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Abstract

This thesis focuses on the optimization of surface enhanced Raman for bacteria
detection. Many factors influence the outgoing Raman signal in SERS. Coating the
nanoparticles used in SERS with a capping agent is one way to enhance the Raman
signal. Capping agents can play a significant role in the interaction between the
nanoparticles and the bacteria, in turn contributing to the detection of pathogens. To
understand the potential of optimizing the capping agent for gold nanoparticles in
SERS detection of bacteria, three capping agents — thioglucose (which was not
applied previously for the SERS analysis of bacteria), polyvinylpyrrolidone (PVP),
and citrate — were tested for their ability to improve species identification and
Staphylococcus aureus strain discrimination. The generated samples were run under
a dark-field microscopy integrated SERS setup. Upon discriminant analysis, the
collected dataset showed that thioglucose and citrate performed well in species
identification. However, thioglucose performed better than citrate and PVP in strain
discrimination because of its strong ability to integrate with nucleic acid components

inside the bacteria cells.

The second experiment explored if SERS can be used to diagnose periprosthetic joint
infections (PJI) in shoulder tissue sample. Since the application of SERS on tissue
for diagnostic purposes is novel, both ex-situ and in-situ gold nanoparticles were
tested. For the in-situ gold nanoparticle integration into tissue samples, the UV
reduction method was applied on the samples to generate gold nanoparticles inside
the tissues. Multiple conditions were applied on the tissue samples controlling the
UV power and UV exposure time. The samples were run in the same dark-field
integrated Raman setup initially. The collected data showed that the in-situ gold

nanoparticle integration into the shoulder tissue samples through the UV reduction
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method was successful and has potential. However, the optimum SERS condition
could not be confirmed from this analysis due to the high variation of the Raman
signal from one tissue sample to the other which generated inconsistent results even
in the same applied condition. This suggested that distribution of gold nanoparticle
integrated to the tissue was uneven, and thus affected the consistency of the
outcomes from the process. Dark field SERS setup was then modified, and a
scanning microscope part was incorporated to the system. Rigorous analysis of the
SERS spectra from the scanned image and the Raman band assignment of these
spectra showed that region high in collagen and protein can provide strong SERS
signal. Therefore, to decide on the optimum SERS condition for PJI diagnosis by
SERS, scanned image spectra from samples should be obtained. The comparison of
all averaged spectra calculated from the highest Raman integral spectra acquired for
each condition can point out to the optimum SERS condition. Besides, the relevant
band assignment of each spectrum can provide information to understand the

mechanism of SERS on shoulder tissue samples.
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Chapter 1 Thesis objectives and contributions

This chapter includes the thesis objectives and contributions to this area of study, as

well as my personal contributions to the research work.
1.1 Objective

The prevalence of hospital acquired infections and antibiotic resistant pathogens
necessitates the development of bacteria sensing systems that do not require sample
amplification via conventional cell culturing, which can be prohibitively time-
consuming and can result in many health complications. Surface-enhanced Raman
spectroscopy (SERS) is a technique that can be applied to develop fast screening

systems for bacterial presence in biological samples.

Our group has developed a SERS based platform for bacteria detection using
nanoparticles, hollow core fibers, microfluidics and machine learning [1]. This thesis
builds on this work and explores two issues. The first is the optimization of capping
agents of gold nanoparticles for SERS detection of bacteria. Optimizing the capping
agents in nanoparticle synthesis is important because capping agents are responsible
for controlling the morphological features and chemical properties of the
nanoparticles that are essential for SERS. Second, the thesis explores the use of both
in-situ and ex-situ nanoparticles to achieve maximum enhancement of SERS for
shoulder tissue samples acquired from synovial biopsy. Application of in-situ and
ex-situ nanoparticles in shoulder tissue samples can potentially enhance the ability
of SERS to identify pathogens responsible for prosthetic joint infection (PJI) in

patients after shoulder replacement surgery.



1.2 Contributions

The research work done for this thesis will result in two journal articles. The first
part of the work resulted into a paper “Rapid detection of bacteria using gold
nanoparticles in SERS with three different capping agents: thioglucose,
polyvinylpyrrolidone, and citrate,” which has been published to the journal
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy. The second
part of this thesis work contains the study on the application of SERS technique on

shoulder tissue and it is still ongoing.

1.3 Thesis outline
This thesis is organized as follows.

Chapter 2 first introduces Raman spectroscopy and its limitations. Then it defines
surface-enhanced Raman spectroscopy (SERS) and discusses the mechanism behind
this phenomenon along with different factors that influence its outcome. Finally, it
describes two types of SERS configurations, intrinsic and extrinsic, to provide a

vivid picture of SERS techniques and introduces In-situ and Ex-situ SERS.

