setting
the monochromator to a fixed position and raster scanning the sample. This is entirely different
from a modern Raman microscope where a spectrograph and multichannel CCD (Charge Coupled
Device) detector acquires the entire spectrum at each microscope position. However, the “spatial”
information is still obtained in the same manner — by raster scanning the sample relative to the
objective lens of the Raman microscope. The only advantage of line-scan on a multichannel

detection system is acquisition time. Spatial resolution remains the same.

Most SERS measurements are obtained by capturing single spectra at a few points of interest in a
sample. This acquisition process can be cumbersome and may yield random results. A line-scan is
performed to scan the sample point-by-point over a line where each pixel of the resulting image
corresponds to a complete Raman spectrum. This generates multiple spectrum files with short

acquisition time less than 100 milliseconds as shown in Figure 3.1.
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Figure 3. 1: a) Schematic representation of line-scan Raman mapping generating b) average SLIPSERS
spectra of 10-3mol/L Lidocaine hydrochloride concentration (top) with three line-scans (bottom) acquired
at 532 nm excitation wavelength with the acquisition time of 0.5 s using 50X objective.

The aim of this work was to characterise different SERS substrates by analysing hotspot
distributions using line scan Raman imaging and finally PCA to identify “classes” within a sample
set across the line-scans. Because SLIPSERS substrates are relatively new and because they
purposefully set out to produce a very high density of hotspots, it is of interest to characterise the
hotspot distributions in SLIPS aggregates. Furthermore, as the hotspot distribution could provide
some sort of reproducible measure of a SLIPS Raman performance, it is hoped that the hotspot
distributions could be used as a basis for rationally improving not only SLIPS substrates but other

types of SERS substrates.
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3.2. Experimental

SERS and SLIPSERS samples were prepared as described in experimental Chapter -2. The only
change is the different analyte which is lidocaine hydrochloride in this case. For this study,
lidocaine hydrochloride was obtained from the Institute of Veterinary, Animal and Biomedical
Sciences, Massey University, New Zealand. All solutions were prepared in Milli-Q water having

a resistivity of 18M£Q. All the chemicals were of high analytical grade.

To investigate the sample in depth, the Raman spectra were collected as a line-scan along a line of
the sample (200 - 300 points on a scan), with an integration time of 0.5 seconds per spectrum.
SERS spectra were acquired under ambient conditions with a WiTec alpha300R+ confocal Raman
microscope equipped with a 532 nm excitation laser. A 50X objective was used to focus the
excitation laser light spot on the samples operating in 180° backscattering geometry. Raman edge
filters were used to block Rayleigh scattering from the sample. A 600 lines/mm grating
spectrograph equipped with a 1340 X 400-pixel CCD camera dispersed and detected the Raman
scattered light. This data was collected at University of Otago (with the assistance of Dr. Sara
Fraser). For the high reproducibility of the experiments, the laser power was determined using a
power meter integrated in the optical path. 0.1milliwatt was set for collection and analysis of
samples. The entire Raman data set has been collected within an hour, with several line-scans
being acquired for each sample. Removal of the baseline and cosmic spikes thus enhances the
Raman images and provides a constant background in the images. Mark Waterland scripted the

Python algorithm for generating PCA spectra using Python 3 software.

3.3. Results and Discussion

3.3.1. Optical imaging using line-scan

With our custom-built setup at Massey University, a 1 — 2-micron spot was used with 532 nm
excitation laser with 2 mW power. The large spot size gives a low irradiance (i.e., mW cm-2),
which limits sample damage. But such a setup is not capable of giving enough spatial resolution

to properly characterize the spatial distribution of hotspots in the sample.
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The WIiTEC system at the University of Otago has a diffraction-limit spot size (approx. 300 nm).
However, this represents a significant increase in irradiance as the illuminated area is now almost

50 times smaller than the spot size of the custom-built system.

Sample damage is always a consideration in surface-enhanced Raman spectroscopy due to highly
focused incident light and plasmon enhancement. It is visible in the optical image (Figure 3.3) with
a faint imprint of a line which shows damage and the red line represents the line-scan. There are
certain hot-spots that are very efficient at increasing the electric field strength at the hot spot which
is equivalent to focusing the field at the hot spot and at these hot spots the sample breaks down,
possibly due to dielectric breakdown, or due to localised heating of the sample or both. Under
these conditions, the organic sample is converted into some sort of graphitic material. The
background spectra (Figure 3.2) were obtained by applying the asymmetric least squares algorithm
that attempts to “follow” the local baseline of the Raman spectrum by penalizing any fitted points
that lie above the recorded data. Dark areas correspond to noise with no hot-spots found. These
scans were acquired with a very low laser power (0.1 mW). The figure below shows that the shape

of the average baseline matches the graphite spectrum in Figure 3.4 quite nicely.
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Figure 3.2. SLIPSERS spectra of LHC 10-3 mol/L concentration showing highly intense peaks in line scan
and baseline spectra underneath for each scan.
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The graphitic spectra were found in the samples where the imprint of the line confirms the sample
damage indicating carbonization of the sample. Hence, after several trials of power adjustment,
0.1 milliWatt was set for collection and analysis of samples considering sample damage threshold,
photodegradation, or even sample drying. [4] It is not possible to use the same laser power on
different experimental setups. WiTEC has a limited diffraction spot, so this gives the smallest
possible spot size, and hence, for a given laser power, the highest possible irradiance (power per

cmz). But high irradiance leads to sample damage. Therefore, 0.1 mW was set as optimum laser

power that gives no sample damage.

Figure 3. 3: Optical images of a) SERS LHC/Ag nanoparticle aggregate which clearly shows the sample
damage with faint line after line scan b) SERS of LHC/Ag nanoparticle aggregate with minimal laser
power 0.1 mW c) SERS of dog plasma d) SLIPSERS LHC sample.

The laser “burns” the sample and produces a carbonised material that has some graphite content
(as evidenced by the G-band). The graphite has a lot of defects, as evidenced by the D-band. The
D-mode at about 1350 cm-1 is caused by damaged graphite lattices. The G-mode is at about 1583
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cm-1 and arises from the stretching of the C-C bond in graphitic materials and is common to all sp2

carbon systems.|[5]
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Figure 3. 4: Raman spectra graphite samples showing different extent of damage to the graphite lattice
via the intensity of the D-band

The intense electric field at the sample is partly due to the strongly focused beam and partly due
to the plasmon enhancement in the SLIPSERS measurements which is enough to induce a
carbonisation process in samples, even at milliWatt levels of laser power. As will be shown below,
the carbonisation only appears at the hotspots and this observation supports the idea that strong

plasmon enhancement not only gives strong Raman scattering but runs the risk of sample damage.
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The possibility of sample damage at the hotspots has implications for analytical applications of

SERS, where sample damage is very rarely considered.

3.3.2. Spectral characterisation using line-scan

Several line scans were taken for selected sample concentrations. Line-scans ranged in length from
200 to 300 points. [34] Average spectra of SERS (Figure 3.5) and SLIPSERS substrates (Figure
3.6) for 10-3 mol/L and 10-s mol/L lidocaine hydrochloride concentrations were generated. There are
few dips around 1592, and 1796 cm-1 (Figure 3.5) are artifacts from the asymmetric least squares
baselining algorithm which attempts to fit a smooth baseline to noisy spectra but sometimes fails

in regions with strongly varying intensity (where no obvious “baseline” exists).
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Figure 3. 5: Average SERS spectra of line-scan imaging of Lidocaine hydrochloride (a)10-3 mol/L and (b)
10-8 mol/L(bottom) concentration acquired at 532 nm excitation wavelength with the acquisition time of

0.5 s using 50X objective.
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Figure 3. 6: Average SLIPSERS spectra of line-scan imaging of Lidocaine hydrochloride (a) 10-3and
(b)10-s mol/L(bottom) concentrations acquired at 532 nm excitation wavelength with the acquisition time
of 0.5 s using 50X objective.

There is a strong band at 1174 cm-1 in the 10-8 mol/L SERS spectra in Figure 3.5. that doesn’t
appear in the 10-3 mol/L spectrum. For the SLIPSERS spectra, the strongest Raman peaks observed
were 847, 1397 and 1712 cm-1 for 10-3 mol/L sample which were quite different from the peaks

obtained from 10-s mol/L concentration (Figure 3.6.)

Somewhat surprisingly, the pattern of enhancements between the SLIPSERS and SERS spectra do
not closely agree with each other and even within concentrations which illustrates the
inhomogeneity of hot-spots over the substrates. There could be a change in the molecular
orientation inside the hot-spots due to different fabrication procedure for SERS and SLIPSERS
substrates. SERS has a variety of hot-spots which are spread non-uniformly over the edge of dried
drop (“coffee-ring effect”) which in contact with LHC can attribute to different spectral features
compared to SLIPSERS where controlled drying brings a uniform and confined region of silver
nanoparticles to an aggregate with many hot-spots containing analyte giving relatively different

enhancement of Raman signal.
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Figure 3. 7: Average SLIPSERS spectra of 10-3 mol/L Lidocaine hydrochloride concentration (top) with

three line-scans (bottom) acquired at 532 nm excitation wavelength with the acquisition time of 0.5 s
using 50X objective.
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Another reason for variations within each substrate at different concentrations could be that only
a few points gets enhancement over the surface of substrate for one concentration whereas for
another concentration different pixels get enhanced. This bring non-uniform distribution of hot-

spots within the concentration and even within substrates.

Figure 3.7. represents the scanning the samples along a line using 532 nm laser at various points
to create a visual image from the simultaneous measurement of spectra. SLIPSERS substrate was
used for characterization due to highly confined region to focus for hot-spots. Line-scans for
selected peaks in the average spectrum are shown, coloured according to the selected peak. 10-3
mol/L SLIPSERS sample was run for four scans with first scan for 200 points in a line, second for
300 points, third for 200 points and fourth for another 200 points. It was found that the most intense
peak at 1397 cm-1 (cyan) in the average spectrum is not consistently the highest peaks during the
scans whereas peak at 1712 cm-1 (red) is strongest at more locations. But surprisingly this red peak
is not observed at one fixed position during the line-scan it keeps on changing to find the best hot-
spot for enhancement. Therefore, it demonstrates that when the sample is placed under Raman the
entire surface of the substrate gets enhanced and that can be observed as spectral variations at
different positions across line-scans. (Figure 3.8(b)) If the hot-spot distribution was uniform, then

the most intense peaks will be found at the same location and it amplifies with scans (Figure 3.8(a))

a) b)

Figure 3. 8: a) Uniform hot-spot distribution with most intense position same for most pixels b) non-
uniform hot-spot distribution with shift in position for enhancing most pixels.

103



Looking down at low concentration 10-s mol/L LHC SLIPSERS samples (Figure 3.9.), the intense
spectral peaks were quite noisy. It was found that at low concentrations generally used in single
molecule detection, the probability for a molecule to be located exactly in a hotspot is extremely

low, which leads to the large portion of unoccupied hotspots, i.e., a minimum number of detectable

SERS signals.

600 800 1000 1200 1400 1600 1800 2000
Raman Shift / cm-1

Scan over 300 points

0 50 100 150 200 250
Line Scan Position

Scan|over 300 points

0 50 00 150 200 250
Line Scan Position

Figure 3. 9: SLIPSERS spectra of LHC 10-smol/L concentrations with average spectra (top) and high
intensity spectral points of each scan (bottom two)

3.3.3. Spectral Histograms

The “spectral histograms™ are generated by finding the pixel that corresponds to the maximum

intensity for each spectrum. This process is repeated for each position in the line-scan.

Then, a histogram is created for these “maximum pixels”. The histogram then shows how many

spectra have their maximum value at each pixel. Looking at the output (Figure 3.10(a)) for
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lidocaine hydrochloride 10-3 mol/L concentration, two pixels dominate the histogram (ignoring a
couple of pixels either side, that could be assigned to minor intensity variations that shift the peak

maximum to a neighbouring pixel).
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Figure 3. 10: a) SLIPSERS spectra of LHC 10-3 mol/L concentration showing spectral histogram as a line
scan and scan histogram underneath for each scan. b) zoomed version of with highly intense spectral
peaks of LHC 10-3mol/L reflecting as red shining line in the line scan image.

If it was assumed that all molecules receive the same enhancement (meaning all band intensity
ratios are the same for every molecule) across the entire substrate, then only one pixel should be

the maximum pixel for all spectra and the histogram should have a single “peak”. But clearly, this
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was not the case, because there seems to be an even split between the peaks at 1397 and 1712 cm.-
1 for maximum Raman shift honours. This mean there must be some variation in the enhancement
between molecules, so might expect some variation in enhancement between sites. In this case, a
single peak with the maximum value was found. So different hotspots must enhance different

modes to different extents.

The spectral histogram is over all scans in the data set. Looking at individual line-scans, it looks
like the peak at 1712 (red) is the most intense peak for the first, third and fourth line-scan. But for
the second scan, it looks like peak 1397 (blue colour) is the most intense peak 1397 is also the
most intense peak in the average spectrum. Individual histograms for each line-scan have been

generated.

3.3.4. Scan Histograms

The “scan histograms™ are generated by finding the position (in the scan) that has the maximum

intensity. This process is done for all the pixels.

Then, a histogram of the “scan max” was generated. The histogram shows how many pixels have

their maximum value at each position.

The scan histogram shows the ability of each location to enhance the signal strength. Consider an
idealized situation, such as one “super hot-spot” that enhances the scattering while the remaining
positions have very weak signal strength. This means the intensity of every pixel in the “super hot-

spot” spectrum is greater than the maximum value of the remaining spectra. [8]

It was observed that one or two positions account for nearly all the most intense pixels. This
suggests that the enhancement is highly localised to one or two hot-spots, and it also indicates that
scattering increases from nearly all the pixels in a spectrum (this is reasonable because, to a first
approximation, resonance with the plasmonic transition increases the Raman cross-section of
vibrational modes uniformly). [7] As mentioned in the introduction, strong SERS enhancement is
often accompanied by a broad background of enhanced emission continuum and this enhanced
background also contributes the enhancement of many pixels in a spectrum over neighbouring
spectra. [33] What is surprising is that this enhanced background which is usually completely

ignored in analysis of SERS spectra) can have greater intensity than Raman scattering from
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neighbouring spots. If SERS generates an emission continuum then this will be observed as an
increase in intensity of most of the pixels in the spectrum, and this explains the appearance of the

SERS histograms.

3.3.5. Hot-spot to hot- spot variations

It is necessary to understand how the enhancement distributions may change from one hot-spot to
another. This study is important to understand a series of measurements where one single hot-spot
may be measured at any given time, but not necessarily the same one each time. The below
intensity distribution charts (Figures 3.11.) represents another way of how signals vary on a

substrate with variable hot-spots.

Maximum pixel distribution chart shows the number of scans having maximum pixel intensity
whereas maximum scan distribution shows which pixel has maximum intensity, for example, ‘199’
pixel in one scan has maximum intensity than other and it arranges the intensity in decreasing

trend.

There is some statistics associated with the distribution of SERS intensities, which suggests that
the Pareto principle or 80/20 rule (first applied to wealth distribution in economic systems), applies
to the distribution intensity. Relating the Pareto principle to SERS says that 80% of the signal will
come from 20% of the SERS sites. As per literature, Pareto distribution of SERS [11], for a high
concentration means there are large number of molecules on the surface, then the observed SERS
signal have little fluctuations. It means many hot-spots are located on the surface. The fluctuations
are then reasonably small but still present. This principle was tested on SLIPSERS 10-3 mol/L
LHC data and the same trend was observed with SLIPSERS substrate for lidocaine detection.
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Figure 3. 11: Maximum pixels and scan distribution of intensities for SLIPSERS spectra of highly
concentrated lidocaine hydrochloride 10-3 mol/L for four scans.

Figures 3.11. is the best example of Pareto distribution of enhancements that leads to a distribution
of SERS intensities with a high-intensity tail to skew line covering the fit scale. [14, 15] The
intensity is just fluctuations added to SERS signal represented as a line of dots in a series. Only a
little proportion of the colloids were active, that means only the ones where the molecule was by

chance at the hot-spot region. [12,13] As we move to lower concentrations, it becomes tough to
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find single hot-spot due to single molecule regime, which means there is indeed less than one
molecule in the scattering aggregate. In such case, the SERS signal will only be detected if it is
located close to hot-spots or within the crevices of a hot-spot region which is expected to have
sufficiently high enhancement. Moreover, the intensity of these series of line-scan events will
fluctuate depending molecule location to the hot-spot. Hence both SERS (Nie et al.) [22] and
SLIPSERS behaviour relate with each other in terms of the limit of concentrations, but it is
extremely challenging to find several detectable spots, or which one is better in terms of

identification of hot spots due to no prior statistical information on SLIPSERS.

Colloidal SERS systems are known to fit Pareto distributions. The objective of the study is
interested in knowing if there is something different about SLIPSERS due to the controlled drying
and high density of hotspots. The results of the Pareto fits show that the SLIPSERS and SERS give
very similar distributions which suggests that there is nothing inherently special about SLIPSERS

substrates apart from the higher concentration of analyte due to the drying process.

3.3.6. Multivariate analysis

As mentioned in the introduction two scenarios were proposed regarding the composition and

distribution of the analyte over the substrate:

First, that an analyte might occupy one hot-spot, and the matrix components could occupy different
hot-spots. So hot-spot selection, which unfortunately is a random process, becomes quite critical.
If this was the case, then the full set of spectra collected over the Raman line-scan should show

different “types” of spectra.

An alternative hypothesis is that the matrix and analyte are uniformly distributed over the
SLIPSERS substrate. In this case, the “same” spectrum should be obtained regardless of hot-spot

location.

The aim of this section is to classify the variations between the spectra to determine which scenario
is present in our samples. This objective was accomplished by applying multivariate analysis, to

10-3 mol/L SLIPSERS data.
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Multivariate analysis can be used to quickly characterise the “types” or “classes” of spectra present
in a large data set, such as a Raman map. Principal Components Analysis (PCA) is an unsupervised
method that means it makes no a priori assumptions about the number of components or factors
that are required to distinguish the samples. Because of significant intensity variations between
SERS peaks, each image was intensity scaled to visualize the corresponding distribution of the
molecules better. Multivariate analysis is advantageous as it can make use of all spectral
information obtained from an image recorded. It can be very challenging to detect few spectral
changes during an experiment where hundreds of spectra are acquired within a short time. Thus,

multivariate statistical analysis has become significant in the study of Raman spectra.

Principal Component Analysis is widely used to classify samples into “natural groups” by
analysing the covariance of the data set. For the line-scan data, there were 1340 intensity
“variables” (labeled by their pixel value, x, or Raman Shift value, w) and typically 300 points in
a line-scan. Each point in a line-scan is equivalent to a sample or observation. It is useful to

represent the data set in two ways, first, as a matrix of observations:

xl ces x] “ee xm
Scanl | I Ly Lim
Scani Iil IU Iim
Scann | Iy I Lim

Note that, each “spectrum” appears as a row in this presentation, this form is known as the standard

form (in statistics) and then as a list of column vectors, labeled by each pixel value:

X=[Xy...Xjo ., X

Using this vector notation the covariance matrix, Ky, is then
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E (X1 — E[X1]) X] (X1 E[X;]) x E (X1 — E[X1]) x
(Xl - E[Xl]) (X E[X ]) (Xm E[Xm])

B [(Xi — E[X;]) x X; — E[X;]) x E [(X E
X, —E[X:]) (x; — E[x;])

E (Xn - E[Xn]) X] (Xn - E[Xn]) X E [(Xn - E[Xn]) X]
(X, = E[X,]) (x; —E[X;]) X — E[Xm])

Where E denotes the expected value operation (i.e. average). Thus, K;,
E[(X; — E[X1]) X (X; — E[X2])]

is obtained by subtracting the average values for X; and X,, from each value in X; and X,,

multiplying together and then finding the average value of the products.

A graphical representation can be given for a data set with two variables (X = [X;, X5]
. I
Covariance plot I T
I = @ @
® o} ®©
" o o s e Do
@D < ] 11
I.> A <2 = r"{“;" @
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Figure 3.12. Covariance plot with two variables from the data set.
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where I} and T, denote the principal component vectors — PC1 and PC2. Figure 3.12. also
illustrates the important point that the principal components are a specific combination of the

original variables. y; and p, are the means of each variable.

In this case both intensity variables have approximately the same variance and they are highly
correlated with one another. A vector can be passed through the long axis (I';) of the cloud of
points and a second vector (I';) placed at right angles to the first, with both vectors passing through
the centroid of the data (Fig 3.12)

Once the principal components are known the coordinates of the data points relative to these two

perpendicular vectors can be plotted against I'; and I, on a scores plot.

FZ (an axis)

0%
)
o a Fl (ISt axis)

Figure 3.13. A new reference frame with PCI and PC2.
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In this new frame of principal components in Figure 3.13., variance is greater along 1st axis than it
1s on 2nd axis but the spatial relationships of the points are unchanged; the process has just rotated
the data. There are few points which are uncorrelated. Mathematically, the orientations of the axes
with respect to the original variables are called the eigenvectors, and the variances along these

axes are called the eigenvalues.

The principal components are found from the eigenvalues and eigenvectors of the covariance
matrix. The eigenvector determines the “direction” of the principal component and the square-root

of the eigenvalue gives the “length” of the principal component.

By performing such a rotation, the new axes give some relevant explanations. When dealing with
data set of many variables, this process shows relationships among variables very clearly. The
variance of some axes may be large, whereas the variance on others may be so small that they can
be ignored. This is called as reducing the dimensionality of a data set. For example, initially if
there are fifty original variables, we might end with only two or three meaningful axes. This
approach of rotating data such that each successive axis displays a decreasing amount of variance
is known as Principal Components Analysis, or PCA. PCA produces linear combinations of the

original variables to generate the axes, also known as principal components, or PCs.

The data, as mentioned above, is in standard matrix form, with n scans of samples and m columns
of pixels giving different intensity at every pixel. The data are first centered on the means of each
variable. This generates the cloud of data centered on the origin of principal components. The first

principal component (I'y) is given by a linear combination of the variables X1, X2, ..., Xm.

Fl = a1111 + a12]2 + -+ alnln

The first principal component is calculated such that it accounts for the greatest possible variance
in the data set. The second principal component is calculated that it is uncorrelated with (i.e.,

perpendicular to) the first principal component and accounts for the next highest variance.
FZ = a2111 + a22[2 + -+ aZnIn

This continues until a total of n principal components have been calculated, equal to the original

number of variables.
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Eigenvalues are commonly plotted on a screeplot to show the decreasing rate at which variance is

explained by additional principal components.

The positions of each observation in this new coordinate system of principal components are

called scores.

Because reduction of dimensionality is a goal of principal components analysis, few principal
components can be selected looking at the screeplot with maximum variance, ignoring the last PCs

whose explained variation are all roughly equal.