Chapter 3 discusses the first research work carried out for this thesis: the
optimization of capping agents on gold nanoparticles for the SERS detection of
bacteria. This chapter describes the capping agents chosen for this experiment and
their synthesis with gold nanoparticles used for this research, followed by the
characterization of generated gold nanoparticles. The experimental setup and the
method of sample preparation for the application of SERS on bacteria are then
described. The final two subsections of this chapter include the results and a

discussion of their interpretation.



Chapter 4 explores the application of SERS on shoulder tissue. First, the chapter
explains periprosthetic joint infection and the potential for using SERS to improve
diagnosis. The following sections describe the experimental setup used, the different
steps of sample preparation done for applying different conditions on multiple sets
of tissue slides, and the data analysis approach. The chapter ends with a discussion

of the results and their interpretation.

Chapter 5 summarizes the research and suggests future work based on the two

experimental studies discussed in this thesis.



Chapter 2 Raman spectroscopy and surface-enhanced
Raman spectroscopy (SERS)

2.1 Introduction

Raman spectroscopy is a technique based on vibrational spectroscopy [2] that obtains
information on the structural and chemical properties of molecules by quantifying
the frequency shift from molecular transition states. Inelastic scattering of photons
1s observed when photons with sufficient energy are incident on target molecules
and excite the molecules to a higher state, and energy is released in scattered photons
to return to lower energy states. This phenomenon, known as Raman effect, was
discovered by C. V. Raman and reported in 1928 [3]. The first Raman spectra were
collected by Raman in a spectroscope designed with a prism and a photographic
plate, and the samples in a spherical flask were excited by a mercury arc lamp [4].
This kind of spontaneous Raman scattering process produces very weak Raman
signals, but the development of lasers greatly improved the applications and analysis
prospects of Raman spectroscopy. Targeting samples with incident laser beams can
produce highly efficient and observable stimulated Raman scattering [5]. This
chapter discusses the theory and limitations of Raman spectroscopy. It then focuses
on surface-enhanced Raman spectroscopy (SERS) and its mechanism, including the

factors that influence the enhancement effect in SERS.

2.2 Theory of Raman spectroscopy

When a sample is illuminated in general circumstances with an incident light of
frequency ¥-, then the spectrum of the scattered light can be obtained from the

Rayleigh scattering and Raman scattering (Figure 2.1) [5]. As the Raman scattering



is inelastic, the Raman-scattered light beam contains components of different
frequencies for the transition of photons to different electronic states. The
components of the scattered signal with lower frequencies than the incident
frequency are known as Stokes components, and the components of the scattered
signal with higher frequencies are known as anti-Stokes components (Figure 2.1 and
2.2) [5].

Rayleigh Stok Anti-Stokes
scattering, ikl Raman
o= 9 Raman .
o= Ug S . Scattering,
cattering,
Inciden o — ), Oe + I
beam, ¥

Figure 2.1: Light scattering from a sample illuminated by an incident beam [5].
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Figure 2.2: Schematic diagram to show transition states in scattering process and

the Raman spectrum [5].

The lost or gained amount of energy in the inelastic scattering process by a photon

is called Raman shift and is calculated as [6]
AE, =E;-E; (1)
Here, E; = incident photon energy
E = scattered photon energy

Let us consider the energy of an incident photon is 419-; the ground state is E- and the
difference of energy between the ground state and the transition state is 49, as
shown in the Figure 2.2. Then from equation (1), for the Stokes components, Raman
shift AE = h9-— hi,, , and for the anti-Stokes components, Raman shift AE = h9-+

h?,,. Raman shifts are expressed in wavenumbers with the usual unit of cm™? .



Raman peaks in the Raman spectrum are generated from the vibrational modes of
the target molecule, and the corresponding Raman shift of the peaks are equivalent
to the vibrational energy of the modes [6]. Not all vibrational modes can produce
strong Raman scattered signal, and the Raman selection rule can be explained by the
interaction of bonds with the electromagnetic radiation. When a molecule is excited
by an electric field E, the bonds in the molecule vibrates. Bond polarizability « is
induced from this periodic change of the bond length and « is associated with the

dipole moment P induced in the molecule by the incident electric field, E as given

by [7]
P=qaE (2)

Here, a denotes the polarizability of the molecule. The amount of distortion of the
electron cloud surrounding a molecule is observed from the polarizability. The
change in the parameter P induces Raman scattering; therefore, the intensity of the

Raman scattered signal is the square of the induced dipole moment [§]

IRaman X az Ez (3)

2.3 Limitations of Raman spectroscopy and solution

Generally, a Raman scattered signal is very weak, and the molecules applied in the
process thus give low Raman efficiency. Consequently, it is hard to work with low
concentrations and small quantities of samples using Raman spectroscopy. From
equation (3), it is known that the intensity of Raman spectrum depends on the
polarizability and the incident electric field. If both parameters are increased, then
the intensity of the scattered Raman signal should increase, and so the Raman

efficiency should increase even for low concentrations of samples.