The results obtained from PCA analysis of SLIPSERS data of 10-3 mol/L LHC is presented in
Figure 3.14. The four columns are four scans and first row correspond to screeplot, the second row
corresponds to the scores plot for the entire data set, third row corresponds to zoomed version of

clustered variables and fourth row belongs to loadings plot.
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Figure 3. 14: PCA output of SLIPSERS lidocaine hydrochloride sample of 10-3 concentrations. a) screeplot
of first two components - PCI and PC2. (b) Scatter plot of the score values of each single Raman spectrum
for the second component c) Zoomed version of cluster d) Loadings plot of PC1 and PC2 (blue), the average

(non-baselined) spectrum for the scan is shown in orange.

The scree plot (Figure 3.14.a.) shows the contribution of each principal component to the total

variance for the line-scan. The scree plot indicates how many principal components should be used
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to construct the scores plots in order to identify any clusters in the data set. The scree plots show
that one component dominates the variance which can be assigned to the SERS enhancement.

The scores plots (Figure 3.14.b.) show the projections of each spectrum in the line-scan plotted
onto the principal components. The first two principal components were selected in each case.
Figure 3.14.c. scores plots zoomed in to highlight the small number of spectra that are slightly
separated from the rest. The most interesting feature observed is that nearly all the spectra are
tightly clustered, which means the spectra are all similar and do not separate into groups. This
might be due to the components in the matrix and being uniformly distributed across the aggregate
which can be due to intensity fluctuations. But there are a small number of spectra that are starting
to separate from the main cluster, and this does suggest that there are a very small number of points

in the line-scan that do have different spectra. [18-20]

PC1, first principal component, accounts for the largest variance and PC2, second principal
component, accounts for the second-largest variance within the data set. Only the first few PCs
contain an essential information about the data; the rest is generally noise. Figure 3.14.d. shows
the loadings for the first principal component (PC1) on x -axis and second principal component
(PC2) on y-axis. The loadings indicate which peaks contribute most to the variance described by
the principal component. In the loadings plots the average spectrum for each scan is also shown
(in orange). It is very re-assuring to see the main bands appearing in the loading’s plots.
Interestingly the band at 800 cm-1 makes a larger contribution to the variance than the stronger
bands at higher frequency. This suggests that some bands are more variable than others which
agrees with literature that some bands show more enhancement than others.[35] This can be due
to nonuniformity of fabricating nanostructures on SERS substrates which lead to inhomogeneity

in SERS enhancement due to exposure of any random hot-spots from nanoaggregate.
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3.4. Conclusion

The objective of this study is to characterize the plasmon enhancement of the SLIPSERS substrate
using an analyte lidocaine hydrochloride which doesn’t have any molecular resonance like
rhodamine 6G. A line-scan approach was adopted to scan different lines over the substrate and at
all successive points along a line several spectra were recorded. This technique has allowed to
characterisation of the spatial distribution of hotspots and to identify the cause of spectral

variations.

There are several challenges for these spectral variations like photobleaching, thermal effect which
can damage the sample and convert sample into graphitic material as observed in baseline spectra
or high laser power. It was assumed that if the hot-spot distribution was uniform, then the most
intense peaks will be found at the same location and it amplifies with scans which is not observed
in the study. The average spectra showed the intense Raman peaks at different locations that is the
result of non-uniform distribution of hot-spots within the concentrations and even within
substrates. Spectral and scan histograms highlight the non-uniform distribution of hot-spots over
different line scan positions and further classified by statistical charts and Pareto distribution. The
results of the Pareto fits show that the both SLIPSERS and SERS give very similar distributions
apart from SLIPSERS substrates with higher concentrations of analyte due to the drying process.

To revalidate the hypothesis on whether the analyte and matrix components are heterogeneously
distributed, PCA was employed as a method for identifying two classes - “analyte” spectra and
“matrix” spectra. But PCA resulted in showing one cluster in the scores plots which suggested that
all spectra are very similar with few different variables. PCA also helped in making the
differentiation by showing the variable spectra, which must have been due to something else from
the matrix, not the possible analyte. This demonstrates that PCA is not the best algorithm to show

the variations but good to show a few prominent bands common to all line scans.

Therefore, the line-scan technique coupled with surface-enhanced Raman spectroscopy
demonstrates the potential for characterizing SERS substrates before using these for a wide range
of applications such as life sciences, pharmaceuticals, environmental monitoring, product quality

analysis, drug detection and many more. This proof of concept work helps in understanding the
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‘Background’ of SERS which needs special attention before interpreting the Raman fingerprint

data with no errors.
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Chapter 4. Ultrasensitive surface-enhanced Raman
scattering detection of brodifacoum and sodium
monofluoroacetate in aqueous solution.

Abstract

A simple and highly sensitive method, coupling omniphobic surfaces with borohydride reduced
silver nanoparticles as a substrate, was developed to detect rodenticides at very low concentrations.

Their performance was evaluated for the limit of detection and quantification.

In this work, a universal platform for detection and quantification of brodifacoum and sodium
monofluoroacetate (commonly called 1080) was used. This platform is called slippery liquid-
infused porous surface-enhanced Raman scattering (SLIPSERS). This method demonstrated good
reproducibility with high sensitivity.

Analyte anions were detected down to a concentration of 10-14 M for brodifacoum and 10-9 M
1080. There is a linear relationship (R2 close to 1) in this concentration range. This approach is
designed as a simple method to detect brodifacoum, sodium monofluoroacetate (1080) and similar
other harmful contaminants to monitor environmental impact. A comparative study was performed
on two different substrates - one using an omniphobic surface substrate (SLIPSERS) and the
second drop casting the silver nanoparticle analyte mixture on the substrate (SERS). SLIPSERS
overcomes some of the limitations of SERS and can meet the emerging needs of environmental

monitoring and food safety analysis.

Keywords: Surface enhanced Raman scattering, brodifacoum, sodium monofluoroacetate,

slippery liquid-infused porous surfaces, and hot-spots.
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4.1. Introduction

Brodifacoum is now one of the world’s most widely used pesticides. It is a highly effective
lyophilic anticoagulant with a relatively long biological half-life. Due to its persistence, it is
possible for brodifacoum to accumulate in animal tissues to a level where clotting abnormalities
or haemorrhage could occur. Sodium monofluoroacetate (also known as 1080) is a highly toxic
pesticide that is used in the United States for predator control and control of introduced mammal
pest species (e.g., possums) in New Zealand [1]. The residuals of these rodenticides in the
environment are sufficient to cause fatality among non-target animals, either through scavenging
the carcass of pests killed by brodifacoum and 1080 or consuming food products obtained from

livestock that have been exposed to these rodenticides.

The problem of animal pests in New Zealand is relatively very high. Pests harm the native flora
and fauna and create a threat to the national economy as vectors for diseases such as bovine
tuberculosis. Hence, rodenticides are used to control the population of possums and rats in the
environment. The most commonly used rodenticides are brodifacoum, sodium monofluoroacetate
(popularly known as ten-eighty, 1080), warfarin and a few other coumarin-based coagulants. These
toxins are used by farmers, landowners and community groups to control the population of these

rodents from damaging their crops and farms to a large extent [2].

Monofluoroacetate was originally produced from the South African gifblaar plant which causes
death in cattle. Today, monofluoroacetate has been used as a critical tool by the Department of
Conservation, New Zealand to protect the environment from pest species. Baits of
monofluoroacetate and brodifacoum are toxic to mammals, aquatic micro-organisms and present
a secondary poisoning hazard to non-target animals. Brodifacoum impairs blood coagulation
leading to death whereas 1080 ‘blocks’ the citrate cycle by aconitase enzyme inhibition, leading
to accumulation of citrate in tissues which causes heart failure [3,4]. The commercial availability
of these compounds has resulted in an increase of risk of accidental or intentional use for both
animals and humans. 1080 is now a restricted product, and not commercially available because of
the potential terrorist incident that occurred in November 2014, when Fonterra, a multinational

dairy company received a package of infant formula milk laced with 1080. [2]
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There are several methods to analyse rodenticides, but a challenge is to obtain high sensitivity with
a trace level of detection, high reproducibility, and specificity. Most common methodologies used
are gas chromatography-mass spectrometry (GC-MS) [5-7], liquid chromatography-mass
spectrometry (LC-MS) [8, 9] and high-performance liquid chromatography (HPLC) [10-12].
These methods require time-consuming sample extraction and preparation, and calibration by
internal standards. The different chemical and physical properties of brodifacoum and 1080 require
separate methodologies for each compound, which adds to the cost of the analysis. In this work,
we have used a recently developed Raman spectroscopy technique that displays a remarkable
versatility and sensitivity, for detection of brodifacoum and 1080 under identical operating

conditions.

SERS utilises nanostructured silver or gold as a substrate due to the ability of the optical response
of the metal nanostructures to enhance the Raman scattering efficiency by many orders of
magnitude [13]. A necessary condition for SERS is close contact between the analyte and the
substrate. In the aqueous phase, surface chemistry controls the analyte/substrate interaction, and
this often limits SERS applications to a limited set of analytes that adsorb strongly to metal

substrates.
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Recently, as described in Chapter 1, the SLIPSERS method that overcomes these limitations was
introduced [15]. SLIPSERS eliminates the restrictions of aqueous phase surface chemistry by
merely removing the aqueous phase i.e., drying a small droplet of the aqueous analyte containing
a small number of metal nanoparticles. Drying of the droplet is carefully controlled using an
omniphobic surface with very low surface energy that avoids contact line pinning (which produces
the so-called coffee ring effect [14]) and results in the volume of the droplet reducing to the volume
occupied only by the nanoparticles. Because the analyte is trapped in the droplet volume, it must
eventually encounter the nanoparticles and hence strong SERS is guaranteed. Effectively, the
surface tension and Laplace pressure of the droplet overcomes any unfavourable surface chemistry
interactions between the analyte and the silver nanoparticles, while avoiding the collapse of the
droplet early in the drying process. In addition to the strong SERS effect, the droplet volume
reduces by several orders of magnitude, so the effective analyte concentration increases by a
similar amount. Furthermore, under ideal conditions, the volume of the dried droplet can approach
the focal volume of the focused Raman laser, which means every analyte molecule can contribute

to the signal.

A significant advantage of the SLIPSERS method is its simplicity. The nanostructured metals are
metal nanoparticles synthesised in a single step from common lab reagents in ambient conditions.
Similarly, the omniphobic surface is fabricated from readily available laboratory supplies. Surface
preparation and droplet drying are highly reproducible which provides reliable results. Another
advantage is the high density of hotspots — if every dried droplet has a high density of hotspots,
there is an excellent chance that the SERS enhancement will be high for every dried droplet.
Without controlled drying, we are relying on random aggregation at low concentration, which
might not always give a hotspot and the aggregates will be spread over a larger area too, so chances

of detection decrease.

Raman spectra are then acquired from the dried drops using a standard Raman microscope using
common operating parameters. A SLIPSERS substrate was employed for the detection of two
rodenticides with very different chemical structures and behavior, namely, brodifacoum and 1080

with the objective of attaining highly sensitive and specific detection. [15]
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4.2. Experimental

4.2.1. Materials and Methods

Sodium monofluoroacetate was purchased from MPbiomedicals Limited (Solon, OH, USA).
Brodifacoum was purchased from Sigma-Aldrich (New Zealand). A stock solution of 0.01 M of
sodium monofluoroacetate was prepared by dissolving in Milli-Q water (resistivity > 18 MQ).
Similarly, a stock solution of 0.01 M of brodifacoum was prepared by dissolving in acetone: water
(1:1) mix. Silver nanoparticle [16], SERS and SLIPSERS sample preparation remain the same as
described in Chapter -2.

4.2.2. Instrumentation

This study was done during the initial year using an older spectrograph and CCD detector (which
was replaced by the FERGIE system described in Chapter 2 after catastrophic failure of an
amplifier board in the CCD detector). The laser, microscope and collection optics were the same
as for the system described in Chapter 2,with collected light dispersed by an Acton Spectrapro®
25001, 0.500m focal length triple-grating imaging monochromator/spectrograph, and detected with
a liquid-nitrogen-cooled Roper Scientific Spec-10 CCD detector operating at -110 °C. A 1200
g/mm holographic grating and a slit width of 150 pm were used.

The spectrometer was calibrated using standard Raman bands of polymethylmethacrylate
(PMMA), which was initially calibrated against Argon and Neon atomic emission lines. Winspec
software was used for the collection and analysis of Raman spectra. Spectra were obtained using
532 nm excitation wavelength (with 12-14 mW laser power) focused onto the sample using a 40 X,
0.65 NA objective. Scattered light was collected in a back-scattered geometry (using a converted

Olympus I1X70 inverted fluorescence microscope).
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Rayleigh scattering was rejected using a custom Raman edge-filter from Iridian Spectral
Technologies. Spectra were acquired with a 15 s exposure time and 4 accumulations. UV-Vis
spectra were acquired with a Shimadzu1800 and zeta-potential and nanoparticle size was measured
using Malvern Zetasizer Nano ZS. All spectra were processed using OMNIC, Origin 8.5.1 and
Python 3.6 software.

4.3. Results and Discussion

4.3.1. Characterisation of silver nanoparticles

Silver colloidal particles were prepared using borohydride reduction method according to Frank et
al. [16]. Figure 4.1 presents the surface plasmon resonance peak of the silver nanoparticles using
UV-Vis spectroscopy. The absorption maximum occurred at 410 nm. The inset shows an SEM
image of silver nanoparticles aggregated with magnesium sulphate salt. These nanoparticles had a
mean diameter of 45.78 nm and a zeta potential of -55 mV as measured by a Malvern Zetasizer in

close agreement with literature data. [17]
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Figure 4. 1: UV-Vis spectrum of colloidal silver nanoparticles, inset shows SEM image of aggregated
silver nanoparticles in the solution. Scale bar is 10um.

4.3.2. Raman Spectra of brodifacoum and sodium monofluoroacetate (1080)

a) Sodium monofluoroacetate (1080)

1080 is a small compound with no aromatic rings or polarisable groups and so behaves as
a poor Raman scatterer due to its inherently low Raman scattering cross-section. An aqueous
solution of 1080 (0.01 M) was used for acquiring a non-resonant, solution phase, Raman

spectrum as a reference but did not show any peaks even at this relatively high concentration
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[18]. Therefore, a Raman spectrum of solid 1080 was tried to collect at 532 nm laser with 40 X
objective and with a long acquisition time of 30 minutes, but there was no success in obtaining
any Raman signal, but instead a broad unstructured background, presumably due to fluorescence
from an impurity in the solid was obtained instead. Generally, very small Raman scattering cross
section of non-resonant molecule like 1080 hampers [46] the spectroscopic investigation at high
concentration and can be easily overwhelmed by fluorescence signals (Figure 4.2). Such molecules
require an ensemble of nanoparticles for detection that can quench fluorescence and makes the

detection possible. This is what observed in SERS and SLIPSERS detection for 1080.

— 0.01M 1080

Counts (a.u.)
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Raman Shift (cm'l)

Figure 4. 2: Raman spectrum of 0.01M 1080 acquired at 532 nm laser wavelength with 40 X objective,
laser power of 12 mW and 30 minutes exposure time with average spectra from four accumulations. The
edge filter cuts off the signal and at approx. 250 cm-1 is an artefact from the filter.
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As a 1080 Raman spectrum could not be obtained in any form experimentally, density functional
theory (DFT) was used to produce a calculated spectrum for reference purposes. DFT methods are
used to calculate the vibrational mode energies and associated normal modes. Verification with
experimental frequencies is usually carried out but comparison with intensities is more challenging
due to the various factors that affect measured intensities in a Raman spectrum. However, the
calculated intensities, reported as differential Raman scattering cross section provide a useful guide

to the expected intensity patterns in the experimental spectra. [31].

Density functional methods were used with the B3LYP functional and a 6-31+G(d) basis set. Dr.
Mark Waterland calculated differential Raman cross section values for 1080 and provided the
results. A polarizable continuum model (using water as the solvent) was used to model the
environment. To prove the reliability of Gaussian calculations, the non-resonant Raman cross
section of methanol was compared where the experimental value for methanol at 1030 cm-1
reported by Le Ru et al. [31] is 21 X 10732 ¢m2 sr-1 and the calculated value is 4.0 X 10732 cm2

sr-1 which shows that the calculations are reliable to within an order of magnitude.

The spectrum of trifluoroacetate was also calculated using the B3LYP functional set, as the SERS
spectrum of this compound has been reported in the literature. The analyte of interest, 1080, has
the molecular structure as shown in Figure 4.3. Raman active modes with symmetry class,

frequency and differential Raman cross section are described in Table 4.1.
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Figure 4. 3: Schematic drawing of structure of sodium monofluoroacetate

Table 4.1. Raman active modes of 1080, methanol [S1] and trifluoroacetate [52] with their

calculated differential Raman cross sections

Mode

N A W N =

o I &

Symmetry
Class

S

-
s

SEEC

Freq / cm-1

94.2
249.35
476.43

581.35
667.01

899.31
993.85
1025.89
1255.6
1354.70

diff. Raman XS
/10-32 cm2 Sr-1

1080

37.1
0.78
10.23

2.40
4.01

12.27
6.51
0.008
5.55
8.74
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Description

FCCO torsion
FCC / CCO in-phase bend
CO2 rock

COQO torsion

FCC / CCO out-of-phase
bend
FCC bend / C-C stretch

C-F Stretch
COO out-of-plane bend
Antisymmetric CH2 wag
Symmetric CH2 wag
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o 0 NN AW -

p— |
el

i
N
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A’ 1419.28 5.73
A’ 1479.72 4.62
A’ 1626.14 3.23
A" 3082.525 18.538
A’ 3139.327 9.468
Methanol
A’ 323.69 3.35
A’ 1028.85 3.96
A’ 1075.94 4.01
A" 1177.86 2.76
A’ 1371.64 1.41
A" 1488.53 2.46
A’ 1505.54 6.52
A’ 1519.26 6.61
A’ 3029.28 19.94
A" 3085.25 11.376
A’ 3144 .46 9.37
A’ 3753.71 5.40
trifluoroacetate
A’ -20.53 1304.76
A" 249.26 7.99
A" 252.51 0.18
A" 378.91 10.0
A 416.05 5.2
A" 503.59 1.84
A 573.45 5.02
A' 698.6 1.57
A 782.56 0.614
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C-C stretch/COO symmetric
stretch
CH2bend

0-C=0 antisymmetric stretch
C-H symmetric stretch
C-H antisymmetric stretch

Torsion
C-O stretch
CH3 rock (symmetric)

CH3s rock (antisymmetric)

O-H bend
CH3 deformation

C-H antisymmetric bend
C-H symmetric bend
C-H symmetric stretch
C-H antisymmetric stretch

C-H antisymmetric
symmetric stretch
O-H stretch

Torsion
Torsion
FCC/ CCO in-phase bend

CF3 bend / CC stretch

FCC/ CCO out-of-phase
bend
CF3 deformation

FCC/ CCO out-of-phase
bend
CF3 deformation (in phase)

CO2 deformation (out-of-
plane)



10 A’ 797.51 9.84 CC Stretch /COO Bend

11 A 1066.7 1.470 C-F stretch (out-of-phase)
12 A 1116.09 1.471 C-F stretch (out-of-phase)
13 A" 1182.53 1.155 C-F Stretch (in-phase)
14 A 1399.68 16.82 CC Stretch /COO Bend
15 A" 1700.12 2.45 COO antisymmetric stretch

1080 has a mirror plane and the irreducible representations are classified by their behaviour under
reflection in this plane (A' and A"). The properties belonging to irreducible representation A' are
symmetric to both the identity operation E as well as reflection through the mirror plane. Those
properties belonging to irreducible representation A" are symmetric with respect to the identity

operation E but antisymmetric with respect to reflection through the mirror plane. [50]

The calculation predicts one of the strongest modes for 1080 is at 1354 cm-1, and 3082 cm-1 and
3139 cm-1, which in reasonable agreement with electrochemical SERS data reported by Rodes.
[32] The vibrational mode of C-H in-plane bending at 1365 cm-1 has good correlation with our
experimental 1080 data of 1372 cm-1 band (Figure 4.7). Another strongest mode for 1080 observed
at 1504 cm-1 and 1644 cm-1 from SERS spectra are also an agreement with above-calculated
frequency values, but 1504 cm-1 is not found in Rodes data. It was assumed that there could not be
an exact match with Rodes data to our experimental data as they have observed modes using
electrochemical SERS whereas colloidal SERS was used for this thesis, and the interaction with
the substrate as well as the enhancement itself could explain the differences in intensity. As per
Rodes et al., solid trifluoroacetate has the strongest Raman bands at 1440 cm-1 and 832 cm-1 which
closely matches with the larger Raman cross sections from Table 4.1. Also, the Raman spectrum
of an aqueous solution of monofluoroacetate anions has strong bands at 1408 cm-1 and 3073 cm-1
which are closely related to one of the strongest Raman band. Therefore, trifluoroacetate
calculations do give reasonable agreement with the literature and therefore provide some

confidence that the calculated 1080 spectrum is a good model for the true 1080 spectrum.
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b) Brodifacoum:

The molecular structure of brodifacoum is shown in Figure 4.4. It has several aromatic rings and
extensive conjugation. Raman spectra of highly concentrated solution (0.001M) of brodifacoum is
shown in figure 4.5. The characteristic bands of Raman spectra of brodifacoum ranging from 1200

cm-1 to 1720 cm-1 were quite prominent.

Brodicafoum

Figure 4.4: Structure of brodifacoum

The strong Raman bands of brodifacoum according to the literature are the C=0O stretching that
contributes to the bands at 1717 ¢cm-1, C=C bond at 1657 cm-1, C-C stretching band at 1554 cm-1
and single bonded C-O stretching were observed around 1300 cm-1. The assignments obtained for

the brodifacoum are in very good agreement with the literature [19].
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Figure 4.5: Raman spectrum of 0.001M brodifacoum acquired at 532 nm laser wavelength with 40 X
objective, laser power of 12 mW and 15 s exposure time with average spectra from four accumulations.

4.3.3. Characterisation of SERS substrates

Standard borohydride reduced nanoparticles were prepared by reduction of silver nitrate using
sodium borohydride and trisodium citrate to stabilise the silver nanoparticles.

SERS spectra of these silver nanoparticles gave a few weak Raman peaks (Figure 4.6(¢e)) but they
do not appear either in brodifacoum (Figure 4.6) or in 1080 (Figure 4.7) bands which suggests that
these can be simply assigned as ‘silver nanoparticle bands. Even SERS frequencies for citrate at

the surface of borohydride reduced silver nanoparticles mentioned by Munro et al. [48] work did
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not show any such Raman peaks which confirms the spectrum is coming from silver nanoparticles.
the Kitaev nanoparticles have no background (or at least no citrate bands), which is useful because
any Raman bands must then be due to the analyte. No citrate bands observed suggests either that
the analyte has displaced citrate at the nanoparticle surface, or the analyte has a much larger
scattering cross-section [22, 23]. Munro et al. only observed citrate bands under certain conditions.