2.4 Surface-enhanced Raman spectroscopy

When analyte molecules are attached to metal substrates or nanoparticles and a laser
beam is incident on the analyte molecules in this condition, then stronger Raman
scattered signals are generated from the analyte molecules due to the plasmon
resonance effect of the metal interacting with the analyte molecules. This
phenomenon is known as surface-enhanced Raman scattering (SERS) (Figure 2.3).
The enhancement of the Raman scattered signal in this approach occurs when the
metal nanostructure is in localized surface plasmon resonance (LSPR) mode [9].
Metals show this phenomenon for their unique optical properties that arise primarily
from the free electrons in the conduction band [9]. The enhancement in the SERS
signal 1s generated when the metallic nanostructures are excited optically due to
multiple elements which are- the increase in local resonant electromagnetic field
intensity, the Purcell effect, charge transfer resonances and molecular resonances
[9]. These elements contributing to Raman signal enhancement are dependant on the
size, shape and materials of the nanostructures [9, 10]. Any variation in the size,
shape of the metallic substrates in the SERS can change their plasmonic activity and
the spectral position [6, 10]. The extinction spectrum of the metallic nanostructures
is wavelength dependent, and it effects the excitation wavelength to apply in SERS.
To achieve the largest SERS enhancement, the incident laser wavelength in SERS is
required to be close to the surface plasmon resonance wavelength of the metallic
nanostructure [6]. This effect was first reported by Fleischmann et al. in 1974 when
they observed the phenomena from pyridine adsorbed to silver electrodes roughened

electro-chemically [11].



Weak Rayleigh Stronger Rayleigh
Raman scattering
Scattering

Excitation Excitation

Raman scattering
Scattering

Analyte molecule

Metal substrate
Analyte molecule

Figure 2.3: Surface-enhanced Raman scattering [6].

The enhancement in Raman intensity by SERS helps to increase the intensity of the
Raman scattered signal and overcome the limitations of normal Raman
spectroscopy. The maximum SERS enhancement can be achieved from analyte
molecules attached to hotspots on the surface of the metal particles. For spherical
nanoparticles, the maximum enhancement factor is in the order of ~10° [6]. Besides,
the material of metal substrates or metal nanoparticles may vary based on the
application. For instance, in SERS detection of bacteria, gold nanoparticles are

preferred because of its less reactivity and low toxicity to the bacteria cells [12].

Excitation wavelength is also an important factor to consider in SERS. An optimum
excitation wavelength of the incident beam on the SERS substrate attached to the
analyte molecules is necessary to produce maximum enhanced Raman signal from
the molecules [6]. Good enhancement is observed from a SERS substrate in a limited
excitation wavelength range. Most SERS substrates provide good enhancement in
the visible or near infrared excitation wavelength and it is a typical range of operation

for experiments with molecular Raman scattering [6].



Two main theories are considered the basics in explaining the effect of SERS:
electromagnetic theory and chemical theory [6]. Electric field enhancement through
strong interactions of analyte molecules with the surface plasmon resonance was first
proposed by Jeanmaire and Van Duyne [13]. Chemical enhancement from the
interaction between a molecule and the metal surface was suggested by Albrecht and
Creighton [14]. Since the early 1980s, research on SERS and its mechanism has
developed in the fields of chemistry, physics, and engineering. In this thesis, only
the electromagnetic theory is discussed in the next section, as it is considered to
contribute most of the SERS enhancement, producing as high as ~10'* fold

enhancement through the surface plasmons’ excitation in metal nanostructures [6,

15, 16].

2.5 Mechanism of SERS

SERS enhancement occurs in two steps [8]. Primary enhancement occurs due to the
localized surface plasmon resonance (LSPR) of the SERS substrate. Collective
oscillations of conduction electrons on the nanosphere are known as surface
plasmons; as these surface plasmons are excited, enhancement of the local field can
be experienced by an adsorbed molecule [17]. When a SERS substrate is excited by
a laser beam of optimum wavelength, the localized electric field of the molecule

enhances as shown in the equation (4)

Eloc = Mloc(lc’)- E- (4)

Here the enhancement factor is M,,.(A-) at the incident wavelength A.. The stronger
localized electric field then produces an oscillating dipole at Raman scattered

wavelength (Ar) and radiates. The overall SERS intensity then can be written as

10



Isgrs =[M (Ar). M (2-)] . *E? ®)

Lsgrs = [M(AR). M(2°)] Araman (6)
If the frequency of the Raman scattered signal is close to the incident beam, then the

equation (6) can be written as

[sgrs™ [MO\O)]LL'- Iraman (7)

The approximation in equation (7) shows the overall trend theoretically with the
SERS phenomenon that the process can generate stronger Raman signal than normal
Raman spectroscopy generates. This allows SERS to be a sensitive tool even at low
sample molecule concentration. Moreover, it can act efficiently as a vibrational

fingerprint in molecular detection.