The borohydride reduced nanoparticles provided a useful reference against the citrate reduced

nanoparticles.
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Figure 4.6: a) Normal Raman spectra of solid brodifacoum, b) SERS spectrum of 10-s mol/L brodifacoum
without MgSO4, ¢) SERS spectrum of 10-s mol/L brodifacoum with 0.1 mol/L MgSO+ and d) SLIPSERS
spectrum of 10-s mol/L brodifacoum acquired at 532 nm laser wavelength with 40 X objective, laser power
of 12 mW and 15 s exposure time with average spectra from four accumulations, e) Kitaev silver
nanoparticles without any analyte(brodifacoum or 1080).
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The SERS spectra of brodifacoum and 1080 were recorded in an aqueous solution of 10-6 mol L-1
analyte concentration. SERS produced strong and enhanced signals after aggregation due to ‘hot
spots’ that are in the junctions between colloids. As per Bell et al. [20], sulfate as an aggregating
agent doesn’t bind to the surface and so will not compete with the analyte for surface binding.
There is very weakly bound citrate (as shown by the absence of strong citrate bands in Fig 4.6(¢))
but this is displaced by the analyte.

There is a possibility to get some citrate background at very low concentrations with some other
analytes due to poor binding of analyte on the citrate giving few peaks of citrate spectrum. But
brodifacoum and 1080, both were benefitted by aggregation using MgSO4 and displaced citrate
layer of the silver nanoparticle giving enhancement of brodifacoum and 1080 bands. SERS (dried)
and SLIPSERS samples were prepared as described in Chapter 2 for Raman measurements using

0.1 M of magnesium sulphate, aggregating agent.

4.3.4. Design and Characterisation of SLIPSERS

The potential of the SLIPSERS platform and its method of fabrication have been previously
described, in this section we use SLIPSERS to determine the sensitivity of detection of
brodifacoum [21].

The relative performance of SERS and SLIPSERS under similar conditions were compared. A
comparative study was carried out by analysing SERS and SLIPSERS spectra of different

concentrations of brodifacoum and 1080 extending to the lowest detection concentration.

Effect of aggregating agent.

SERS spectra of brodifacoum and 1080 with or without MgSO4 were obtained to confirm that the

strong SERS signals observed were entirely due to the analyte of interest and there is no

background interference from colloid itself or aggregating salt [20].
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The Raman spectrum of solid brodifacoum was acquired as shown in Figure 4.6(a) to identify the
prominent brodifacoum peaks for comparison with SERS and SLIPSERS spectra. In the absence
of MgS04, no identifiable peaks were observed but with 0.1 M MgSO4 definite peaks were
observed, though at relatively low intensity. SERS is observed from brodifacoum after
aggregation. Even the fluorescence observed in normal Raman of 1080 (Figure 4.2) was quenched
and good SERS signal was observed.

In contrast, the SLIPSERS spectrum shown in Figure 4.6(d) has significantly improved signal-to-

noise and the peaks observed were highly enhanced.

Vibrational assignments for brodifacoum and 1080

For a better understanding of SERS and SLIPSERS spectra of brodifacoum and 1080, assignment
of vibrational modes is made by reference to the literature. [43] Carbonyl stretching vibrational
modes observed the highest intensity at 1644 cm-1 was considered as the characteristic band for
brodifacoum. v(C-C) ph and 3(C-C)jp also give rise to strong intensity band in SLIPSERS spectrum.
Medium Raman bands were observed at 1165 cm-1 and 1125 cm-1 due to v (C-O) and 6 (CCH)jip(c).

Brodifacoum ring deformation mode, Ring ip(Ph) was detected as a weak Raman band at 885 cm-1.

Table 4. 2. Observed Raman peaks and assignments for brodifacoum

Raman shift Intensity Assignment

1644 strong v(C=0) symmetric stretching
1506 strong v (C-C)pnt 8(C-C)ip

1356 strong O(COH)ip + v (C-O)

1165 medium v (C-0O) + & (CCH)ip(c)

1125 medium d (CCH)ip(c)

885 weak Ring ip(ph)

772 strong 0 (COH)op

Ph, Phenyl; ip, in-plane; op, out-of-plane; (c), coumarin;
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Figure 4. 7: a) 1080 SERS without MgSO4,; b) 1080 SERS with MgSO4, ¢) 1080 SLIPSERS (10-6 mol/L)
with MgSO+ acquired at 532 nm laser wavelength with 40 X objective, laser power of 12 mW and 15 s
exposure time with average spectra from four accumulations.
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As stated in the earlier section of this chapter, normal Raman of 1080 is very weak whereas SERS
and SLIPS of 1080 are quite achievable. To have a good idea of strong Raman bands in agreement
with Gaussian calculated values from Table 4.1, the vibrational frequency assignments were
obtained and listed in Table 4.3. From the calculated spectrum, the band at 1372 c¢m-1 is due to in-
plane bending of C-H bond and 1644 cm-1; the most intense peak corresponds to O-C-O stretching
band of the carboxylate group. This peak is expected due to the presence of carboxylate group in
both whose stretching frequency lies in the range from 1645 cm-1 to 1690 cm-1. Besides these

vibrational modes for monofluoroacetate, there is also some C-F stretching signal at 1196 cm-1.

Table 4. 3. Observed Raman peaks and assignments for sodium monofluoroacetate

Raman shift(cm-1) Gaussian Calculated | Intensity Assignment
frequencies (cm-1)

1644 1626.1 strong v(C=0) symmetric

stretching

1372 1354.7 strong v (C-0)

1255 1255.6 medium v (C-0) + 0 (CCH)ip

1196 - medium o (C-F)

760 - strong 0 (CC)op

ip, in-plane; op, out-of-plane

A few observations were noted while analyzing the spectra of 1080. There are bands at 760 cm.-1
and 1196 cm-1 in above 1080 spectra that are strongly enhanced in the SERS spectrum but not
observed in the SLIPSERS. It was assumed that the relative intensities change as the coverage of
the analyte moves from sub-monolayer to several layers. [40] Even though the concentration of
1080 is the same for SERS and SLIPSERS, the different methodologies for sample preparation
result in different orientations of the analytes on the nanoparticle surface or possibly a preference
for one binding mode over another. This could explain the relative increase in intensity of the 1372
cm-1 band in the SLIPSERS spectrum. It was clearly observed in Figure 4.6 and 4.7 that there was
a dramatic transformation in the SERS spectrum after aggregation. All SERS analytes behave

differently and not all showed a change in the fingerprint upon hot-spot formation. [41]
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Another observation looking at the spectra of both brodifacoum and 1080 was the characteristic

peak at 1644 cm-1 which is one of the strongest Raman bands. This peak is expected due to the

presence of carboxylate group in both whose stretching frequency lies in the range from 1645 cm-

1to 1690 cm-1. As per Rodes work, where SERS spectra were acquired from molecules adsorbed

on the surface of a silver electrode in an electrochemical cell, this peak is missing in the 1080

spectrum and spectrum is quite different from our experimental data. This allowed us to put

forward a few possible assumptions:

1.

The surface charge of an electrochemical surface and silver colloidal could be quite
different. The electrochemical surface potential could potentially change from negative to
positive, depending on the electrode potential. The strongest electrochemical SERS
obtained at an applied potential of +1.2 V, so the electrode has a positive polarity. The
positive electrode binds the negative monofluoroacetate anion and strong SERS is
observed. Adsorption will be very different on a positive surface. Synthesis of positively
charged silver colloids was attempted by modifying borohydride-reduced silver colloid
with thiocholine chloride to create a positive surface that should attract the negative anions
[17] and give strong SERS but unfortunately, it was unsuccessful with no obtainable
results. Self-induced aggregation was observed which makes nanoparticles unstable and
gives spectral variations in SERS spectra. It was hoped that the unfavourable electrostatic
interactions (i.e., negatively charged silver colloids and negatively charged anions) could
be overcome by the controlled drying method of SLIPSERS. The Laplace pressure and
surface tension of the solvent will overcome these interactions. [18] Therefore, it was
assumed that positive surface charge could give different adsorption resulting in a different

spectrum compared to the colloidal silver nanoparticles SERS spectrum.
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2. The binding mode is also another point. Gaussian calculations are for a “free ion” in
solution. A lot of work has been done on the binding of carboxylic acids to metal (and
metal oxide) surfaces (especially TiOz2 surfaces), there is a very famous review by Deacon
[42] that assigns the binding mode of carboxylates based on infrared frequencies and
intensities. Any conclusions about the effect of binding on carboxylate frequency that is
obtained from IR studies will apply to Raman — our calculations are for “free” or unbound
carboxylate, but our experiments probably measure bound carboxylate - so change in
frequency is expected. The binding mode, unidentate or bidentate, will determine the

observed frequency.

SLIPSERS undoubtedly performed best in detecting analytes of higher intensity with 10-6 mol/L
concentration. The high density of hot spots and analyte concentration by controlled drying
demonstrated high sensitivity. (Figure 4.11) [15] Density of hotspots can be demonstrated using

Raman line-scan which was discussed in the earlier section of this thesis.

Thus, this comparative study demonstrated the detection capability and high collection efficiency

of SLIPSERS.

4.3.5. SLIPSERS analysis of brodifacoum for ultrasensitive detection

SERS measurements were performed on analyte-nanoparticle aggregate formed on SLIPS
substrate (method described in Chapter 2).

Brodifacoum is a large molecule with several aromatic rings and extensive conjugation and thus
has larger Raman cross-section. SEM micrograph of the dried aggregates of 10-3 and 10-s M
concentration of brodifacoum was recorded. Both images show the difference in surface structure
where the lower concentration appears shiny whereas 10-8 M image looks rough and dry. These
aggregates give an indication of level of concentration adsorbed at the surface which can be reason

of loss of signal at high concentration.
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When higher concentrations of brodifacoum are present in the colloidal solution, it appears that
the analyte molecules completely cover the nanoparticle surfaces and then subsequently form
multiple layers so that the SEM image (Figure 4.8.) shows only a molecular layer over the
underlying nanoparticles. [44]

The aggregate structures are visible in the left image, but in the right image, the aggregates are
obscured by the dried analyte. It was observed that for higher concentrations, a crystallized
brodifacoum structure formed on top of the AgNP aggregates. There appeared to be a maximum
concentration of analyte that gave an observable signal. The molecules are either scattering or
absorbing the incident laser so very little radiation reaches the plasmonic silver nanoparticles and
and therefore very little SERS enhancement occurs at high analyte concentration. Hence, for this

study, the upper limit of concentration for brodifacoum was 10-5s M.

Figure 4. 8: SEM image of a) 10-3mol/L and b) 10-smol/L brodifacoum on SERS substrate.

To support the observation that the analyte can completely cover the aggregate at higher
concentrations as shown in Figure 4.9, volume of analyte particles and volume of nanoparticles in

total solution was calculated:
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Figure 4. 9: SLIPS substrate preparation using high (/0-3 mol L-1) and low concentration (/0-s mol L-1) of
10pL analyte (blue) with 50 pL of nanoparticles to demonstrate volume of analyte covering the
aggregate.

Assuming the colloid as a sphere with radius R = 23 nm (diameter of silver colloid as obtained
from Malvern Zetasizer was 45 nm) and concentration of nanoparticles calculated by finding the
number of nanoparticles in colloidal solution is 1.2 X 102 nanoparticles L-1((NP L-1). For higher
analyte concentration, say 10-3 mol L-1, the volume of total nanoparticles (V¢otq; np) and volume of
total analyte Vitq1 anaiyte in a dried aggregate is calculated as shown below.
Nanaiyte = 1073 mol L™ x 1076L (volume used for SLIPS) x N,
=6 x 10*
Nnanoparticte = 1.2 X 10*?nanoparticles L™t x 50 x 107 L (volume used for SLIPS)
=6x 107 NP
Viotainp = Vap X Nnanoparticte = 2.8 X 102 nm?

— — 16 3
Vtotal analyte — Vanalyte molecule X Nanalyte = 12X 10"° nm

This demonstrates that the analyte volume is much larger than the nanoparticle volume by a factor
of 10*for high concentrations whereas with a decrease in concentration we can find a close match
of an analyte and nanoparticle volumes or an analyte volume less than the nanoparticle volumes.

For comparison, we also calculated the volume of total analyte (Viorq1np = 2.8 X 102 nm? and
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volume of total nanoparticles Viorqi anaryte = 1.2 X 102 nm? in a dried aggregate for 10-6 mol L-1

concentration where both volumes are almost a close match. This value supports the selection of

10-5 mol L-1 as the upper limit for detection in SLIPSERS measurements.

To understand whether SLIPS is capable to reproduce results with low concentration from
randomly selected points on the substrate, SERS spectra were recorded at ten random spots. The
waterfall diagram in Figure 4.10 clearly demonstrates that silver nanoparticles deliver an excellent
reproducibility at high concentration of brodifacoum (10-s M) by selecting 10 random spots on
SLIPSERS substrate. Relative standard deviation (RSD) is the special form of standard deviation
which helps in identifying how precise the data is. Smaller the percentage value, the more accurate

the data is.
RSD = 100 x Standard deviation + Absolute mean
The reproducibility of brodifacoum obtained is extremely good and the relative standard deviation

1s 5.98% within the acceptable standard limit of less than 20% (Figure 4.11), which proves it as a
reliable SERS detection technique [24].
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Figure 4. 10: Waterfall plot of SLIPSERS spectra of brodifacoum at 10-s M obtained from 10 different
spot measurements at 532 nm excitation wavelength, 12 mW laser power and 10 seconds exposure time
for 3 accumulations.
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Figure 4. 11: Relative standard deviation of strong Raman band at 1644 cm-1 of 10-s M brodifacoum from
10 random spots.
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Quantitative detection is relevant to determine the concentration of a particular analyte or several
other interfering compounds present in the sample. Here, it was performed to evaluate the limit of
detection of brodifacoum ranging from 10-s M to 10-14 M. It was observed with decrease in
concentration levels it becomes more difficult to locate a strong Raman signal and this is
presumably due to the low density of analyte molecules — at very low concentration the probability
of a molecule being located in the scattering volume decreases to a point where no molecules are

located in the scattering volume.

But this is unlike the SERS case where the low density is due to the large area the nanoparticles
are spread over, with SLIPSERS the low density is due to a low number of analyte molecules. [25]
As the concentration of analyte decreases, the number of single analyte molecule decreases as
compared to AgNP’s. Le Ru et al. demonstrated that there are many randomly oriented single
analytes molecule at the surface, but the intensity is quite varied. Therefore, few selected highly
enhanced signal from hotspots were captured with the largest intensities. [31] This is the
subsampling problem, that is, the analyte concentration becomes so low that there is less than one
molecule (on average) in the focal volume of the laser. So, there is a reasonable chance that no
signal will be observed if a random point on the AgNP aggregate is selected. Note that the hotspot

density does not change so the hot spots can still be found easily.

But the probability of a molecule being at a hotspot that is illuminated by the laser starts to decrease

once the analyte concentration reaches a critical concentration.

Once the analyte has adsorbed onto the nanoparticle surfaces, it is the density (number of
molecules per unit area) that is the critical parameter. Subsampling is observed once the density of
analyte molecules falls below a critical value. In the subsampling regime, there is no longer a linear

relationship between the concentration of an analyte in solution and the SLIPSERS intensity.

This is similar to the problem faced with the coffee ring effect for the SERS measurements. For
the SERS measurements, the analyte density drops below a critical value and subsampling is
observed, but this time, the density decreases due to a significant increase in the effective area that
the analyte occupies on the substrate surface (rather than a decrease in the number of molecules).
Of course, the critical density is very different for two cases, with SLIPSERS, Figure 4.15 shows
the critical density is approx. 1 x 10-11 mol L-1 for SLIPSERS.
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Figure 4.12 and 4.13 below shows the SLIPSERS spectra of brodifacoum with concentration down
to 10-14 M. Hence, lowest level of brodifacoum detection (LOD) in a sample which can be detected
but not quantitated as exact and reliable value found experimentally was 10-14 M whereas the
detection limit of brodifacoum among all concentrations can be reliably detected and quantified
(LOQ) was 10-12 M. The major peaks clearly observed in brodifacoum spectra were 1356, 1504
and 1644 cm-1.

— 107°M

—— 1077 M b2
— 1078 M S 2
— 107°M IU,_,‘ [

1356

Intensity (a.u.)

800 1000 1200 1400 1600
Raman Shift / cm™!

Figure 4. 12: SLIPSERS detection of brodifacoum molecules in aqueous solutions at different

concentration (10-s to 10-10 M) (top to bottom) acquired at 532 nm laser wavelength with 40 X objective,

laser power of 12 mW and 15 s exposure time with average spectra from four accumulations
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Figure 4. 13: SLIPSERS detection of brodifacoum molecules in aqueous solutions at different
concentration (10-11M, top to 10-14M, bottom) acquired at 532 nm laser wavelength with 40 X objective,
laser power of 12 mW and 15 s exposure time with average spectra from four accumulations.
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It was found from the Figure 4.13, 10-11 M and 10-12 M concentration spectra agree closely with
each other with Raman bands almost at the same values, but 10-13 M and 10-14 M has a very
different set of enhancing bands representing shift in peaks. This is because brodifacoum
molecules at such low concentrations has reached to single molecule regime and there will be no
averaging over sites and no orientational averaging because the nanoparticles are fixed. So, the
variations in the intensities are due to molecules in different orientations relative to the surface and
incident laser polarization at the position of highest enhancement, so called hot-spots. Only the

smallest fraction of molecules is observed at the single molecule level.

4.3.6. Quantitative analysis of Brodifacoum with SLIPSERS (Performance of the method)

a) Linearity

The linearity is its ability to elicit results that are directly proportional to the concentration of

an analyte in a sample within a given range.

Performance of the method for brodifacoum was evaluated by taking four calibration standard
points against the intensity of brodifacoum SLIPSERS peak for a broader range of
concentrations from 10-6 to 10-12 M at 1644 cm-1 peak for quantification. (Figure 4.12). The
calibration band at 1644 cm-1 was chosen due to its strong intensity of C=O stretching
vibrations. Detailed assignments of SERS bands for brodifacoum and 1080 were already

described before in this chapter.

Logarithmic transformation of data is quite useful in handling the wide concentration range
and is frequently used for SERS calibration curves [15, 44-45]. The log concentration vs
intensity spreads out the data so that the shape and quality of the fit are clearly visible when
the concentrations cover a wide range. When the data is exhibited in log concentration, the
data yields a linear model that shows concentration between 1076 — 1071% mol/L. All spectra

were averaged using three random points on each sample substrate to get reliable data.
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The calibration curve for brodifacoum in aqueous solution is shown in Figure. 4.14, where the
error bars indicate the standard error of Raman intensity for each concentration. The curve
gave a linear trend and the R2 value is closer to 1. Residuals gave the difference between the

observed y value and the y value calculated using the equation of the fitted line.

Calibration curve of brodifacoum

y=16271.4x+ 171614.3
R?=0.99

Intensity(a.u.)

-12 -10 -8 -6 r

Log[concentration]

Residu
als

-12.00 -10.00 -8.00 -6.00 -4.00 -2.00 0.00

Figure 4.14: Calibration curve for SLIPSERS detection of different concentration of brodifacoum to
intensity at 1644 cm-1 with error bars represent the standard error.

Table 4. 4. Statistical data for brodifacoum by Raman method

Concentration of brodifacoum(mol/L)

Parameter
Linear range 1076 — 10710
Slope 1.6 x 10*
Intercept 1.7 x 10°
Standard deviation (Error) of slope 5.8 x 102
Standard deviation (Error) of intercept 49 x 103
% Error of Slope 3.61%
% Error of Intercept 2.87%
7.3%

Standard deviation of residuals
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b) Limit of Detection & Limit of Quantification

The range of SLIPSERS intensities gave a linear response against log concentration. At high
concentration, SLIPSERS intensity is lost due to the analyte forming a “blocking layer” that
prevents the incident laser generating plasmon enhancement and at low concentration, the low
density of analyte on the AgNP aggregates leads to subsampling. In this section, the linear

range is characterized to determine the limit of detection and limit of quantification.

With the decrease in concentration between 10-6 and 10-10 mol L-1 there was a subsequent
decrease in intensity level which is considered as the ‘quantification region’ whereas
concentrations lower than 10-10mol L-1 gives almost similar intensity as only very few analyte
molecules exist within laser spot region. This means it is possible to see the subsampling effects
(i.e., the signal from random hotspots), but the signal might be coming from several molecules
at the hot spot and might be labeled as the ‘single-molecule region’. (Figure 4.15) This region
requires rigorous search of the sample for signal, as they are very limited, only being found at

random sites within the SLIPSERS aggregate.

Single molecule region Quantification Region

Intensity

-14 -13 -12 -11 -10 -9 -8 -7 -6
Log[C]

Figure 4. 15: SLIPSERS intensity at 1644 cm-i as a function of different concentrations of brodifacoum.
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The lowest amount of an analyte in a sample, which can be detected but not necessarily,
quantified due to low signal to noise, referred as limit of detection (LOD) is estimated as 10-12
M by comparing the lowest concentration with the blank for a highly intense peak at 1644 cm-
1 and the lowest amount of brodifacoum in aqueous solution which can be determined
quantitatively with a suitable precision and accuracy (LOQ) was 10-10 M. [35]. An acceptable

parameter for determining LOD is the concentration where:

Peak Height _
Signal — to — noise

whereas the limit of quantification (LOQ) is the concentration where

Peak Height — 10
Signal — to — noise

¢) Precision & Accuracy

Triplicate analysis was done using two concentrations: 10-6 mol/L and 10-10 mol/L at three different
positions at peak 1644 cm-1. To evaluate precision and accuracy, the coefficient of variance (CV)
and relative standard deviation (RSD) from the predicted values were measured from the

regression equation [25].

Coefficient of variation, also known as relative standard deviation is used to measure precision
and repeatability of the results. RSD (%) was calculated after dividing the standard deviation by

the average intensity of three replicated for a specific concentration.

Accuracy is the exactness or closeness of the test results obtained by the method to the true value.
The accuracy % was determined by comparing the mean calculated concentration of the samples
with the true value obtained from the calibration curve. Accuracy can also termed as recovery, that
is, the ability to detect the amount of analyte present in a sample. So, the recovery rate was
calculated by comparing the known analytical concentration of brodifacoum or 1080 in the
solution with the predicted concentration obtained from the regression equation and this can

determine the accuracy of the chosen method [49].
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Accuracy % = (Predicted concentration - Known(added) concentration ) X 100

The table below demonstrates the values obtained that provide a satisfactory level of quantification

with relative deviation of both higher and lower concentration of less than 3%.

Table 4. 5. Different concentrations (10-6 and 10-10 mol/L) of brodifacoum at 1644 cm-1 used to
calculate the precision (RSD) and accuracy.

Log[Concentration] Intensity Average + CV) RSD(%) Accuracy(%)
SD
-6 77401 777168 + 0.002 0.26 98
207.94

-6 77105

-6 77000

-10 9000 9000 + 100 0.011 1.1 99

-10 9101

-10 8900

Therefore, the accuracy and precision values are excellent and were well within the acceptable

limits of RSD<20% [34].

d) Sensitivity Enhancements

Analytical enhancement factor (as defined by Le Ru) is used to evaluate SERS performance at any

two specific levels of concentration. [12] AEF was calculated using the equation:
AEF = IsLiPSERSCRAMAN/ IRAMANCSLIPSERS

where IsLipsERs, IRAMAN represents peak intensity with and without Ag nanoparticles and CsLipPSERs,
Craman are the concentration of brodifacoum with and without Ag nanoparticles. [28-30]. SERS

and SLIPSERS EF was measured using the brodifacoum 1644 cm-1 peak intensity.

155



SERS and SLIPSERS enhancement factor of 10-6 mol/L brodifacoum obtained was 1.207 x 10°
and 2.5 X 107 respectively. Enhancement factor with SLIPSERS is higher than SERS due to the
presence of an increased number of hotspots in dried aggregate creating strong enhancement. This

proves the potential of SLIPSERS for further investigation of different complex systems.

4.3.7. SLIPSERS analysis of 1080

The same methodology was applied for the detection of 1080. As shown in Figure 4.5, 1080 is
a very weak Raman scatterer. Even solid 1080 shows no discernible Raman bands, presumably
due to a fluorescence impurity generating a broad (but relatively weak background). SLIPSERS
spectra for 1080 are shown below in Figure 4.16. 1080 on colloidal silver nanoparticles (with
an aggregating agent) (using the same procedure as for brodifacoum) significantly enhanced
the signal and made detection possible. Similar to the preparation of brodifacoum samples, 10-
6 down to 10-10M concentration of 1080 were prepared and recorded the SERS spectra. For a
1080 concentration of 10-10M prominent peaks are not observed, only spectral noise. The major
peaks observed in 1080 spectra were 1373, 1502 and 1643 cm-1. The calibration curve for

brodifacoum in aqueous solution is shown in Figure. 4.17.
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Figure 4.16: SLIPSERS detection of 1080 (a)10-sM, (b) 10-7M (c)10-sM in aqueous solution acquired at
532 nm laser wavelength with 40 X objective, laser power of 12 mW and 15 s exposure time with average
spectra from four accumulations.
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Figure 4.17: Calibration curve for SLIPSERS detection of different concentration of 1080 to intensity at
1373 cm-1 with error bars represent the standard error.
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With 1080, detection levels are quantitated for three concentrations: 10-6, 10-7 and 10-8 M as below
10-9M it went to single molecule region. Hence, the lowest amount of 1080 in a sample, which can
be detected but not quantified, is estimated as 10-o M (LOD) and the lowest amount of 1080 in a
sample which can be determined quantitatively with a suitable precision and accuracy (LOQ) was

10 M [25].

Table 4. 6. Statistical data for 1080 by Raman method

Parameter Concentration of 1080(mol/L)
Linear range 1076 — 1078
Slope 8.89 x 103
Intercept 9.83 x 10*
Standard deviation (Error) of slope 3.44 x 102
Standard deviation (Error) of intercept 2.67 x 103
% Error of Slope 3.87%
% Error of Intercept 2.72%
Standard deviation of residuals 2.2%

Hence, with this experimental demonstration SLIPSERS has proven its ability to detect 1080 with

the detection limit of 10-8 M that is quite hard to determine with normal Raman or SERS.

Brodifacoum and 1080 both are rodenticides; one a conjugated structure with aromatic rings while
the other is a simple anion with no aromaticity. Brodifacoum showed high SERS activity with
good enhancement factor that is a new addition in literature in the list of SERS probing molecules.
1080 is poor Raman scatterer due to its small cross section whereas SLIPSERS for 1080 is quite
achievable. Therefore, it is evident that SLIPSERS can detect two analytes that have a similar
biological and environmental function but very different physical and chemical properties. So,
these results show that SLIPSERS has the potential for environmental and bioanalytical

applications. [15]
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Several studies have been done for the detection of anti-coagulant rodenticide residues in dog’s
liver, human blood and water using GC-MS, LC-MS or HPLC but no SERS detection has been
attempted to date. Ray et al have detected brodifacoum in dog liver using GC-MS with LOD as
1.1 mg/Kg [36] and Yan et al. have provided LOD in whole blood as 10 ng/mL using LC-MS [37].
In this chapter, a simple system of rodenticide detection in aqueous solution was investigated and
compared the LOD values for such a system with different analytical methods from the literature

presented in Table 4.7.

Table 4. 7. Comparison of current method with other analytical techniques:

1 Brodifacoum in stream HPLC 0.02 ng/mL 38
water

2. Brodifacoum in waste HPLC 0.2 ng/mL 38
water

3. 1080 in water GC-MS 0.1 ng/mL 39

4. Brodifacoum in SLIPSERS 0.0005 ng/mL Current work

aqueous
5 1080 in aqueous SLIPSERS 0.1 ng/mL Current work

Looking at the above values, SLIPSERS has demonstrated its promising potential of detecting
brodifacoum to a concentration 100-fold lower than those reported in literature whereas 1080 also

has achieved similar lowest detection through SLIPSERS.
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4.4, Conclusion

This chapter has demonstrated the capability of SERS using an omniphobic substrate, SLIPS, that
overcomes the drawback faced by SERS regarding the density of hot-spots. Both compounds are
rodenticides but have very different physical and chemical properties. SLIPSERS provides a
versatile platform for the rapid detection of trace amounts of brodifacoum and 1080 that brings the
lowest detection concentration to a picomolar level. SLIPSERS is much faster, simpler and
provides a lower detectable concentration than SERS and other analytical techniques like HPLC,

GC-MS and LC-MS as discussed in the last section.
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Chapter 5: Highly sensitive surface-enhanced
Raman scattering detection of brodifacoum and
1080 rodenticide in milk.

(Detection of rodenticides in liquid milk section of this chapter is already presented and
published in SPIE conference proceedings, USA)

Abstract

Surface-enhanced Raman scattering (SERS) is a powerful technique for food inspection
because of its readiness, sensitivity, and minimum sample preparation requirements.
[1] Milk is a vulnerable target for contamination. In this work, we demonstrate a reliable
SERS method for detecting toxins in milk focusing on brodifacoum, an anticoagulant
rodenticide, and sodium fluoroacetate, also commonly known as 1080. Surface-
enhanced Raman spectroscopy is an advanced Raman technique for ultrasensitive
detection of chemical and biological species. Liquid milk presents further challenges
due to the complex colloidal nature of milk itself; producing much weaker SERS. Milk
is opaque and limits the optical detection technique. The very strong Rayleigh
scattering from milk is an immediately obvious problem. Also, surface-active species
present in milk along with large surface areas on the milk colloids will compete for
analyte binding. These active other components like proteins; lipids have the potential

to mask the analyte and may produce false spectral results.

Therefore, an omniphobic surface platform was employed, which has the potential to
deliver near 100% analyte concentration by constant contact angle drying (and
consequently no contact line pinning). Such omniphobic SERS substrates, so-called
Slippery liquid-infused porous surfaces (SLIPS) were recently reported [2]. SLIPSERS
method coupled with the dilution of rodenticide spiked milk samples then extraction
with a mixed solvent of methanol: water (3:1) was performed for rodenticide detection.
[3] All the spectra were taken on an in-house Raman spectrometer based on a Princeton

Instruments FERGIE spectrometer using 532 nm excitation wavelength (with 7-8§ mW
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laser power) focused onto the sample using a 40 X 0.65 NA objective. A series of
diluted concentrations of each rodenticide ranging from 8-fold dilution to 1600-fold
dilution were used to construct a calibration curve. There is an excellent linear

relationship (R2=0.9897) in this concentration range.

A critical challenge in detecting bioanalytes in complex systems like milk is to achieve
high specificity, high throughput, and trace-level detection [4]. The approach adopted
in this work can be extended to detect various molecules in complex chemical and

biological matrices.

Keywords: Surface enhanced Raman scattering, brodifacoum, sodium

monofluoroacetate, and slippery liquid-infused porous surfaces

5.1. Introduction

Milk is an essential part of a human’s diet. It is not only a rich source of calcium but is
very important for bone development and health. It is also a basis of other dairy
products. Pesticides covers wide range of compounds including rodenticides,
insecticides, and fungicides to control pests and protecting the agricultural output from
them. These compounds are lethal to the targeted pests but causes harm to non-target
species like animals feeding on these pests or the crop sprayed with these chemicals.
There are several deaths reported worldwide due to pesticide poisoning. There were
some residues found in bovine milk at high concentration [4, 29, and 30]. Due to short
shelf life, fresh milk reaches consumers in a short period leaving little time for
analytical procedures to detect the presence of adulterants or harmful additives. Hence,

rapid methodologies are required for the early detection of contamination.

There are several techniques employed for detection of contaminants like HPLC, LC-
MS [5-7] but these are time-consuming and expensive. Surface-enhanced Raman
spectroscopy is an advanced Raman technique for ultrasensitive detection of chemical
and biological species. Surface-enhanced Raman spectroscopy (SERS) has the
potential for trace level detection with high molecular specificity and sensitivity. It
requires a reproducible substrate with a strong resonant interaction with an incident

laser light source to generate highly efficient Raman scattering. Nanostructured noble
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metal substrates provide the necessary resonant interaction between the laser and
scattering molecule. Silver nanoparticles (AgNPs) have a stronger absorption
coefficient that gives stronger enhancement relative to gold nanoparticles (AuNPs) of

the same size, which increases SERS sensitivity [8].

Single molecule detection is possible with SERS under ideal conditions. Although hot-
spots give strong SERS, they tend to be randomly distributed throughout the substrate.
So sub-sampling becomes a problem when using tightly focused excitation via a
microscope objective. The analyte must be adsorbed onto the silver nanoparticle
surface, and then a drop of the nanoparticle suspension is dried onto a supporting

surface (e.g., a glass slide).

Due to the so-called coffee ring effect, the analyte dries [S] creating a large diameter
ring structure of nanoparticle aggregates with hot-spots dispersed around the perimeter
of the “coffee-ring” edge which makes it challenging to locate highly sensitive SERS
regions when using a highly focused laser source (via a microscope objective). At the
same time, SERS for liquid milk is low due to diffuse scattering by various colloidal

structures in milk.

The results from the previous chapters has demonstrated the ability of SLIPSERS
substrate to detect rodenticides to very low levels in aqueous solutions. One of the aims
of this chapter is to determine if the SLIPSERS substrates can be extended to detection
of rodenticides in complex mixtures like milk. But the problem is that there are so many
other constituents in milk besides analyte that when the sample dries, a large aggregate
of matrix material is formed which blocks SERS active sites on the substrate and

generates no or weak SERS signal.

In this chapter the following sequence of experiments were performed with the

objective of applying the SLIPSERS substrates to complex biological samples.

1. Solid mixtures of 1080 and brodifacoum in milk powder were prepared to
identify the rodenticide peaks in the presence of the milk components. Raman
analysis was performed to investigate the complex mixture as “real world
samples” and characterise the composition. Samples were prepared using a
geometric dilution approach to provide a broad concentration range of

rodenticide in the milk powder matrix.
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2. Investigation of detection of analytes in milk without dilution using SERS and
SLIPSERS technique. These measurements highlighted the problems
associated with the high concentration of matrix components which interfered
with the aggregation process during drying and prevented approach of the
analyte to the SLIPSERS colloid surface.

3. Investigation of multi-fold dilution of the milk matrix to allow the analyte to

compete for surface binding for SLIPSERS detection of analytes.

5.2. Experimental Data

5.2.1. Sample preparation for milk powder

Raman analysis was performed on commercial milk powder spiked with brodifacoum.
Commercial Pams Whole milk powder was purchased and mixed with different
concentrations of brodifacoum using geometric dilution method. This method is used

to make more homogeneous mixtures of two solid powders — milk and brodifacoum.

Briefly, 10 milligrams (mg) of brodifacoum was mixed with another 10 milligram of
milk powder to obtain a total mass of 20 mg giving 50-50 % contribution of both in a
mixture. Later, from this sample 1, 16 mg was taken and mixed further with 24 mg of
milk powder thereby decreasing the concentration of brodifacoum in milk powder and
gives 20%. This process continues sequentially for two more levels till a minimum
number was obtained. This study was performed as a proof of concept to understand

the Raman spectra of solid mixtures of study before for investigating liquid milk.
Sample 1: Mass percent (% g) = MASSprodi ~ MASStotal

=10+20=05= 50%
Sample 2: Mass percent % = (16 mg X 0.5) + 40 mg

=0.2=20%
Sample 3: Mass percent % = (24.2 mg x 0.2) + 80 mg
= 0.0605 = 6.1%

Sample 4: Mass percent % = (56.1 mg X 0.0605) =+ 100 mg

= 0.34 = 3.4%
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Table 5.1 illustrates the composition of each sample prepared. Samples contained five

concentrations of brodifacoum measured in percent w/w.

Table 5. 1: Process of sample mixture preparation.

Sample Mass of Mass of Total Concentration of Mass
brodifacoum milk mass(mg)  brodifacoum(w/w) percent(%w/w)
added (mg) added(mg)

1 10 10 20 0.5 50.0

2 16 24 40 0.2 20.0

3 24.2 55.8 80 0.0605 6.1

4 56.1 43.9 100 0.0339405 34

Samples were ground using a mortar and pestle to get a fine powder and then packed
into a 21-well microwell plate for Raman investigation. Raman spectra were obtained
using 532 nm laser with laser power of 8 mW with exposure time of 10 seconds for
four accumulations. Triplicate analysis was performed for each concentration and

univariate analysis was later performed to quantify the method.

5.2.2. Sample pretreatment and SLIPS preparation for liquid milk

A 0.001 mol/L brodifacoum and 1080 stock solution was prepared with Milli-Q water.
The milk sample was spiked with this stock solution to get the desired concentration of
10-4 mol/L brodifacoum and 1080 spiked milk sample. The standard spiked solutions
were then diluted with Milli-Q water to 8-fold, 80-fold, 200-fold, 800-fold and 1600-

fold dilutions. A control was also prepared without any rodenticide.

Spiked milk samples were deproteinised using methanol-water, v/v (3:1 ratio). After
vortexing for one minute, the samples were sonicated for 10 minutes at 10 %. Then, the
treated samples were spun for 20 minutes with portable mini centrifuge (Fisher
Scientific) at 8000 revolutions per minute. Finally, the supernatant was collected for

further SERS analysis. The schematic pretreatment procedure of milk followed by
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SERS detection is shown in Figure 5.1. SERS (dried) and SLIPSERS samples were
prepared as described in Chapter 2.

Spiked Milk

multifold dilutions

Diluted spiked milk sample
SERS
SLIPSERS
e 6 @ Q=
Ag substrate

Figure 5. 1: Schematic representation showing the pretreatment of spiked milk samples
followed by SLIPS substrate preparation

SERS and SLIPSERS samples preparation are already described in Chapter - 2. All

samples were tested for at least 5 random spots per sample.

5.3. Results and Discussion

5.3.1. Characterisation of silver nanoparticles

Silver colloidal particles were prepared using borohydride reduction method according
Frank et al [10]. Figure 5.2 represents the surface plasmon resonance peaks of silver
nanoparticles using UV-Vis spectroscopy. The UV-Vis spectroscopy was used to show

the maximum absorbance of silver nanoparticles in the wavelength region of 300 - 700
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nm. The large plasmon peak is for unaggregated silver nanoparticles in solution. The
absorption maximum occurred at 410 nm. Inset shows the SEM image of borohydride
reduced silver nanoparticles with rodenticide spiked milk samples. These nanoparticles
had a mean diameter of 45.78 nm and a zeta potential of -55 V as measured by Malvern

Zetasizer. The results obtained were in close agreement to the literature data [11].
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Figure 5. 2: UV-Vis absorption spectrum of colloidal Ag NPs, inset shows SEM images of Ag

NPs with brodifacoum spiked milk sample (top, scale: 10um) and Ag NPs with 1080-spiked
milk sample (bottom; scale: 50 um).

5.3.2. Experiment 1: Detection of brodifacoum in milk powder

This experiment was performed to understand the Raman spectral features of solid milk
powder spiked with rodenticide, brodifacoum, at different concentrations [12]. A
Raman spectrum of milk powder was taken as a control. (Figure 5.3) The method of

Gordon et al. [13] was developed for the detection of calcium phosphate, but here it

was adapted for brodifacoum detection.
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Figure 5. 3: Raman spectra of milk powder acquired at 532 nm excitation wavelength with
40 X objective, 10 seconds exposure time and four accumulations.
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Figure 5. 4: Raman spectra of brodifacoum spiked milk powder at different concentrations
(50% to 10% spiked level) acquired at 532 nm excitation wavelength with 40 X objective, 10
seconds exposure time and four accumulations.
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Spectra of milk powder spiked with brodifacoum show a significant change in Raman
spectra of milk powder. The prominent peaks in milk powder are 460, 1078, 1309,
1444, 1656, 2731 and 2912 cm-1 that are attributable to proteins, fats, and lactose. The
460 cm-1band is due to milk fats v(C-H) torsion mode and peaks in the range of 1635-
1896 cm.1 attributed to the v(C=0) mode whereas 1078 cm-1 attributed to the v(C-C)
indicate an amino acid specific mode and 2731 and 2912 are attributed to C-H stretch
belonging to fats or lipids in milk. [21] Table 5.2 shows the detailed vibrational
assignments of brodifacoum-spiked milk powder.

Table 5. 2: Observed Raman peaks and peak assignments for Milk powder and
brodifacoum spiked milk powder

Raman Shift (cm-1) Intensity Assignments
460 strong Lactose Milk
1078 strong C-C stretching
1309 medium C-H2 twisting
1444 strong C-H2 scissoring
1603 -1620 strong C-C stretching Brodifacoum
1635 weak C=0 torsion
1266 strong C-O stretch + CCH in-
plane bending
1656 strong C=C stretch Milk
2731, 2912 strong C-H stretch

Figure 5.4 shows the Raman spectra of brodifacoum-spiked milk powder with strongest
peak lying in the range of 1603 -1617 cm-1 due to v(C-C) stretching vibrations. There is
a shift of 12-15 cm-1 in the C-C stretch from 50% w/w concentration of brodifacoum to
other concentrations. The reason could be due to the interaction of other constituents in

milk to the conjugated brodifacoum rings.

It was observed that there is a shift in the peaks towards the lower wavenumber from
brodifacoum in aqueous solution spectra obtained in Chapter — 4 where strongest peak
found was at 1644 cm-1 and here the band shifts to 1603 cm-1 [22]. The shift is observed

because this is a “normal” Raman spectra without any plasmon enhancement. The
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SLIPSERS spectra in Chapter 4 show the plasmon enhanced modes which might be
quite different from the modes with inherent Raman intensity. So it might not be band
shifts, but changes in band intensity that explains the different appearance of the spectra

[23].

There is a good linear relation within the concentration range from 50% w/w to 3.4%
w/w, and this can be represented by the linear equation y = 326.3x + 4995.3 with a

correlation coefficient of 0.99.

As the concentration of brodifacoum decreased, there was a decrease in the intensity of

the Raman peaks too. Figure 5.4 is a clear example of this obvious result.

Performance of the method for brodifacoum was evaluated by taking four calibration
standard points against the intensity of brodifacoum in milk peak at 1603 cm-1 for
quantification. The obtained equation for the calibration curve (Figure 5.5) with
measurements is listed below (Table 5.3). The curve gave a linear trend, and the R2
value is closer to 1. [14, 15] Residuals gave the difference between the observed y value

and the y value calculated using the equation of a fitted line.

y = 326.3x + 4995.3
- Rz =0.9905
= -
« /
A d
>, //
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Figure 5. 5: Plot of intensity versus concentration of brodifacoum in milk powder at 1591 cm-
1 with error bars represents the standard error.
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The calibration curve was plotted on intensity against a linear concentration axis
whereas in chapter 4, log scale was used. The difference here is that there is no plasmon
enhancement, so perhaps plasmon enhancement is somehow responsible for the log

scale seen in chapter 4.

Table 5. 3: Statistical data for brodifacoum by Raman method

Parameter Concentration of brodifacoum
(Yow/w)

Linear range 3.4-50

Slope 326.34

Intercept 4995.3
Standard deviation (Error) of slope 22.6
Standard deviation (Error) of intercept 658.1

% Error of Slope 6.94%

% Error of Intercept 13.17%
Standard deviation of residuals 5.0%

LOD and LOQ obtained for brodifacoum is 3.4% w/w. The results support the visual
inspection for LOD and LOQ.

5.3.2. Experiment 2: SERS detection of brodifacoum in liquid milk and after

sample drying.

Initially liquid milk was spiked with high concentration, i.e., 0.1 M of brodifacoum for
SERS analysis. Spiked liquid samples were directly added to the cuvette for SERS
measurements. Sharp brodifacoum peaks were observed in milk at 0.1 M concentration,
but it is quite difficult to detect lower concentrations of brodifacoum. Liquid milk
presents further challenges due the complex colloidal nature of milk itself; the obvious
optical opacity is due to strong Rayleigh scattering from large colloids in the milk that

swamp the much weaker Raman scattering SERS; and the various proteins, fats and
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other surface-active components in milk cause aggregation of the silver nanostructures.
Several steps would be required to remove all the protein, and fat from the milk matrix
to successfully detect analytes in a milk sample. Therefore, it was found that detection

of brodifacoum by SERS in liquid milk is limited to high analyte concentration.

Different concentrations of brodifacoum spiked milk samples were prepared and added
to the colloid as per the SERS sample preparation protocol. The mixture obtained was
dried onto a coverslip at room temperature. Few spectra were collected but no useful

SERS signal was obtained, therefore SLIPSERS method was tried.

5.3.4. Experiment 3: SLIPSERS detection of brodifacoum and 1080 in liquid

milk after dilution

Extraction of brodifacoum and 1080 from complex milk matrix is quite challenging.
Several attempts were made to detect brodifacoum in the presence of the milk
components but was unsuccessful, so the next step was to find the simple extraction
method to remove components that might be interfering with the SLIPSERS. Ideally

the extraction method should be simple and quick, washing with a suitable solvent.

Initially, extraction of fat and other components from milk was done with acetonitrile,
but this was unsuccessful. Acetonitrile as the solvent is present in high concentration
and has a weak but sufficient affinity for silver (due to the coordinating properties of
acetonitrile) [14] that presumably displaces the analyte from the surface, thus
suppressing resonant enhancement of the rodenticide and so only acetonitrile was
prominent on SERS detection. A non-coordinating solvent, methanol, was tried as
extraction solvent. [33, 34] When milk samples mixed with methanol, SERS detection
of liquid sample mixture only shows methanol whereas when dried on SERS substrate,

brodifacoum peaks were present but those were not reproducible.

It was observed that on drying the SLIPSERS substrate at 62° C the rodenticide spiked
milk sample dried to a small yellow pellet, Figure 5.6, which gave no useful SERS

signal.

177



The yellow pellet formed after drying the sample is the non-volatile components of the
milk matrix, that completely envelope the silver nanoparticles upon drying, shielding
the nanoparticles from the laser source. This demonstrates that matrix molecules are
deposit on the substrate blocking the hot-spots of analyte aggregated silver
nanoparticles. Therefore, to avoid this problem, based on the observations from Chapter
4 where only concentrations below a critical value gave useful SERS enhancement,
diluting the milk samples was considered, before adding silver nanoparticles. As
discussed in Chapter 4 even low concentrations (10-5 M) of analytes or any other
molecules will result in complete coverage of the nanoparticle surface and prevent

adhesion of the analyte.

Although diluting the spiked milk will also dilute the analyte concentration, the results
from Chapter 4 suggest there is a strong affinity between the analyte and the substrate
and that, hopefully, the analyte would successfully compete with the matrix

components for binding on the nanoparticle surface.

Milk samples were diluted to avoid the formation of “yellow” aggregates that consists
of non-volatile solids from the milk which eventually suppress the hot spots on SERS
substrate. Hence, diluting the milk samples to different levels of concentrations, then
extracting using methanol: water (3:1) solvent was performed. The entire process took

not more than 30 minutes.

Pellet
formed

Figure 5. 6: non-uniform solid pellet formed after evaporation of undiluted rodenticide spiked
milk sample.

2.5 mL of 10-3 mol/L brodifacoum and 1080 was used to spike milk to create a spiked
milk sample containing 10-4 mol/L brodifacoum and 1080. The obtained spiked milk
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samples were diluted 8 fold, 80 fold, 200 fold, 800 fold and 1600 fold. Colloidal silver
nanoparticles after mixing with milk without dilution gives weak SERS signal. After
dilution, samples were deproteinised and defatted with methanol. 50 pL of the
supernatant were used to prepare SLIPSERS samples (method as described in Chapter
-2) for brodifacoum and 1080 detection [2]. Pure milk without an analyte and dilution
also went through deproteinization step as a control. SLIPSERS sample of the control

was prepared and the spectrum obtained is shown in Figure 5.7.
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Figure 5. 7: SLIPSERS of liquid milk (control) without brodifacoum acquired at 532 nm
excitation wavelength with 40 X objective, 10 seconds exposure time and three
accumulations.

The prominent peaks observed from SLIPSERS of liquid milk after pre-treatment were mostly
milk fats composed of several fatty acids. The peaks at 1167 is due to (C-C) stretch, 1452 (3(C-
H) scissoring), 1529 (C=C) stretch due to carotenoids; a natural antioxidant, 1661(v(C=C)) cis-
double bond stretching and 2650 cm-1 and 2650 cm-1 are symmetric and asymmetric stretching

(v (C-H)) vibrations [25].
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Figure 5. 8: Raman spectra of 10-4« mol/L brodifacoum spiked milk pellet after
deproteinisation.

To investigate whether there is any significant amount of analyte partition with protein
pellet, 10-4 mol/L brodifacoum spiked milk pellet (after deproteinization) was used for
Raman analysis. It was observed that pellet has mostly proteins with unidentifiable
traces of brodifacoum. (Figure 5.8) The peaks obtained relate to Raman spectra of solid
milk powder (shown in Figure 5.3). On the other hand, supernatant, the clear liquid
obtained has significant peaks of brodifacoum which was used further for SLIPSERS

measurements.
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Figure 5. 9: SLIPSERS spectra of brodifacoum spiked milk sample from different dilution
levels acquired at 532 nm excitation wavelength with 40 X objective, 10 seconds exposure
time and three accumulations.

8 fold
181

1284 80 fold

200 fold
800 fold

1600 fold

I N T N T b T b T N T . T N T T T T T Ll T e
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Raman Shifttcm™)

Intensity(a.u.)

Figure 5. 10: SLIPSERS spectra of 1080 spiked milk sample from different dilution levels
acquired at 532 nm excitation wavelength with 40 X objective, 10 seconds exposure time and
three accumulations.
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Figure 5.9 and 5.10 shows the SLIPSERS spectra of brodifacoum and 1080 in diluted
milk samples. The major peaks clearly observed in the brodifacoum spectra were 1327,
1591 and 1605 cm-1. The intensity of the rodenticide SERS peaks decreases with
increase in dilution level. Brodifacoum peaks become more prominent in the diluted

samples (although the signal-to-noise level drops at 1600 x dilution).

Hence, the lowest level of detection (LOD) and quantification (LOQ) of brodifacoum
in milk was 6.25 X 1078 mol L™, The significant peaks observed in 1080 spectra were
1183, 1284 and 1458 cm-i. In addition, the lowest level of detection found
experimentally was also 6.25 X 1078 mol L™! but 1.25 X 107 mol L™! gives an

achievable level of quantification.

Again, a different spectrum for brodifacoum spiked in liquid milk was observed
compared to the milk powder. The brodifacoum marker Raman band in Figure 5.4 was
1603 cm-1 whereas SLIPSERS spectra of brodifacoum spiked milk demonstrate bands
at 1591 and 1605 cm-1. The reason for this could be the different enhancement system
[26] as both are different states of milk; solid milk powder and liquid milk. Even
different Raman spectra of milk powder was found where all lipids and proteins are
clearly observed whereas liquid milk SLIPSERS without any rodenticide shows mostly
fatty acids bands. Therefore, a shift in Raman bands could be due to different chemical
enhancement [27]. However, peaks observed in liquid milk SLIPSERS spectra are in
agreement with the literature value. Hence, 1591 cm-1 and 1605 cm-1, both were
considered as brodifacoum bands. Similarly, 1181 cm-1 and 1284 cm-1 were the
prominent peaks found with SLIPSERS spectra of 1080. With the decrease in
concentration, a few more peaks were observed in range of 1450 -1600 cm-1 but were
not consistent going down the concentration. The reason could be either the
rearrangement of negatively charged citrate layer at the surface with decreasing
concentrations of cationic analyte, sodium monofluoroacetate or another reason could
be the potential for the many and varied milk components to be interfering with the
adhesion process at different concentrations. This hinders the effect of adsorption at the

colloidal surface and few citrate peaks might interfere the analyte spectra [31].
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Figure 5. 11: Calibration curve of intensity versus concentration of brodifacoum in milk at
1591 cm-1 with error bars represent the standard error.
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Figure 5. 12: Calibration curve of intensity versus concentration of 1080 in milk at 1181 cm-1
with error bars represent the standard error.

With decreasing analyte concentration, there was decrease in intensity of Raman peaks.
Logarithmic transformation of data is quite useful in handling the very low
concentration values of wide range and used quite often by researchers for SERS
calibration curves. [28, 32] The linearity of an analytical method is its ability to elicit
test results that are directly related to the concentration of an analyte in the sample
within a defined range. [18, 19] The linearity for SLIPSERS of brodifacoum was
evaluated by taking five calibration standard points against the intensity of
brodifacoum. The peak intensity as a function of brodifacoum and 1080 molar
concentration is depicted in Figure 5.11 and 5.12 respectively in the range 10-4 M—10-3

M. A good correlation (R2 = 0.99) between the intensity of the peak and brodifacoum
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and 1080 molar concentration is observed. SLIPSERS peak at 1591 cm-1 and 1080 at

1181 cm-1 was used for quantification. The parameters from a regression analysis are

listed below (Table 5.4).

Table 5. 4: Statistical data for brodifacoum and 1080 in milk samples by Raman
method

Parameter Concentration of Concentration of
brodifacoum (mol/L) brodifacoum (mol/L)
Linear range 107*—-10"8 10~*—-10"8
Slope 6.1 x 10* 2.1
Intercept 15.8
4.6 x 10*
Standard deviation (Error) 5.71% 5.8%
of slope (%)
Standard deviation (Error) 4.7% 4.8%
of intercept (%)
Standard deviation of 10.3% 8.8%

residuals (%)

Furthermore, to prove the feasibility of SLIPSERS method, the results obtained from
the linear equation of each calibration curve are summarized above in Table 5.4. The
recovery of residuals for brodifacoum and 1080 in milk ranges from 85-95% with the
relative standard deviation between 8-11% [20]. The results proved that SLIPSERS

method has the potential for ultra-sensitive and fast detection of rodenticide residues in
milk.

5.4. Conclusion

Herein, a simple and highly sensitive detection of residues of rodenticides brodifacoum
and 1080 in milk, using slippery infused porous surface-enhanced Raman scattering

(SLIPSERS) method was presented. This method was combined with a simple pre-
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treatment process, which is essential for analyte detection in milk to avoid interferences
from complicated constituents in the matrix [9]. It was observed that without dilution,
the complex matrix suppresses the SERS effect due to weak adsorption of analyte and
colloidal surface [24,31]. The results obtained indicate that dilution has significantly
improved the enhancement by effectively reducing the effect of the matrix. The limit
of detection of brodifacoum and 1080 in milk is 6.25 X 10~®mol/L and for 1080,
1.25x 1077 mol/L, gives the possible level of quantification. Compared with
traditional methods, SLIPSERS can serve as a universal platform for multiple analytes
with rapid detection of even trace amounts of organic analytes such as rodenticides but
the disadvantage observed in this study was the possible interference by milk

components which hinder SERS detection.

There are several other methods for the analysis of rodenticides in milk but this is the
first application of SERS for the detection of 1080 and brodifacoum in milk. This work
can be presented as SERS signature for several rodenticides. Successful detection of
these analytes in milk allows going further into more complex matrices like biological

samples for drug residue detection or similar areas of bioanalytical applications.
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Chapter 6. Highly sensitive surface-enhanced Raman
scattering detection of lidocaine hydrochloride in deer
velvet antler using silver colloid SERS substrate.

Abstract

This study focused on investigating the detection of lidocaine hydrochloride in antler velvet by
surface-enhanced Raman spectroscopy (SERS). The anesthetic drug, lidocaine, is widely used in
veterinary procedures and is a matter of concern due to the potential risk for the consumer resulting
from the use of lidocaine in food-producing species. A simple and sensitive SERS method along
with ultrasensitive and advanced SERS technique called SLIPSERS was employed for residue
detection in antler tissue. Selecting the best extraction method for sample clean-up to enhance
analyte interaction with silver nanoparticles is very important for successful detection. This can
effectively remove all the interferences generated from the compounds in the matrix and provide
a highly enhanced SERS signal. Under the optimal conditions, the limit of detection of LHC
residues in antler velvet is 0.235 ng/mL, which is lower than obtained from other methods. There
is a good linear relationship (R2= 0.985) in the concentration range of 10™* — 10~° mol/L. By
this method, the recovery of LHC residues in antlers ranges from 94% to 100 % with the relative

standard deviation less than 10%.

6.1. Introduction

Velvet antlers grow from the pedicle structure of the frontal bone of male cervids. Growing antlers
are soft, blood-filled tissue covered by skin with a velvet-like texture. They grow very fast, about
2 cm in a day. These velvet antlers are harvested in most countries where commercial production
of deer is a part of the agricultural economy. As per the New Zealand Medical Journal, New
Zealand produces 430 million tonnes of deer velvet antler (DVA) and export at a price of $160 per
kg. This would generate a value of approximate $46 million. New Zealand exports DVA to China
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(~$14 million), and Korea (~$12 million). There is a significant commercial market of velvet antler
in China, Russia and Korea where it is used as a Chinese medicine either in form of capsules or
liquid form. It has several medicinal applications like it is claimed to improve the immune system,
improves athletic performance, increases strength, reduces stress, decreases fatigue, improves

sleep and has anti-cancer properties. [21]

Lidocaine hydrochloride (LHC) (2-(diethylamino) - N- (2, 6-dimethylphenyl) acetamide
hydrochloride), is a water-soluble local anesthetic, used when harvesting velvet antlers. There is
concern that harvesting of antlers will introduce drug residues into the antler. Recent research by
the European Medicines Agency (EMA) revealed that there are major products containing
lidocaine obtained from food producing species due to lack of authorized anesthetics in those
species. [1] LHC is used as a sterile solution of anesthesia to sheep, goat, horses, cattle and deer

prior to surgery. There is no maximum residue limit set for lidocaine

This issue gives the motivation to develop a rapid and sensitive method for detecting LHC. As
antlers are processed shortly after harvesting into dietary supplements, immediate action is
required to identify whether lidocaine drug residues create any toxicity to humans and animals.
Some chromatographic and mass spectrometric methods (GC/MS, LC/MS) have been performed
for the determination of LHC in biological fluids and velvet antler. [1][3] [14][15] The utilization
of these instruments is also not convenient for on-site rapid detection of lidocaine, as the method
involves extensive sample preparation and clean-up procedure before running the sample for
detection. The limit of detection [2] determined for LHC in antlers using LC/MS was 20 ng/g.
There has been no such study conducted using surface-enhanced Raman spectroscopy to detect
residues of LHC in any biological samples. Literature reveals the use of Raman spectroscopy for
detection of lidocaine hydrochloride in saliva to detect overdose of drugs [26], but no study was
found for SERS or SLIPSERS. [22] Therefore, this work can be presented as SERS and SLIPSERS

signature for detection of drugs in several other biological matrices.

The objective of the current study was to compare and detect the drug residues in velvet antler
using silver nanoparticles and employing the SLIPSERS method. Hence, this experiment has again
utilized less toxic and biocompatible silver nanoparticles for rapid, highly simple and sensitive,

cost-effective detection of lidocaine hydrochloride in velvet antler.
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For the first time, we have worked on drug screening in antler skeletal remains targeting the
residues that can pose toxicity to animals and humans. The SLIPS substrate was prepared as
described in chapter 2. An easy clean-up sample extraction technique using perchloric acid
followed by methanol was used to obtain a supernatant from the extracted antler velvet, removing
any interferent residues like proteins, fats, minerals from the antler velvet. SLIPS and SERS
substrates were prepared using the supernatant and spectra obtained were recorded for analysis.
To the best of my knowledge this is the first report on detection of LHC in antler velvet using

surface-enhanced Raman spectroscopy.

6.2. Experimental

6.2.1. Material and Reagents

For SLIPS preparation all materials and chemicals used were described in Chapter 2. For this
study, lidocaine hydrochloride and deer velvet antlers were obtained from the School of Veterinary
Sciences, Massey University, New Zealand. 100% pure methanol, chloroform and 60% perchloric
acid were used for the extraction method. All solutions were prepared in Milli-Q water having a

resistivity of 18 MQ. All the chemicals were of high analytical grade.

The top hard skin of antlers was removed, and inner soft tissue was minced manually first with a
surgical blade to get fine pieces and then further homogenized with a MICCRA D-9 homogenizer

(Germany) for two minutes.

6.2.2. LHC extraction methods

Different extraction techniques were adopted to find out the best method compatible with SERS
and SLIPSERS. The experimental design adopted is shown in Figure 6.1.
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Figure 6. 1: Experimental model with two methods used for SERS and SLIPSERS analysis of LHC
in antler velvet.

Antler extract A was prepared according to Eerola et al. [3] using 0.4 mol/L cold perchloric acid
(PCA) to remove lipids from the sample. PCA is a strong oxidant when heated so using cold PCA
digests the antler velvet without damaging the analyte. 1 g antler velvet was weighed and
homogenized with 5 mL of 0.4 mol/L perchloric acid for around 2 minutes. The homogenate was
left for 30 minutes to digest then it was centrifuged for 10 minutes at 2300 X g and the supernatant

obtained was passed through a 0.45 um syringe filter.

Antler extract B was prepared with some modifications to the Reid et al. [4] method. 0.5 g of
velvet antler was weighed and homogenized with 2.5 mL of 0.4 mol/L cold perchloric acid for
around 2 minutes. The homogenate was left for 30 minutes to digest. 500 pL of borate buffer was
added to the homogenate and vortexed for 5 minutes. The mixture was allowed to sit for another

10 minutes and then 500 pL of chloroform: methanol mixture in a ratio 4:1 was added. The mixture

193



was vortexed again and then centrifuged for 10 minutes at 4200 Xg. The upper layer was extracted

and passed through a 0.45 pm syringe filter.

Antler extract C was prepared using the two-step process - cold perchloric acid followed by
methanol. 0.5 g of velvet antler was weighed and homogenized with 2.5 mL of 0.4 mol/L
perchloric acid for around 2 minutes. The homogenate was left undisturbed for 30 minutes to digest
and briefly vortexed for 1 minute. It was then centrifuged for 10 minutes at 2300 X g and the

supernatant obtained was passed through a 0.45 pm syringe filter.

At the second stage, the filtrate obtained was further cleaned using methanol to remove any protein
present. | mL of supernatant was mixed with 2.5 mL of pure methanol, sonicated at 10% amplitude
for 5 minutes and then centrifuged for 10 minutes at 2300 X g and the supernatant obtained was

again passed through a 0.45 pm syringe filter.

6.2.3. Sample preparation for SERS and SLIPSERS measurements

Two procedures were employed for SERS and SLIPSERS analysis —

o spiking LHC after extraction to isolate the effect of matrix on the binding process and

o spiking LHC before extraction to simulate a real sample with LHC present in deer antler.

The procedure for spiking after extraction is described below. The purpose of spiking after
extraction was to determine if the LHC was being lost during extraction or if components in the
supernatant were interfering with the binding of LHC on the silver nanoparticle surface. Both of
these effects would result in reduced LHC signal in the SLIPSERS measurements. However, by
measuring only samples that were spiked before extraction it would be difficult to isolate the two
effects. Therefore, spiking after extraction was suggested as a method to investigate negative

interactions with the LHC and the supernatant.

For spiking the velvet antler before the start of the extraction procedure, a specific volume of
known concentration of LHC was added to 0.5 g of minced antler, allowed to sit for an hour to

digest inside the tissue, and then extracted as per the procedure mentioned above to get the final
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filtered supernatant. Finally, Kitaev nanoparticles and the supernatant was used for SERS and

SLIPSERS measurements.

Kitaev silver colloid [22] was prepared as described in Chapter 2. To avoid any sample degradation
of biological samples, deer velvet antler (DVA) was kept at 4 °C and brought to room temperature
before use. The colloid was vortexed for 20 seconds to remove any sedimentation. 0.01 mol/L

MgSOs4 was used as an aggregating agent.

A stock solution of lidocaine hydrochloride 0.01 mol/L was prepared in Milli - Q water. Then,
lidocaine hydrochloride aqueous solutions in a concentration range of 1 X 107%-1 X 1072 mol/L

were prepared.
Two separate mixtures were prepared with supernatant obtained from spiking affer extraction.

Mixture A - LHC Spiked Extract: For spiking the supernatant with LHC, 6 uL of different
concentrations of LHC were added to 20 uL of velvet tissue extract, vortexed for 30 seconds and

allowed to sit for 10 minutes for complete digestion.

Mixture B — Aggregated colloid: 0.5 puL of 0.01mol/L MgSO4 was added to 20 pL of silver colloid

and again vortexed for 30 seconds.

Then, 4 pL of mixture A was added to mixture B and vortexed again for 30 seconds. 2 pL of this
final sample prepared was pipetted onto the quartz coverslip and allowed to dry at room

temperature. Once dried, the sample slide was used for recording SERS measurements.

For SLIPSERS, the same procedure was followed as described in Chapter 2 [5]. In previous work
for preparing the SLIPSERS substrate, 50 uL of an analyte and 10 uL of colloidal solution was
used to get a SLIPSERS aggregate but here, the volume of colloid used was increased. It was
assumed that the extract has several components, due to its biological nature, that block the
nanoparticle surfaces and result in formation of a gel like aggregate which gives no SERS.
Therefore, the 4 puL of velvet extract - LHC solution mixture, 20 uL of silver colloid and 0.5 pL
of 0.0lmol/L MgSO4 was added onto the SLIPS substrate. The final aggregate was used for
SLIPSERS analysis.
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6.2.4. Instrumentation

All SERS and SLIPSERS spectra were taken on an in-house Raman spectrometer based on a
Princeton Instruments FERGIE spectrometer using 532 nm excitation wavelength (with 2 mW

laser power) focused onto the sample using a 40 X 0.65 NA objective.

Quartz coverslips were used for SERS analysis as it produces very low Raman background as
compared to common glass slides. UV-Vis spectra were acquired with a Shimadzul1800. Using
Origin 8.5 Software (Origin Lab Corporation, Northampton, MA, USA) baseline correction and
5-point Savitzky-Golay averaging smoothing algorithm was performed on all spectra to reduce the

baseline variability between 500 cm-1 to 2000 cm-1

6.3. Results and Discussion

6.3.1. Characterisation of silver nanoparticles with velvet antler extract

SERS and SLIPSERS substrates spiked with LHC were characterised by SEM and the obtained

images are reported in Figure 6.2 below.
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300 um

Figure 6. 2: SERS and SLIPSERS substrates for LHC analysis a) blank (just the antler extract
without drug and nanoparticles b) 10-7mol/L LHC spiked antler extract on SERS substrate and c,
d) 10-7mol/L LHC spiked antler extract on SLIPS substrate at low and high magnification scale of
5 um and 300 pm under scanning electron microscope.

SEM images show the interaction of aggregated nanoparticle with a drug on SERS and SLIPSERS
substrate. SEM image of blank refers to antler extract without lidocaine and nanoparticles as seen
in Figure 6.2(a) looked like an amorphous matrix as expected from the biological extract on the
coverslip. After extraction and spiking with LHC, SERS substrate in Figure 6.2(b) shows fractal
growth giving a reasonable number of hot spots in the large meshy surface [18, 19]. This is the
famous coffee ring effect. The pinned contact line running down from the top right corner was

observed and noticed how the scale of the fractal changes as we move away from the contact line.
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The synergic effect of nanoparticles with aggregating agent leads to the dense layer formation of
nanoparticles with the drug on the surface that increases hot spots for analysis. This dense structure
(Figure 6.2(b)) looks with some fibres stretching from the pores and highly concentrated form of
micrometer size. The analyte matrix looks completely adsorbed on silver nanoparticle surface
forming a flat layer
(Figure 6.2(c)) SLIPS substrate has an advantage of getting 100% analyte concentrated to one tiny
aggregate, which looks like the image in Figure 6.2(d). which is the perfect example of a
SLIPSERS aggregate. The different scales of aggregates mean different fractal formation again.
Although, these are not individual silver nanoparticles but clear aggregates of nanoparticles.

It was also observed while spiking the colloidal solution with LHC that the yellow Kitaev silver
colloid changes to a red-brown colour which is due to interaction with the extract components. [8]
A dense aggregate was formed, and presumably, due to the drying process, the analyte adhered to
the silver colloid surface. This colour change was used as an easy and selective method of

determination of aggregation and binding of the drug with analyte extract.

6.3.2. UV-Vis spectrophotometry

UV-Vis spectrometry was used to investigate the effect of LHC on silver nanoparticles. UV-Vis
spectrum as shown in Figure 6.3, display that the addition of LHC causes a substantial red-shift of

the plasmon absorbance peak.

198



5 == silver nanoparticles
5

20 - lidocaine hydrochloride addition

15 4

Absorbance

1.0

0> 7/ \

0-0 T T 1

350 450 550 650
nm

Figure 6. 3: UV-vis spectra of silver nanoparticles before and after addition of 0.1M-lidocaine
hydrochloride.

As mentioned in Chapter -1, SERS relies on resonance with the electronic transitions of the system.
The UV-Vis spectrum shows that LHC addition shifts the plasmon resonance due to modifying
aggregation. This could be due to a decrease in the inter-particle distance between nanoparticles
resulted in a change in colour from yellow to red and shifting to a higher wavelength [8, 11], or a
change in the refractive index of the medium due to the extract components, or most likely, a
combination of both effects. This might suggest that the optimum wavelength for SERS might
have also shifted from 532 nm to a longer wavelength. This red shift is also observed visually as

yellow nanoparticle colour changed to red after the addition of lidocaine.

6.3.3. Mechanism of LHC binding with silver nanoparticles

Lidocaine hydrochloride’s amide group has a lone pair of electrons that can easily interact through
H - bonding with carboxy group (-COQ) group of citrate ion as shown in Figure 6.4. This results
in aggregation of citrate-stabilized silver colloids on the addition of LHC creating a redshift. [8]
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Figure 6. 4: Mechanism of interaction of lidocaine hydrochloride with silver nanoparticles

6.3.4. Selection of laser excitation wavelength using normal Raman measurements.

The excitation wavelength should be selected to optimize the SERS intensity. In practice, this is
difficult because lasers have fixed, discrete wavelengths, but, at least, the intensity of the SERS
signal should be investigated at a wavelength that is different to our ‘standard’ wavelength of 532
nm (that we assume is the best choice). 785 nm was selected as an alternative wavelength to

investigate any resonance effects.
Figure 6.5 and 6.6 presents the Raman spectrum of solid LHC at 532 nm and 785 nm excitation

wavelength and Figure 6.7 presents the Raman spectrum 10-s mol/L. LHC at 532 nm excitation

wavelength.

200



" o
LHC (solid) at 532 nm ~
=
~
- o S
> > b
e -
e~ —_ “
w
- | g 5 & ﬂ
5 > =
i 1\
2
E <
8- E
I M | ! I '
500 1000 1500

Raman Shift (cm™)

Figure 6. 5: Raman spectrum of solid lidocaine hydrochloride acquired at 532 nm excitation
wavelength with 40 X objective, laser power 8mW for 10 seconds exposure time and three

accumulations.
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Figure 6. 6: Raman spectrum of solid lidocaine hydrochloride acquired at 785 nm excitation
wavelength with 40 X objective, laser power 8mW for 10 seconds exposure time and three
accumulations.
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Figure 6. 7: Raman spectrum of 10-6 mol/L lidocaine hydrochloride solution acquired at 532 nm
excitation wavelength with 40 X objective, laser power 8 mW for 10 seconds exposure time and
three accumulations.

The first part of the study was to investigate the spectral signatures of lidocaine hydrochloride salt
and aqueous solution at the different excitation wavelength. This enables us to identify the
prominent Raman bands of LHC with SERS and SLIPSERS substrate. The characteristic Raman

bands with vibrational assignments are presented in Table 6.1 based on Ref. [23].
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Table 6. 1: Observed Raman peaks and peak assignments for lidocaine hydrochloride

252 very strong ortho-CC wag

460 strong ortho-CC bend; CH2 rock

610 very strong NCO wag

701 very strong HNC wag

788 strong HNC wag, ring torsional
deformation

997 strong CHz2 rock, CH wag

1047 medium methyl rock

1102 strong methyl rock, CH2 twist

1278 strong meta-CH bend, ortho-CC
symmetric stretching, amide NH
stretching, CC stretching

1391 very strong CH2 wag

1473 very strong Methyl anti-symmetric
deformation

1600 medium HNC scissor deformation, NC
amide stretching, methyl
antisymmetric deformation

1664 very strong C=0 stretching, HNC scissor

deformation

A minor shift in peaks was observed while acquiring Raman spectrum of solid lidocaine
hydrochloride using 532 and 785 nm excitation wavelength (the spectrometer resolution is
approximately 3 — 4 cm-1 for each system) but still are in good agreement with the literature. The
532 nm laser and detection system have better throughput. The dependence on excitation

wavelength for normal Raman scattering is due mostly to the absolute Raman intensity being
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proportional to 7%, so = 4.74. This explains the improved signal-to-noise level in the

532 nm spectrum compared to 785 nm. Only a few prominent peaks were observed for the 10-6
mol/L aqueous solution of LHC, although, in the absence of any resonance enhancement this is a
reasonably good signal-to-noise level for a solution with uM concentration. Therefore, it was
assumed with high confidence that enhancement is coming from the absorption spectrum. As

stated in Chapter 1 that Raman enhancement is proportional to the absorption cross-section.

So, from Figure 6.3, it was found that the absorbance at 785 nm is negligible, so no enhancement
was expected at 785 nm, therefore, 532 nm excitation wavelength is selected for quantitative

analysis of spiked lidocaine in antler extract.

A SERS spectrum of silver colloid is shown in Figure 6.8. which shows some broad bands that
are probably citrate bands or look similar to the background observed in the line scan data due to
some carbonization of the citrate on the dried colloid. This produces some graphitic carbon, but
these bands are displaced by LHC. This serves as a good background for analyte identification and
quantification. SERS spectra of LHC aqueous solution with silver colloid without any antler
extract has prominent lidocaine peaks at 613, 772, 1271, 1354 and 1647 cm-1 attributed to CNC

ring, and amide modes, respectively.
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Figure 6. 8: SERS spectrum of dried Kitaev silver colloid and SERS spectra of 0.01M LHC with
silver colloid acquired at 532 nm excitation wavelength with 40 X objective, 10 seconds exposure
time and three accumulations.

6.3.5. Optimisation of sample extraction technique

To select the best extraction technique, the SERS spectra for samples obtained with each of the

extraction methods as described in section 6.2.2 were investigated.

Figure 6.9 presents the Raman spectra of the blank (extract without LHC), and the SERS spectra

of different concentrations of LHC spiked in extract A, extract B and extract C.
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Figure 6. 9: a) Raman spectra of extracted deer antler without lidocaine(blank), spectral variations
observed in SERS spectra of antler extract A spiked with different concentrations b)10-3 mol/L, c¢)
10-4 mol/L and d) 10-s mol/L and e) extract B with 10-s mol/LL LHC concentration acquired at 532
nm excitation wavelength with laser power of 2 mW.
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Extraction Method A: Perchloric acid (PCA) precipitation is one of the most widely used
deproteinisation technique to remove most of the protein from the sample prior to analysis. [8, 27]
Extraction using only perchloric acid produced variations between replicates and between samples
with different LHC concentration. This leads to low reproducibility. It was observed in Figure 6.9,
for extract A, the highest concentration (103 mol/L) gives the weakest SERS signal; the lower the
concentration (10-s mol/L), the more enhanced are the SERS bands. As explained in Chapter 4, this
is because the analyte can completely cover the aggregate at higher concentrations blocking the
surface-active sites and reducing SERS intensity. At lower concentration of analyte either there
are more binding sites than molecules, or the analyte does not form a layer that scatters the
radiation away from the colloid surface. Even the liquid SERS samples did not show any analyte
peaks just perchloric acid was prominent throughout. [8] The sample did not dry into a tight

aggregate on instead it formed a jelly-like aggregate that appeared to melt under laser excitation.

Extraction Method B: The chloroform-methanol solvent extraction is another common extraction
technique for removing protein and hydrophilic metabolites [9] but didn’t work for LHC detection
as bands from blank were prominent without giving any analyte signal. This is due to interferences
from other components in the antler extract that compete for binding sites with LHC on the colloid
surfaces and reduce SERS. It is not always that other components in the matrix could reduce SERS,
sometimes the most intense SERS bands come from these components and gives false

classification of analyte.

Extraction Method C: A combination of perchloric acid and methanol was used for Method C.
Polar organic solvents such as methanol are typically mixed with water to extract hydrophilic
metabolites and lipids. [28] Methanol is a simple solvent for extraction, which provides a
consistent background by cleaning lipids from the matrix. PCA precipitation for deproteinisation
followed by methanol extraction for purification was successful for LHC detection and removing
the interfering compounds from the matrix. This combination resulted in high reproducibility and
sensitivity for detection of lidocaine hydrochloride. Thus, analyzing the sample before and after
extraction provides a measure of how the SERS signal and reproducibility is improved by the
extraction procedure. The spectral evidence of using this extraction technique is shown in Figures

6.11,6.12 and 6.13.
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6.3.6. Factors that affect SERS analysis of the sample

Some of the factors that influence SERS and SLIPSERS signal were considered in this study.

First, the volume of extract and nanoparticles for SLIPSERS plays an important role in the
enhancement of signal. With SERS, the drying process bears no difficulty as it forms the usual
coffee-ring like structure whereas for, SLIPS substrate, the problem of a gel-like aggregate created
difficulty in detection. The need for modification in volumes was visible while pipetting the extract
drop onto the SLIPS substrate. The drop was completely wetting the substrate suggesting that the
matrix has components that were lowering the surface tension and preventing the formation of a
tight aggregate on the surface (Figure 6.10). After some trial and error, a tight aggregate was
formed by increasing the colloid volume and decreasing the analyte volume. This effectively
lowered the concentration of the components that were causing wetting of the substrate. 20 pL of
colloid and 4 pL of velvet antler extract was used for making the desired SLIPS substrate with

aggregate drying in highly concentrated form to a tiny solid dot.

Figure 6. 10: Bead formation for SLIPS aggregate
Second, interference from the other components in the biological sample can also affect the

enhancement of the signal. The presence of these contaminants on the nanoparticle surface has

three consequences:
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(1) the other components may hinder the adsorption of the molecules of interest at the surface

which hinder the formation of tiny aggregate for SLIPS and weakens the detection signal;

(2) the SERS signals generated by other components from biological matrix will also

interfere with the signals of target molecules and even overwhelm the detected signal;

(3) the decomposition of the other components induced by the thermal effect because of
plasmon excitation during the SERS measurement can result in the signal of amorphous
carbon, which produces peaks that will overwhelm the SERS signals from analytes even if

the analytes themselves do not decompose.

These interfering signals from impurities make it difficult to identify the target molecules, and
methods are required to remove these components. Extraction method C was found to effectively

remove the majority of the components of the biological matrix

Third, controlling the interaction of SERS with biological environment of an analyte. The
biological system is very complex. When such fabricated nanostructures are exposed to biological
environments such as antler tissues, in this case, the performance of the nanomaterial changed due
to unknown physical, chemical phenomena that can be due to aggregation, absorption at random
sites of biological matrix. In this case, the interaction between nanomaterial and biological systems
must be nicely controlled before bioanalytical SERS can become a practical and reliable analysis

technique. [7]

Lastly, fluctuations in SERS intensity due to molecules moving into/out of hotspot regions. When
the molecule is in the hot spot region, it can produce a very strong SERS signal. However, a
molecule may move out of the hot spot, the Raman signal of the molecule cannot be efficiently
enhanced and the detected signal will be contributed by Raman signals of the various interferences
like solvent or impurity, fluorescence etc. [6] Because we acquire the SERS spectra as a series of
10 s exposures (and then average over the exposures) the average spectra will contain contributions
from exposures where little or no signal is present. By analyzing each exposure before averaging,
spectra containing signal from the analyte can be retained and those spectra containing only
background can be discarded (the average intensity must then be normalized using the fraction of
retained exposures). In this way, we can significantly improve the SERS detection by removing

the noisy spectra. Furthermore, by matching the exposure time to the average “residence time” for
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an analyte molecule in a hotspot this filtering process can be optimized (the residence time is
roughly determined mostly by trial and error, by observing the frequency at which the signal
intensity flops between high and low levels). The exposure time needs to be evaluated for each

sample.

6.3.7. SERS and SLIPSERS analysis of LHC residues in antler velvet.

The SERS spectra of LHC spiked antler extract A and B were not considered reliable due to poor
reproducibility. Both extracts have some interfering components in the extract, which resulted in
additional bands. Extraction method C did remove interfering compounds and was therefore used

as the final extraction method for SERS and SLIPSERS measurements.

6.3.7.1. Method 1: Spiked after extraction

In Method 1, the supernatant first was obtained using the extraction C procedure (as explained in
sample preparation section 6.2.2.) and then subsequently spiked with LHC. Spiking is done after

extraction to isolate the effect of the matrix on the binding process.

As stated in the Chapter - 3, for biological samples minimal power is required for excitation.
Hence, all measurements for this work was captured at 2mW power with 5 seconds accumulations
as higher accumulation time creates fluorescence with no observable Raman bands. Three points
on the sample were randomly measured in the sample. Different spots were focused on recording
the SERS spectra. [12] The signal-to-noise is roughly the same for each spectrum which suggests
the SLIPS substrate is providing excellent enhancement across this concentration range. The signal
intensity decreases as concentration decreases, and the decrease is approximately linear with log
(concentration). Finally, at very low concentration (10-9 mol L-1) the signal strength drops to the

point where the noise is observable.

Results obtained from SERS and SLIPSERS are presented in Figure 6.11 and Figure 6.12.
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SERS spectra of “spiking-after-extraction” samples show strong bands at 779, 940, 1364, 1507
and 1651 cm-1. It is observed that there is a strong peak at 940 cm-1, which is coming from
perchloric acid but not observed in the SLIPS data. The spiking-after-extraction method produced
a gel-like aggregate with SLIPS, which prevented the desired formation of the dense SLIPS
aggregate. After trial and error, the right volume of analyte and colloid was determined which is
different as compared to a standard SLIPS volume measurement [S]. It was found that the colloid
volume should be more than analyte volume. The Raman signal from spiking-after-extraction
samples degraded over a period of a few days and so fresh samples were prepared each day. This

includes both fresh extracts and fresh SLIPS aggregates.
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Figure 6. 11: SERS spectra of extracted antler velvet spiked with a)10-4, b)10-6, ¢)10-7, d) 10-s and
e) 10-0 mol/L LHC after extraction (method C) acquired at 532 nm excitation wavelength with
40 X objective, 10 seconds exposure time and three accumulations with laser power of 2mW.
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Figure 6. 12: SLIPSERS spectra of extracted antler velvet spiked with a)10-4, b)10-6, ¢)10-7, d)10-
g8 and €)10-9 mol/L LHC after extraction (method C) acquired at 532 nm excitation wavelength
with 40 X objective, 10 seconds exposure time and three accumulations with laser power of 2mW.
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6.3.7.2. Method 2: Spiked before extraction

The antler tissue was spiked with LHC to the desired concentration range (in mg/kg) before

extraction and supernatant collected at the end of extraction was used for SERS analysis.

1360
1507
1571
1643

| — 10 mg/kg]

Counts(a.u.)

Counts(a.u.)

Counts(a.u.)

500 1000 1500 2000
Raman Shift (cm'l)

Figure 6. 13: SERS spectra of antler velvet spiked with LHC before extraction (method C) to get
desired concentration of a) 10 mg/kg, b) 5 mg/kg and c) 100 ng/g acquired at 532 nm excitation
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wavelength with 40 X objective, 10 seconds exposure time and three accumulations with laser
power of 2mW.

The significant bands observed throughout the concentration range shown in Figure 6.13. were
775, 931, 1360, 1507, 1571 and 1643 cm-1 that are in close agreement with SERS spectral data
obtained in Figure 6.11. Therefore, SERS spectra of spiked-after-extraction and spiked-before-
extraction confirmed the presence of LHC in antler velvet. Three random points on each sample
were focused for measuring SERS signal. Even at 100 ng/g concentration level, SERS signal is
highly enhanced, there is a possibility to go further down the concentration range to get the lowest
detection possible. Therefore, the proposed SERS method has proved its potential to investigate

real samples. Results obtained from SERS were presented in Figure 6.13.

On the other hand, the SLIPS substrate was unsuccessful in giving any signal for these real samples
(i.e., LHC spiked antler before extraction samples). The lack of signal from the SLIPSERS might
be due to other components in the matrix interfering with the LHC binding. Presumably the drying
process in SLIPS, leads to a sufficiently high concentration of components that can compete for
binding with the analyte on the nanoparticle surface. Therefore, LHC residues were not detected

with SLIPS for spiked-before-extraction samples.

6.3.8. Validation methods

The quantitative relation between the concentration of LHC and intensity of Raman band at 1364
cm-1 was calculated for SERS and SLIPSERS for the spiking-after-extraction method. The
calibration curves (Figure 6.14, 6.15 and 6.16) are linear with a R? value close to one. The limit
of detection of LHC in velvet antlers using SERS and SLIPSERS for spiking-after-extraction is
estimated as 0.235 ng/mL whereas the limit of detection obtained by SERS for spiking-before-
extraction is 100 ng/mL with the potential to go further down the concentration. Hence, the actual

limit of detection was not established, but at least 100 ng/mL of LHC was detected in this study.

216



Table 6. 2: LOD derived from current SERS and SLIPSERS method

Method 1 - SERS  107*—10"°mol/L  y=4320x + 38850  0.97 0.235 ng/ml
Method 1- 107" -10mol/L  y=911x +8101.34 0.98 0.235 ng/ml
SLIPSERS

Method 2 - SERS  10-0.1 mg/Kg  y=238x+ 549 0.99 100 ng/ml

Hoogenboom et al [2] reported that the LOD of LHC residue in cow’s milk after 48.5 hours was
229 pg kg-1. The method proposed was compared with other techniques for LHC detection in
biological matrices. It was observed that SERS is more sensitive and reproducible method than

other methods.

Table 6. 3: Comparison of current method with other analytical techniques:

1 Serum HPLC Ing/mL 13
2. Blood and vitreous UV-Vis 0.05 ng/mL 14
humor
3. Plasma GC-MS 2.5 ng/mL 15
4. Velvet antler SERS (spiked after 0.235ng/mL  Current work
extraction)
SERS (spiked 100ng/mL
before extraction)
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Figure 6. 14: The plot of intensity of SERS peak at 1364 cm-1 versus LHC concentration spiked
after extraction method with error bars represents the standard error.
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Figure 6. 15: The plot of intensity of SLIPSERS peak at 1360 cm-1 versus LHC concentration
spiked after extraction method with error bars represents the standard error.
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Figure 6. 16: The plot of intensity of SERS peak at 1360 cm-1 versus LHC concentration spiked
before extraction method with error bars represents the standard error.

6.3.9. Feasibility of method for LHC detection

To determine the feasibility of the current method, recovery (%) was calculated from the
concentrations used for SERS and SLIPSERS analysis. Recovery refers to the ability to detect the
amount of analyte present in a sample. So, the recovery rate was calculated by comparing the
spiked concentration in the matrix with the predicted concentration obtained from the regression
equation and this can only be used for spiked samples to determine the accuracy of the chosen
method. Based on the linear equation obtained from the calibration curve, [15, and 16] the
recovery was determined with LHC concentrations in velvet antler for both methods — spiked after

and before extraction.
Recovery % = (Predicted concentration <+ Spiked concentration ) X 100

Triplicate analysis was performed using two concentrations: 10-6 mol/L and 10-9 mol/L at three
different positions of the detection region. To evaluate precision and accuracy, relative standard

deviation and relative deviation from the predicted values were measured from the regression
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equation. Table 6.4 and 6.5 below demonstrates the values obtained to provide a satisfactory level

of acceptance with a relative deviation of both higher and lower concentration less than 3%.

Table 6. 4. Recovery of LHC residues in velvet antlers for method A ( supernatant spiked after
extraction).

Spiked after Measured
extraction
concentration
-4 -3.9 98.8
-6 -5.8 96.9
-7 -7.2 103.5
-8 -8.2 103.6
-9 -8.7 96.6
SERS - Log (LHC concentration (mol/L) Recovery %
Spiked after Measured
extraction
concentration
-6 -5.8 97.4
-7 -7.1 102.1
-8 -8.1 102.2
-9 -8.8 98.1

Table 6. 5. Recovery of LHC residues in velvet antlers for method B ( antlers spiked with LHC
before extraction).

Measured
9.861796
5.279752 100.3
0.099154 99.15
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Table 6. 6. Different concentrations (10-6 and 10-9 mol/L) of LHC residues used to calculate the
precision (RSD) and accuracy (recovery) for SERS detection

Log [LHC] Intensity Average = SD CoV RSD (%) Recovery (%)
-6 13648
-6 13888 13815.6 £ 118.9 0.0086 0.86 104.5
-6 13911
-9 642
-9 400 562.6 +32.5 0.05 5.7 91.9
-9 548

a. CoV = Coefficient of Variance b. RSD = Relative Standard Deviation

Therefore, the accuracy and precision values are excellent and were well within the recommended
value of RSD < 20%. The validation assessments reveal that the proposed method of SERS for

LHC detection in antlers was precise, highly sensitive and reproducible [17, 20].

6.4. Conclusion

Enhancement of SERS signals is a highly challenging technique which is influenced by laser
power fluctuation, collection efficiency, substrate properties, aggregating agent and interfering
components of a sample matrix, it was necessary to understand and determine the best combination

of extraction method and optimization parameters for SERS measurements.

Three methods for extracting LHC from deer antler tissue were investigated, out of these
Extraction Method C (perchloric acid and methanol) was successful for SERS detection of LHC

from the velvet matrix.

Only SERS was capable of LHC detection in real antler samples. The problems associated with
complex biological matrices that were found with SLIPSERS in milk samples were again observed
with the antler tissue samples. Further improvements are required to obtained SLIPSERS signal
considering parameters like interactions with the omniphobic surface, the type of hydrophobic

liquid (or possibly changing viscosity of the polyfluoropolyether oil), concentration of analytes
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and other methods for extracting the drug from the biological matrices without the generation of

interfering signals.

Limit of detection (LOD) for SERS and SLIPSERS for ‘LHC spiked after extraction’ samples
(method A) was 0.235 ng/mL and LOD for SERS for ‘LHC spiked before extraction samples’
determined was at least 100 ng/mL. These results show that SERS method can be used for the

detection of LHC in complex biological matrices.

To the best of my knowledge, this is the first work in the field of SERS for detection of LHC in

biological samples.
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Chapter 7. Conclusions and Future Work

7.1. Conclusion

The ultimate objective of this dissertation is to develop a highly rapid, sensitive and
reliable technique of SERS coupled with free of pinning omniphobic substrate,
SLIPS, for ultra-sensitive detection of environmental and biological contaminants in
various solvents. The goal has been achieved through the detailed study presented in
Chapters 2 - 6. Achieving high sensitivity remains a challenge for SERS that was
taken care of by SLIPSERS technique by reducing the sample volume by controlled
drying allowing detection down, possibly to single molecule detection level. With
SLIPSERS, controlled drying on the SLIPS surface concentrates the silver
nanoparticles into a small aggregate with a consistently high hotspot density and a

strong signal can be observed from a much higher proportion of the sample.

The SLIPSERS technique was employed in comparison with SERS throughout this
research, and it demonstrates as an excellent method for almost all of our analytes of
interest like brodifacoum and 1080. With biological matrices, a few challenges were
faced in terms of poor adhesion of the analyte which is the result of interference or
competition for binding sites from biological matrix and the problem of wetting ( i.e.,
contact line pinning) the SLIPS substrate rather than forming a droplet. No single
extraction technique fits all due to the complex nature of biological matrices. Hence,
dealing with the sample first was the foremost job to accomplish than simply relying

on SERS or SLIPSERS for efficient detection.

Three substrate development methods— metal-assisted chemical etching method,
silver dendrites nanoparticles and silver colloidal nanoparticles also termed as ‘Kitaev
nanoparticles (KNP)’ were demonstrated. KNP provided the best enhancement in
delivering strong SERS signal as compared to other methods. Two different substrates
- one using an omniphobic surface substrate (SLIPSERS) and the second drop casting
the silver nanoparticle analyte mixture on the substrate (SERS) were used in the study
to demonstrate the pros and cons of both substrates. SLIPSERS overcomes some of

the limitations of SERS due to its controlled drying feature that gives excellent
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reproducibility. A significant advantage of SLIPSERS method is its simplicity. The
omniphobic surface is fabricated from readily available laboratory supplies. Surface
preparation and droplet drying are highly reproducible which provides reliable
results. Another advantage is the high density of hotspots - if every dried droplet
has a high density of hotspots, there is an excellent chance that the SERS
enhancement will be high for every dried droplet. Without controlled drying, there
is a need for relying on random aggregation at low concentration, which might not
always give a hotspot and the aggregates will be spread over a larger area too, so
chances of detection decrease. Use of MgSQO4 as an aggregating agent ensures it does
not bind and compete with the analyte on the surface. It displaces citrate layer from
the surface of the silver nanoparticle giving enhancement of brodifacoum and 1080
bands. R6G being a highly resonant SERS molecule was used as a test analyte for
SLIPSERS substrate and LOD for R6G went down to picomolar level. Therefore,
findings from Chapter -2 has motivated the use of SLIPSERS technique for a variety

of analytes in chemical and biological matrixes.

After the selection of SLIPSERS substrate for analyte detection, Chapter - 3 deals
with substrate characterisation using lidocaine hydrochloride, a molecule which does
not have any molecular resonance enhancement like R6G, so SLIPSERS substrate
was characterised for just plasmon enhancement. The single-molecule regime was
observed with the R6G in Chapter - 2 with a detection limit down to 10-15 mol/L. It
was observed that by lowering the concentration the signal intensity eventually
becomes approximately constant. This is because below a critical concentration the
probability of finding an R6G molecule in the focal volume and at a hot-spot becomes
quite low. This is the sub-sampling regime, and a certain coincidence is required to
find a signal. To solve this subsampling problem, Raman line-scanning was used for
characterising the spatial distribution of hotspots possibly with the hope of being able
to model the sub-sampling with an appropriate distribution and to evaluate the subtle
spectral variation using Pareto distribution charts and Principal Components Analysis
(PCA).Very low power (0.ImW) was required to avoid sample damage with
SLIPSERS substrate. The line scan analysis also reveals that the hot spots with the
highest enhancements or sensitivity are also responsible for the most sample damage,
which has implications for accurate detection of molecules using plasmonic

enhancement.
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Chapter - 4 fully exploit the potential of SERS and SLIPSERS for ultrasensitive
detection of brodifacoum to picomolar level and sodium monofluoroacetate (called as
1080) to nanomolar level in aqueous solution. Silver colloidal nanoparticles were
characterised using UV-vis spectroscopy giving absorption peak at 410 nm.
Brodifacoum was a good SERS and SLIPSERS analyte like R6G with strong
molecular and plasmon enhancement. But 1080, a small compound has low Raman
scattering cross section which makes it a weak Raman scatterer. A comparative study
was performed using SERS, SLIPSERS (with or without an aggregating agent) for
both rodenticides to demonstrate the detection capability and high collection
efficiency. SLIPSERS has shown its promising potential of detecting brodifacoum to
a concentration 100-fold lower than those reported in literature whereas 1080 has
reached the same literature value of detection of 0.1ng/mL. These results laid the

foundation to detect multiple analytes in complex chemical and biological matrices.

Chapter - 5 extended the SLIPSERS branches to investigate the same rodenticides —
brodifacoum and 1080 in complex mixtures like milk. Initially, solid milk powder
spiked with brodifacoum was investigated to understand the behavior of rodenticide
on interaction with milk powder using a geometric dilution approach. Normal Raman
analysis was performed on such samples. The results obtained were quite promising
with the limit of detection of 3.4% w/w. Later SERS and SLIPSERS analysis was
performed on aqueous milk solution spiked with rodenticides. Sample preparation
involved dilution of milk followed by deproteinsation step using methanol. SERS of
liquid milk without extraction creates a challenge for lower detection due to the
complex colloidal nature of milk itself that swamp the much weaker Raman scattering
SERS; and the various proteins, fats and other surface active components in milk
cause aggregation of the silver nanostructures. SLIPSERS with diluted milk samples
spiked with brodifacoum and 1080 was 6.25X 107 8molL™! and 1.25 x
1077 mol L™1. The recovery of residuals for brodifacoum and 1080 in milk ranges
from 85-95% with a relative standard deviation between 8-11%. The results again
proved that SLIPSERS method is an excellent technique for ultra-sensitive detection
of rodenticide residues in milk and can be further explored for biological samples

such as deer antler velvet.
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Chapter - 6 brings the quantitative analysis of the bioanalytical application of
SLIPSERS. Finding the best extraction technique for sample clean up using
perchloric acid and methanol, then optimizing several parameters like volume of
extract, laser excitation wavelength, and laser power were the necessary steps taken to
obtain SERS. Under the optimal conditions, limit of detection of ‘LHC spiked antler
velvet after extraction’ for SERS and SLIPSERS was 0.235 ng/ml that is lower than
obtained from other methods. Only SERS was capable of LHC detection in real antler
samples. LOD for SERS for ‘LHC spiked before extraction samples’ was 100 ng/mL.
This experiment has again utilized less toxic and biocompatible silver nanoparticles
for rapid, highly simple and sensitive, cost-effective detection of lidocaine
hydrochloride in velvet antler. To the best of our knowledge, this is the first work
done for detection of anesthetic drug, lidocaine hydrochloride in deer antler velvet

samples using SLIPSERS.

Overall, this thesis has provided new insights in the field of highly sensitive detection
using SLIPSERS and SERS with some minor optimization parameters like laser
power, extraction technique. These findings present a reliable method to investigate
single molecule regime and opportunity to use for several other unforeseen

applications.

7.2. Future Work

Every method on investigation highlights few exciting inventions, advantages but it
comes with some shortcomings too which need improvements in future work. This
thesis has explored single analyte detection in either simple matrix like water or
complex matrices like milk and deer antler velvet, but there is a potential of
SLIPSERS substrate to detect an analyte in the presence of other interfering analytes.
For example, instead of clean filtered water, we can also try rodenticide detection in
wastewater in the presence of nitrate or other anticoagulant rodenticides that gives a
broader view of looking optimisation parameters in detail. Due to short of time, this

area was not investigated but can be explored in the near future.
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Also, few modifications in developing the SLIPS substrate like different lubricating
fluid, drying conditions can be worked out to avoid the interferences from the

biological matrices.

Another future work is to use SLIPSERS method for disease detection in combination
with histological dyes. These dyes are known to enhance the intensity of Raman
scattering of laser light dramatically but only if the laser frequency (or wavelength)
closely matches the frequency of light absorbed by the dye. This allows the
histological stain to sequester bioanalytes and then detect the bioanalytes using

enhanced Raman methods.
Finally, SLIPSERS method with little optimisation parameters depending on the

analyte matrix can be used to develop a hand-held Raman spectrometer as a sensing

platform for real-time applications.
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Appendix

Python code for calculating Raman cross section.

import numpy as np
import matplotlib.pyplot as plt
import os

from cclib.parser import ccopen
from cclib.parser import Gaussian
from cclib.method import Density
from cclib.method import MPA

. from cclib.progress import TextProgress
. import logging

. import pandas as pd

. import scipy
. from scipy.constants import find, physical_constants

. import glob

. from glob import glob

. import matplotlib.ticker as ticker
. import matplotlib.lines as mlines

. from scipy.signal import find_peaks

. def normalise(spectrum):

return (spectrum-spectrum.min())/(spectrum.max()-spectrum.min())

. def peak_labels(RS,spectrum,axis):

scaled = normalise(spectrum)

peaks, = find_peaks(scaled)

for j in peaks:

axis.annotate('{0:.0f}"'.format(float(RS[j])),

xy=(RS[j], spectrum[j]),
xycoords="data', xytext=(@, +15), textcoords='offset points',
fontsize=12, rotation=90,
horizontalalignment="'center', verticalalignment='bottom’,
arrowprops=dict(arrowstyle="-", connectionstyle="arc3,rad=.0"))

return peaks

. def lorentzian(x,xc,w,A):

return A/(1+(x/w-xc/w)**2)

. get_ipython().run_line_magic('matplotlib', 'notebook')

. #prints the current directory.
. print(os.getcwd())

. #set the directory to the desired directory
. #Hint: Right-click in the address bar in File Explorer and copy the address

231



52. os.chdir(r'file location')

53.

54. #check the current directory.

55. print(os.getcwd())

56.

57. ext=("'.log',"'.out',".csv")

58. for file in [f for f in os.listdir(os.getcwd()) if f.endswith(ext)]:

59. print(file)

60.

61.

62. #0pen and parse log file:
63.

64. filename = "filename"

65. logfile = ccopen(filename)

66. data = logfile.parse() # The following lines are log messages
67.

68. #0Obtain desired attribute of parsed output:
69. print("Number of atoms:",data.natom)

70. #print("Atom numbers:",data.atomnos)

71. print('HOMO is MO:',data.homos)

72.

73.

74. freqs = data.vibfreqgs

75. print("vibrational frequencies:", freqs)
76. print("Number of modes:",len(freqs))

77.

78. symms = data.vibsyms

79. print("Vibrational Symmetries:", symms)

80.

81. raman = data.vibramans

82. #print("Raman Activities:", raman)

83.

84. ir = data.vibirs

85. print("IR Activities:", ir)

86.

87. cart_displacements = data.vibdisps

88. print(cart_displacements.shape)

89.

90.

91. h = physical_constants[ 'Planck constant']
92. print('Plancks Constant, h:', h)

93.

94. ¢ = physical constants['speed of light in vacuum']
95. print('Speed of light in vacuum, c', c)

96.

97. €@ = physical_constants[ 'atomic unit of permittivity']
98. print('permittivity, e0:',e0)

99.

100. kB = physical_constants['Boltzmann constant in inverse meters per kelvin']
101. print('Boltzmann, kB:',kB)

102. kB_cm = kB[@]/100

103.

104. amu = physical_constants['unified atomic mass unit']
105. print(‘amu:',amu)

106.

107. Na = physical_constants[ 'Avogadro constant']

108. print('Avogadro Constant, Na:',Na)

109.

110. nu_in = 10**7/633

111. print('nu_in',nu_in)

112.
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113. T = 298.15

114.

115.

116. F1 = np.pi**2*h[0@]/(45*c[@])

117. F2 = ((nu_in-freqgs)*100)**4/(freqs*100*(1-np.exp(-1*freqs/(kB_cm*T))))

118. XS = F1*F2*raman*(1/(amu[0]*10**40))

119. XS_cm2 = XS*10**(36)

120.

121. # Generate calculated spectra

122.

123. wavenumbers = np.linspace(1,4000,3999)

124. # the "intensity" will be calculated at each point in wavenumbers

125.

126. IR_spec = np.zeros((len(wavenumbers),1))

127. for j in range(len(freqgs)):

128. IR_spec[:,0] += lorentzian(wavenumbers, freqs[j], 7, ir[j])

129. IR_spec_max = max(IR_spec)

130.

131. Raman = np.zeros((len(wavenumbers),1))

132. for j in range(len(freqs)):

133. Raman[:,0] += lorentzian(wavenumbers, freqs[j], 7, XS_cm2[]j])

134. Raman_max = max(Raman)

135.

136. print(Raman.shape)

137. print(IR_spec_max)

138. print(Raman_max)

139.

140. fig, ax = plt.subplots(l, figsize=(8,10))

141.

142. colors = ['blue', 'green', 'red']

143, Raman_line = ax.plot(wavenumbers, Raman, color='blue', label = 'Raman')

144. ax.set_x1im([0,500])

145. ax.set_ylim([©,1.1*Raman_max])

146. ax.set_xlabel(r'Wavenumber / cm$~{-1}$', fontsize = 14)

147. ax.xaxis.set_major_locator(ticker.MultipleLocator(50))

148. ax.xaxis.set_minor_locator(ticker.MultipleLocator(25))

149. ax.tick_params(axis="'x"',which="both',top=False,bottom=True,labelbottom=True, lab
elsize = 14)

150. ax.set_ylabel(r'Raman Cross-Section / $m*2 \; sr~{-1}$")

151.

152. lines = []

153. linel = mlines.Line2D([], [], color=Raman_line[@].get_color())

154. lines.append(linel)

155.

156. ax1l = ax.twinx()

157.

158. IR_line = ax1l.plot(wavenumbers, IR_spec, color='orange', label = 'IR")

159. line2 = mlines.Line2D([], [], color=IR_line[@].get_color())

160. lines.append(line2)

161. axl.set_ylim([0,1.1*IR_spec_max])

162. axl.set_ylabel(r'IR intensity /$\: km\; mol~{-1}$")

163.

164. plt.legend(lines, ['Raman','IR'], loc='upper right')

165.

166. #tdef peak_labels(RS,spectrum,axis, min_height, threshold, min_dist):

167.

168. peaks = peak_labels(wavenumbers,Raman[:,0],ax)

169. print('Peak Indices:',peaks)

17e. peak_labels(wavenumbers,IR_spec[:,0],ax1)

171.

172.
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173. fig.savefig(filename[:-4]+'_IR_Raman_Calc.png', dpi=1200)

174.

175.

176. print("Raman XS:", XS)

177. print("Most intense mode index:",np.argmax(XS)+1)
178. print("Most intense mode freq:",freqs[np.argmax(XS)])
179. print("Maximum Raman XS (m**2 sr-1):", max(XS))

180. vibdata_df = pd.DataFrame({'Freqs / cm-

1':freqgs, 'Symm':symms, 'Raman Act / A**4 amu-1':raman, 'diff. Raman XS / 10-32 cm**2 sr-
1':XS_cm2, 'IR activity / km mol-1':ir})

181.

182. vibdata_df.to_csv(filename[:-4]+'.csv',index=False)
183. vibdata_df.head()

184.

185. writer = pd.ExcelWriter(filename[:-4]+".x1sx")

186. for j in range(len(freqgs)):

187. df = pd.DataFrame(cart_displacements[j,:,:])
188. df.to_excel(writer, 'Mode_"'+str(j))

189. writer.save()

190.

1L Formulae used in the notebook for calculating the Raman cross-section from the

Gaussian output.

For Raman scattering generated by a vibration with wavenumber, ¥, and incident radiation with

wavenumber, V;,,, the Raman scattered photon will have wavenumber, (Vin — ﬁp).

The Raman scattering intensity, I, is

do |
I=7xNx o= <]
dw S ST
where N is the number of molecules in the scattering volume and 7 is the laser intensity (] m~2s™1).
The unit sr is the steradian, which is the unit of solid angle. Clearly, the Raman scattering intensity
depends on experimental parameters, so the (differential) Raman scattering cross-section, do/d(), is
more commonly reported in experimental studies:

do I _m*h y (Vin — 17,,)4 s’ [mz]
dQ~ IN ~ 45c Uy 1 —exp[—7,/kT] [sr
k=0.695cm 1K1

The name “cross-section” is apparent from the units, it represents an area of some sort. The Raman
cross-section depends on the wavenumber of the scattered radiation, ¥, and the temperature of the
sample (via Boltzmann populations of vibrational excited states which are significant for bands where
7 <200 cm™1, as kT = 200 cm™! at room temperature).
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Python code for line scan processing.

import sys
sys.path.insert(@, '../../libs/")
from data_processing.baseline import baseline_als

import numpy as np

import matplotlib.pyplot as plt

from numpy.random import randint
import matplotlib.gridspec as gridspec
import matplotlib.ticker as ticker

. from matplotlib import cm

. import os
. import csv

. import scipy.signal # for removing cosmic spikes

. import xlrd
. import pandas as pd

. import peakutils
. from scipy.signal import find_peaks

. def normalise(spectrum):

return (spectrum-spectrum.min())/(spectrum.max()-spectrum.min())

. def peak_labels (RS, spectrum,axis,height=None, threshold=None, distance=None):

scaled = normalise(spectrum)
peaks, = find_peaks(scaled, height=height, threshold=threshold,distance=distance)

for j in peaks:
axis.annotate('{0@:.0f}"'.format(float(RS[j])),

xy=(RS[j], spectrum[j]),
xycoords="data', xytext=(@, +15), textcoords='offset points',
fontsize=12, rotation=90,
horizontalalignment="'center', verticalalignment='bottom',
arrowprops=dict(arrowstyle="-", connectionstyle="arc3,rad=.0"))

return peaks

from sklearn.preprocessing import scale

from sklearn.preprocessing import StandardScaler
from sklearn.decomposition import PCA

from scipy import stats

def scan_PCA(data):
num_spectra = data.shape[0]
num_variables = data.shape[1]

print('Number of Spectra ="', num_spectra)
print('Number of Variables =', num_variables)

scaled_data = scale(data)

#Carry out PCA;
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54, scores = PCA().fit_transform(scaled_data)

55. print('Shape of Scores Matrix:',scores.shape)

56.

57. pca = PCA().fit(scaled_data)

58. loadings = pca.components_

59. print('Shape of Loadings Matrix:',loadings.shape)

60.

61. evr = pca.explained_variance_ratio_

62. return scores, loadings, evr

63.

64. get_ipython().run_line_magic('matplotlib', 'notebook')

65.

66.

67. sheet_names = ['L-3','L-6"]

68.

69. sheet = sheet_names[@]

70.

71. df_rawdata = pd.read_excel('data.xlsx',sheet_name=sheet, header=None, usecols=range(2,1
026))

72. array_raw = df_rawdata.values

73.

74. print('DataFrame Dimensions:',df_rawdata.shape)

75.

76. num_spectra = df_rawdata.shape[0]

77.

78. scans_start = [0,200,500,700]

79. scans_stop = [199,499,699,899]

80.

81. print('Number of Scans:',len(scans_start))

82.

83.

84. #Plot the first spectrum to determine the useful pixel range
85. # set left pixel to zero initially and then edit after viewing plot
86. # the lam and p parameters should be optimised here too

87.

88. fig, ax = plt.subplots(1,2, figsize=(10,6))

89.

90. 1p = 150 #leftmost pixel value

91. rp = 1024 #rightmost pixel value

92.

93. lam = 300000 #smoothing parameter
94. p = 0.2 #offset parameter

95.

96. pixel_domain = np.arange(0,1024)
97.

98. # make Raman Shift calibration
99. pix = np.asarray([333,558,647,830])

100. RS_points = np.asarray([772,1271,1354,1647])

101. nu_o = 10**(7)/532

102. wn = nu_© + RS_points

103. wl = 10**(7)/wn

104. (m, ¢) = np.polyfit(pix, wl, 1)

105. regr_params = ["{0:.3f}".format(m),"{0:.3f}".format(c)]
106. wl_cal = m*pixel_domain + ¢

107. wn_cal = 10**7/wl_cal

108. RS_cal = wn_cal - 10**(7)/532

109. print('slope =', regr_params[@], 'intercept =', regr_params[1])
110.

111. baseline = baseline_als(array_raw[@,pixel_domain],lam,p)
L2 o corrected = array_raw[0,pixel_domain] - baseline

113.
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115.
116.
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118.
119.
120.
121.
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123.
124.
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126.
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128.
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150.
151.
152.
153.
154.
155.
156.

157.

158.
159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.

ax[@].plot(RS_cal[lp:],array_raw[0,lp:rp],RS_cal[lp:],baseline[lp:])
ax[0].set_xlabel('Raman Shift / cm-1")
ax[1].plot(RS_cal[lp:],corrected[1lp:])
ax[1].set_xlabel('Raman Shift / cm-1")

# do baseline correction for all spectra

np.zeros((num_spectra,len(pixel_domain)))
np.zeros((num_spectra,len(pixel_domain)))

baselines
baselined

for i in np.arange(num_spectra):
baselines[i] = baseline_als(array_raw[i,pixel_domain],lam,p)
baselined[i] = array_raw[i,pixel_domain] - baselines[i]
spec_err = np.std(baselined)

df_baselined = pd.DataFrame(baselined)
df_baselined.to_csv(sheet+"_baselined.csv")

print('Shape of baselined array is',baselined.shape)

N_samples=10
print(['sample'+str(j+1) for j in range(N_samples)])

A simple check for cosmic spikes - compare max. value with
standard deviation; a small number of cosmics are present if max value
far exceeds std. dev.

print('max value:', baselined.max())
print('Std. Dev. of baselined:', spec_err)

# remove cosmics spikes using a mask based on a median filter

baselined_medfilt = scipy.signal.medfilt(baselined, 5) # apply median filter to
dataset

bad = (np.abs(baselined - baselined_medfilt) / spec_err) > 25.0 # create a mask
of cosmic spike locations

cosmic_locations = np.column_stack(np.where(bad))

print(cosmic_locations.shape)

print('Number of cosmic spikes:',cosmic_locations.size)

#[baselined[pixel] for pixel in np.where(bad)]

print('max value before filter:', baselined.max())

baselined[bad] = baselined_medfilt[bad] # use the mask to replace the cosmic spi

kes with their median filtered equivalents
170.
171.

print('max value after filter:', baselined.max())
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172.
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.

196.

197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.

211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.

ave
ave

fig
max

num
row
pri

def

for

int)

, origin =

ax[
ax[
ax[
ax[
ax[
ax[
ax[
ax[

_spectrum
_baseline = np.mean(baselines,axis=0)

np.mean(baselined,axis=0)

, ax = plt.subplots(nrows=1,ncols=len(scans_start)+1l, figsize = (12,5))

_pixels = np.argmax(baselined,axis=1)

_pix_h =rp - 1p

s = np.linspace(lp,rp,num_pix_h).astype(int)
nt(len(rows))

extents(f):
delta = f[1] - f[0]
return [f[0] - delta/2, f[-1] + delta/2]

scan in np.arange(len(scans_start)):
line_map = (baselined[scans_start[scan]:scans_stop[scan],lp:])
line_map = np.transpose(line_map)
num_pix_v = scans_stop[scan] - scans_start[scan]
cols = np.linspace(scans_start[scan],scans_stop[scan],num_pix_v).astype(

spectrum_image = ax[scan].imshow(line_map, cmap = 'magma', aspect='auto'
'lower',extent=extents(cols) + extents(rows))

ax[scan].set_yticks([])

ax[scan].xaxis.set_major_locator(ticker.MultiplelLocator(100))

ax[scan].xaxis.set_minor_locator(ticker.MultiplelLocator(50))

ax[scan].set_xlabel('Line Scan Position")

0].set_yticks(rows[::200])

0].set_ylabel('Spectral Pixel')
len(scans_start)].plot(ave_spectrum[lp:]/ave_spectrum.max(),RS_cal[lp:])
len(scans_start)].set_ylabel('Raman Shift / cm-1', rotation=270)
len(scans_start)].yaxis.set_label coords(1.4, ©.5)
len(scans_start)].set_xticks([])
len(scans_start)].set_ylim(RS_cal[lp:].min(),RS_cal[lp:].max())
len(scans_start)].tick_params(axis="y',which="both"',right=True,left=False, 1la

belleft=False, labelright=True,labelsize = 10, width = 1.0)

plt

fig

fig
plo
ax.
ax.
ax.
ax.

ax1

ax1

.tight_layout(h_pad=0.0, w_pad=0.9)

.savefig(sheet+'line_scan_maps.png', dpi=600)

, ax = plt.subplots(1l, figsize=(6,3))

t_position = [0.15,0.15,0.82,0.70]
plot(RS_cal[lp:],ave_spectrum[lp:]/ave_spectrum.max(),color="None")
set_x1im(RS_cal[lp:].min(),RS_cal[lp:].max())
set_position(plot_position)

set_xlabel(r'Raman Shift / cm-1")

=ax.twiny()

.plot(pixel_domain[lp:],ave_spectrum[lp:]/ave_spectrum.max(),linewidth=2)
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230.
231.
232.
233.
234.

axl.set_xlim(pixel_domain[lp:].min(),pixel_domain[lp:].max())
axl.set_xlabel(r'Pixel")
axl.set_position(plot_position)
#tax.set_ylim(0.05,1.2)
peaks = peak_labels(RS_cal[lp:],ave_spectrum[lp:]/ave_spectrum.max(),ax, 0.05,

0.06,10)

235.
236.
237.
238.
239.
240.
241.
242.
243.

#print('Peak pixels:',peaks, peaks.shape)

#fig.savefig(sheet+' _average_spectrum.png' ,dpi=600)
spectral_points = np.array([334, 556, 648, 711, 768, 811, 830])

colors = cm.rainbow(np.linspace(0,1,len(spectral points)))

for j, point in enumerate(spectral_points):
axl.scatter(pixel_domain[point],ave_spectrum[point]/ave_spectrum.max(), s=20

, color=colors[j], zorder=20)

244
245.
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.
263.

#tcheck 10 randomly selected spectra, baselines and baselined spectra

fig, ax = plt.subplots(1,2, figsize=(10,6))

for i in range(10):
j = randint(1,baselined.shape[0])
ax[@].plot(RS_cal[lp:],array_raw[j,1lp:], RS_cal[lp:], baselines[j,1lp:])
ax[0].set_x1im([RS_cal[lp:].min(),RS_cal[lp:].max()])
ax[@].set_xlabel('Raman Shift / cm-1")
ax[1].plot(RS_cal[lp:], baselined[j,1p:])
ax[1].set_x1im([RS_cal[lp:].min(),RS_cal[lp:].max()])
ax[1].set_xlabel('Raman Shift / cm-1")

#icreate line-scan array

# Use spectral points identified from average spectrum above or use pixels from

peak picking:

264.
265.
266.
267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.
285.

er=20)

286.

#spectral points = pixel index

line_scan = np.zeros((baselined.shape[0],len(spectral_points)))
print('Linescan Array Dimensions:',line_scan.shape)

for i in np.arange(baselined.shape[0]):
for j,point in enumerate(spectral_points):
line_scan[i,j] = baselined[i,point]

fig, ax = plt.subplots(len(scans_start)+1, figsize=(5,7))
colors = cm.rainbow(np.linspace(9,1,len(spectral_points)))

ax[@].plot(RS_cal[lp:], ave_spectrum[lp:])

ax[0].set_yticks([])

ax[@].set_ylim(ave_spectrum[1lp:].min(),1.2*ave_spectrum[1lp:].max())

ax[0].set_x1lim(RS_cal[lp:].min(),RS_cal[lp:].max())

ax[@].set_xlabel('Raman Shift / cm-1")

for j, point in enumerate(spectral_points):
ax[@].scatter(RS_cal[point],ave_spectrum[point], s=20, color=colors[j], zord
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287. for j in np.arange(line_scan.shape[1]):

288. for i in np.arange(len(scans_start)):

289. scan_points = np.arange(scans_stop[i]-scans_start[i])

290. ax[i+1].plot(scan_points,line_scan[scans_start[i]:scans_stop[i],j], colo
r=colors[j], label = spectral_points[j])

291. ax[i+1].set_yticks([])

292. ax[i+1].set_xlabel('Line Scan Position')

293. ax[i+1].set_xlim(@,scans_stop[i]-scans_start[i])

294,

295. plt.tight_layout(pad=0.0, w_pad=0.0, h_pad=0.4)

296.

297. fig.savefig(sheet+'_linescans_stacked.png',dpi=600)

298.

299.

300.

301. fig = plt.figure(figsize=(6, 6))

302.

303. # gridspec inside gridspec

304. # determine number of outer_grid subplots from number of scans

305.

306. if len(scans_start)%2==0:

307. ncols_outer = int(len(scans_start)/2)

308. else:

309. ncols_outer = int(len(scans_start)/2+1)

310.

311. outer_grid = gridspec.GridSpec(2, ncols_outer, wspace=0.05, hspace=0.05)

Sl

313. if line_scan.shape[1]%2==0:

314. ncols_inner = int(line_scan.shape[1]/2)

315. else:

316. ncols_inner = int(line_scan.shape[1]/2+1)

317.

318.

319. # determine number of inner_grid subplots from number of spectral points

320. for i in np.arange(len(scans_start)):

321. inner_grid = gridspec.GridSpecFromSubplotSpec(2, ncols_inner, subplot_spec=0
uter_grid[i], wspace=0.0, hspace=0.0)

322. for j in np.arange(line_scan.shape[1]):

323. ax = plt.Subplot(fig, inner_grid[j])

324. scan_points = np.arange(scans_stop[i]-scans_start[i])

325. ax.plot(scan_points,line_scan[scans_start[i]:scans_stop[i],j], color = c
olors[j])

326. ax.set_yticks([])

327. ax.set_xticks([])

328. fig.add_subplot(ax)

329.

330. fig.savefig(sheet+'_linescans_nested.png',dpi=600)

331.

BE28

333.

334. fig, ax = plt.subplots(nrows=2,ncols=len(scans_start)+1l, figsize = (10,5))

335.

336. spectra = [baselined,baselines]

337.

338. max_pixels = np.argmax(baselined[:,1lp:],axis=1) # finds pixel with maximum inte
nsity for each scan

339, print('Shape of truncated spectral array:',baselined[:,1lp:].shape)

340. print('Shape of maximum intensity pixel array:',len(max_pixels))

341.

342. num_pix_h = rp - 1p

343, rows = np.linspace(lp,rp,num_pix_h).astype(int)
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344,
345.
346.
347.
348.
349.
350.

351.
352.
353.
354.
355.
356.
357.
358.
359.
360.
361.
362.
363.
364.
365.
366.
367.
368.
369.
370.
371.
372.
373.
374.
375.
376.
377.
378.
379.
380.
381.
382.
383.
384.
385.
386.
387.
388.
389.

390.

391.
392.
393.
394.
395.
396.
397.
398.
399.
400.
401.

def extents(f):
delta = f[1] - f[0]
return [f[0] - delta/2, f[-1] + delta/2]

n, ,_ =

ax[0,0].hist(max_pixels+lp,bins=1en(pixel_domain[1lp:]), range=(lp,rp), o

rientation ='horizontal', color='orange')

ax[o,0].
ax[o,0].
ax[e,0].

set_ylim([1p,rp])
set_x1im(@,1.1*n.max())
invert_xaxis()

#ax[0,0].set_xticks([])

ax[9,0].
ax[o,0].
ax[o,0].
.xaxis.set_label coords(0.5, 1.1)

ax[0,0]

ax_twin

ax_twin.
ax_twin.
ax_twin.
ax_twin.

set_yticks(rows[::200])
set_ylabel('Spectral Pixel')
set_xlabel('Frequency / Average Intensity')

= ax[0,0].twiny()

plot(ave_spectrum[1lp:], pixel_domain[lp:])
set_xlim(ave_spectrum[lp:].min(),1.2*ave_spectrum[lp:].max())
invert_xaxis()

set_xticks([])

print(normalise(ave_baseline[lp:]).min(),normalise(ave_baseline[lp:]).max())

ax[1,0].
ax[1,0].
ax[1,0].
ax[1,0].
ax[1,0].
ax[1,0].
ax[1,0].
ax[1,0].
ax[1,0].

plot(normalise(ave_baseline[lp:]), pixel_domain[lp:])
set_ylim([1p,rp])

set_x1im(@,1.2)

set_xticks([])

set_yticks([])

invert_xaxis()

set_yticks(rows[::200])

set_ylabel('Spectral Pixel')

set_xlabel('Average intensity')

for j, spectrum in enumerate(spectra):

for

int)

uto', origin =

scan in np.arange(len(scans_start)):

line_map = (spectrum[scans_start[scan]:scans_stop[scan],lp:])

line_map = np.transpose(line_map)

num_pix_v = scans_stop[scan] - scans_start[scan]

cols = np.linspace(scans_start[scan],scans_stop[scan],num_pix_v).astype(

spectrum_image = ax[j,scan+1l].imshow(line_map, cmap = 'magma’, aspect='a
'lower',extent=extents(cols) + extents(rows))
ax[j,scan+1l].set_yticks([])

ax[j,scan+1].set_xticks([])
ax[1,scan+l].xaxis.set_major_locator(ticker.MultiplelLocator(100))
ax[1,scan+l].xaxis.set_minor_locator(ticker.MultiplelLocator(50))
ax[1,scan+1l].set_xlabel('Line Scan Position")

plt.tight_layout(h_pad=0.0, w_pad=0.9)

fig.savefig(sheet+'line_scan_maps_plus_baseline.png', dpi=600)
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402.

403. #find row index of max value for each pixel using argmax along axis=0

404.

405. fig, ax = plt.subplots(nrows=2,ncols=len(scans_start)+1l, figsize = (10,5))

406.

407. max_pixels = np.argmax(baselined[:,1lp:],axis=1)

408.

409. num_pix h = rp - 1p

410. rows = np.linspace(lp,rp,num_pix_h).astype(int)

411.

412. #ax[0,0].plot(ave_spectrum[1lp:], pixel_domain[lp:], linewidth = 1)

413. n,_,_ = ax[0,0].hist(max_pixels+lp,bins=1len(pixel_domain),range=(1lp,rp), orienta
tion ="horizontal', color = cm.magma(128))

414. ax[0,0].set_ylim([1lp,rp])

415. ax[0,0].set_x1im(0,1.2*n.max())

416. ax[0,0].set_xticks([])

417. ax[0,0].set_yticks([])

418. ax[0,0].invert_xaxis()

419. ax[0,0].set_xlabel('Position Frequency')

420. #ax[0,0].xaxis.set_label coords(0.5, 1.1)

421. ax[0,0].set_yticks(rows[::200])

422. ax[0,0].set_ylabel('Spectral Pixel')

423.

424, ax_twin = ax[0,0].twiny()

425. ax_twin.plot(ave_spectrum[lp:], pixel_domain[lp:])

426. ax_twin.set_xlim(ave_spectrum[1lp:].min(),1.2*ave_spectrum[lp:].max())

427. ax_twin.invert_xaxis()

428. ax_twin.set_xticks([])

429. ax_twin.set_xlabel( 'Average Intensity')

430.

431. ax[1,0].axis('off")

432.

433, for scan in np.arange(len(scans_start)):

434, line_map = (baselined[scans_start[scan]:scans_stop[scan],lp:])

435, line_map = np.transpose(line_map)

436. num_pix_v = scans_stop[scan] - scans_start[scan]

437. cols = np.linspace(scans_start[scan],scans_stop[scan],num_pix_v).astype(int)

438. spectrum_image = ax[@,scan+l].imshow(line_map, cmap = 'magma', aspect='auto'
, origin = 'lower',extent=extents(cols) + extents(rows))

439, ax[@,scan+1].set_yticks([])

440. ax[0@,scan+1].set_xticks([])

441 scan_points = np.arange(scans_stop[scan]-scans_start[scan])

442, max_rows = np.argmax(baselined[scans_start[scan]:scans_stop[scan]],axis=0)

443, _s_,_ = ax[1,scan+l].hist(max_rows,bins=scan_points, color = cm.magma(128))

444, ax[1l,scan+l].set_x1im(@,len(scan_points))

445, ax[1,scan+l].set_yticks([])

446. ax[1,scan+1].set_xticks([])

447, ax[1,scan+1].invert_yaxis()

448. ax[0@,scan+1].xaxis.set_major_locator(ticker.MultiplelLocator(100))

449, ax[@,scan+l].xaxis.set_minor_locator(ticker.MultipleLocator(50))

450. ax[0,scan+1].set_xlabel('Line Scan Position')

451. ax[0,scan+1].xaxis.set_label coords(0.5, 1.2)

452, ax[0@,scan+1].tick_params(axis="'x"',which="both',bottom=False,top=True, labelt
op=True, labelbottom=False,labelsize = 10, width = 1.0)

453.

454,

455, ax[1,1].set_ylabel('Pixel Frequency', rotation=90)

456.

457.
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458.

plt.tight_layout(h_pad=0.0, w_pad=0.0)

459.

460.

fig.savefig(sheet+'line_scan_maps_plus_pixel scan_histograms.png', dpi=600)

461.
462.
463.

464.

from collections import Counter

465.

466.
467.

468.

469.
470.

scan_hist = Counter(max_rows)
print('Scan mode and frequency:',scan_hist.most_common(1)) # Returns the highes
t occurring item
scan_hist_array = np.array(scan_hist.most_common()) # Returns all unique items
and their counts
df_scan_hist = pd.DataFrame(scan_hist_array)
#df_scan_hist.to_csv(sheet+"_scan_hist.csv", header=False, index=False)

471.

472.
473.
474,

# check that all pixels have been included in the count
print('Sum of pixels from histogram data:',np.sum(scan_hist_array, axis=0)[1])
print(scan_hist_array.shape[0])

475.
476.
477.

478.
479.

480.

481.
482.

pixel_hist = Counter(max_pixels)

print('Pixel mode and frequency:',pixel_hist.most_common(1)) # Returns the high
est occurring item

pixel _hist_array = np.array(pixel_hist.most_common()) # Returns all unique ite
ms and their counts

df_pixel_hist = pd.DataFrame(pixel_hist_array)

#df pixel hist.to csv(sheet+" pixel hist.csv", header=False, index=False)

483.

484.
485.

# check that all scans have been included in the count
print('Sum of scans from histogram data:',np.sum(pixel_hist_array, axis=0)[1])

486.
487.
488.

489.

from collections import Counter

490.

491.
492.

for scan in np.arange(len(scans_start)):
fig, ax = plt.subplots(nrows=1,ncols=2, figsize = (12,6))

493.

494

495,
496.

497.

498.
499.

500.

501.
502.
503.
504.
505.
506.
507.
508.

max_pixels = np.argmax(baselined[scans_start[scan]:scans_stop[scan]],axis=1)

pixel_hist = Counter(max_pixels)

print('Scan_'+str(scan)+' Pixel mode and frequency:',pixel_hist.most_common(
1)) # Returns the highest occurring item

pixel_hist_array = np.array(pixel_hist.most_common()) # Returns all unique
items and their counts

df_pixel_hist = pd.DataFrame(pixel_hist_array)

df_pixel_hist.to_csv(sheet+"_scan_"+str(scan)+"_pixel_hist.csv", header=Fals
e, index=False)

print('Sum of scans from histogram data:',np.sum(pixel_hist_array, axis=0)[1
1) # check that all scans have been included in the count

pixel_points = np.arange(1,pixel_hist_array.shape[0]+1)
ax[@].scatter(pixel _points, pixel_hist_array[:,1],zorder=20)
ax[0].bar(pixel_points, pixel_hist_array[:,1])
ax[0].set_title(sheet+"_scan_"+str(scan)+" maximum pixel distribution")
ax[@].set_ylabel(r'frequency', fontsize=14)

a, m=20.2, 4.
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509. fit_pixel_hist = a*m**a / pixel_points**(a+l)

510. ax[@].plot(pixel_points, max(pixel_hist_array[:,1])*fit_pixel_hist/max(fit_p
ixel_hist), linewidth=2, color="r")

511.

512.

513. max_scans = np.argmax(baselined[scans_start[scan]:scans_stop[scan]],axis=0)

514. scan_hist = Counter(max_scans)

515. print('Scan_'+str(scan)+' Scan mode and frequency:',scan_hist.most_common(1)
) # Returns the highest occurring item

516. scan_hist_array = np.array(scan_hist.most_common()) # Returns all unique i
tems and their counts

517. df_scan_hist = pd.DataFrame(scan_hist_array)

518. df_scan_hist.to_csv(sheet+"_scan_"+str(scan)+"_scan_hist.csv", header=False,

index=False)

519. print('Sum of pixels from histogram data:',np.sum(scan_hist_array, axis=0)[1
1) # check that all pixels have been included in the count

520.

521. scan_points = np.arange(1l,scan_hist_array.shape[0]+1)

522. ax[1].scatter(scan_points,scan_hist_array[:,1],zorder=20)

523. ax[1].set_title(sheet+"_scan_"+str(scan)+" maximum scan distribution")

524. ax[1].bar(scan_points, scan_hist_array[:,1])

525.

526. fit_scan_hist = a*m**a / scan_points**(a+1)

527. ax[1].plot(scan_points, max(scan_hist_array[:,1])*fit_scan_hist/max(fit_scan
_hist), linewidth=2, color='r")

528.

529. plt.tight_layout(h_pad=0.0, w_pad=0.0)

530. fig.savefig(sheet+'scan_'+str(scan)+'_max_distributions.png', dpi=600)

531.

532.

533.

534. # PCA output

535. # PCA is run on each scan using the scan_PCA function

536.

537. fig, ax = plt.subplots(4,len(scans_start), figsize = (7,7))

538.

539. n_comps=9

540. components = np.arange(n_comps)

541.

542. PC_x = 3

543, PCy =4

544, PCz =5

545.

546. for scan in np.arange(len(scans_start)):

547. num_scan_points = scans_stop[scan] - scans_start[scan]

548. scan_numbers = np.linspace(scans_start[scan],scans_stop[scan],num_scan_point
s).astype(int)

549. colors = cm.rainbow(np.linspace(®,1,num_scan_points))

550.

551. scores, loadings, evr = scan_PCA(baselined[scans_start[scan]:scans_stop[scan
1,1p:rpl)

552. ave_scan = np.mean(array_raw[scans_start[scan]:scans_stop[scan],lp:rp],axis=
0)

553.

554. ax[@,scan].plot(components, 100*evr[:n_comps], "o-", color='orange', lw=3)

555. ax[@,scan].bar(components, 100*evr[:n_comps])

556. ax[@,scan].set_xticks([])

557. ax[0@,scan].set_yticks([])

558. scores_x = scores[:,PC_x-1]

559. scores_y = scores[:,PC_y-1]
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560.

561. ax[1,scan].scatter(scores_x, scores_y, s=5, color = colors, label=None, alph
2=0.8)

562. ax[1,scan].set_xticks([])

563. ax[1,scan].set_yticks([])

564.

565. for j, point in enumerate(scan_numbers):

566. ax[1,scan].annotate('{0:.0f}'.format(scan_numbers[j]),

567. xy=(scores_x[j], scores_y[j]),

568. xycoords="'data', xytext=(+4, +4), textcoords='offset points',

569. fontsize=10, clip_on = True,

570. horizontalalignment="'center', verticalalignment='bottom’,

571. arrowprops=dict(arrowstyle="-
", connectionstyle="arc3,rad=.0"))

572.

573. ax[2,scan].scatter(scores_x, scores_y, s=5, color = colors, zorder=20)

574. ax[2,scan].set_x1lim(-10,30)

575. ax[2,scan].set_x1lim(-10,10)

576. ax[2,scan].set_xticks([])

577. ax[2,scan].set_yticks([])

578.

579. for j, point in enumerate(scan_numbers):

580. ax[2,scan].annotate('{0:.0f}"'.format(scan_numbers[j]),

581. xy=(scores_x[j], scores_y[j]),

582. xycoords="data', xytext=(0, +12), textcoords='offset points',

583. fontsize=6, rotation=90, clip_on=True,

584. horizontalalignment="'center', verticalalignment='bottom’,

585. arrowprops=dict(arrowstyle="-
", connectionstyle="arc3,rad=.0"))

586.

587. ax[3,scan].plot(RS_cal[lp:],-1*loadings[PC_x-1,:]/loadings[PC_x-
1,:].max())

588. ax[3,scan].set_xticks([400,800,1200,1600,2000])

589. ax[3,scan].set_xlabel('Raman Shift/cm-1")

590. ax[3,scan].set_yticks([])

591. ax_twin = ax[3,scan].twinx()

592. ax_twin.plot(RS_cal[lp:],ave_scan/ave_scan.max(), color='orange')

593. ax_twin.set_yticks([])

594.

595. plt.tight_layout(h_pad=0.0, w_pad=0.0)

596.

597. fig.savefig(sheet+'PCA_output.png', dpi=600)
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