2.6 Factors affecting SERS

SERS technique is now applied to rapidly detect and quantify biomolecules and other
substances. This application is possible because of the enhancement in the Raman
scattered signal from target molecules in SERS. Enhancement of the scattered signal
is controlled by factors that can be adjusted in the process to achieve the best
outcome. The three main factors that influence SERS results are the choice of
metallic nanoparticles, the choice of incident wavelength and the treatment of the

SERS target molecule.

‘SERS substrates’ generally mean any metallic nanostructures that can produce
SERS enhancement. These nanostructures can be either fabricated or synthesised in
colloid solution. Colloid solutions of the metallic nanoparticles are considered the
simplest way to integrate SERS in a system [6]. Silver is used for many SERS

applications due to its strong plasmonic properties. However, silver is toxic for

11



bacteria cells [12]. So, in biomolecule detection by SERS, gold is preferred to silver,
especially because the optical absorption of gold is comparable to that of silver at
wavelengths longer than 600 nm [6]. This shows that the selection of appropriate
metallic nanoparticles for a particular SERS application is important in order to
obtain the maximum SERS response. Maximum enhancement in SERS response can
lead to an efficient qualitative and quantitative analysis of the sample biomolecule

or bio-cell. Figure 2.4 shows the citrate capped gold nanoparticles solution.

Figure 2.4: Colloidal solution of gold nanoparticles.

Besides the material selection of the nanoparticles, their size and shape can play a
significant role in SERS enhancement based on the SERS application. In general
SERS signal enhancement depends on the optimum size of the nanoparticles.
Regardless of the exact size of the nanoparticles for optimum SERS enhancement,
one can consider the effective SERS range [18]. If the particles are too small, the
effective conductivity and light scattering properties decrease which are required for

the SERS enhancement [18]. With the increment of particle size, the SERS effect

12



increases as the electron number increases. If the particle size increases to such level
where the size is comparable to the excitation wavelength, then the particles get
excited to nonradiative modes which then reduces SERS effect [18]. Different
shaped nanoparticles can be generated by adding different surfactants in the
synthesis process [9]. They can be spherical, star, cube, rod and of many more
shapes. However, selection of proper shape to produce maximum SERS
enhancement is important. Based on the shape of the nanoparticle’s, large diversity
in the plasmon resonances can be observed. For instance, in the case of ellipsoid
shaped nanoparticles, localization enhancement from the pointy ends can be
observed [6]. Therefore, additional LSPR effects can evolve with the change of
shape. Strong red shifts can be generated by some of these which can largely enhance
the local fields [6]. However, the shape should be selected based on the application
purpose and the size, shape of the target molecules. It is observed that for reasonable
SERS enhancement, the distance between SERS surface and the target molecule

needs to be within (1-30) nm [18].

SERS enhancement is strongly dependent on the excitation wavelength [6]. For
specific material, loss of energy due to extinction is maximized at the maximum
absorption wavelength. This wavelength can be calculated from the extinction
spectrum of the material. For SERS application, the incident wavelength must be at
a window range that allows maximum enhancement with minimum extinction. Pilot
et al. describe the three window ranges for the incident wavelengths that generally
allow minimum extinction [19]: (a) between 650 and 950 nm (NIRI), (b) between
1000 and 1350 nm (NIR-II), and (c) between 1500 and 1800 nm (NIR-III). For
biomedical applications, the first range (from 650 to 950 nm) is applied to allow for

propagation of the incident light through the tissue. Moreover, shorter excitation

13



wavelengths in the window range increase the Raman cross section [19], thereby

enhancing the Raman signal.

Raman scattered signal amplification can vary depending on the combination of the
target molecule and the substrate used to enhance the SERS signal. Therefore,
optimization of the SERS process depends on the target molecule and the objective
of the particular SERS application. The target molecule’s surface area, structure, and
chemical composition are all important parameters to take into account because they

can allow strong adsorption of the nanoparticles on the target molecule surface.

2.7 SERS configuration

For biosensing applications, SERS can be configured in either of two main methods:
intrinsic SERS and extrinsic SERS. These two methods are discussed in the

following sub-sections.

2.7.1 Intrinsic SERS

When an analyte molecule is directly applied on the nanostructure and the generated
Raman spectrum from the specimen is collected to identify the molecule, then this
method is called intrinsic SERS (as seen in Figure 2.5) [20]. To design a SERS
detection system with high specificity, suitable antibodies, aptamers, or other related
molecules that bind well with the target molecule can also be attached or fabricated
on the nanostructure. This helps in capturing the specific target molecule. Comparing
the Raman spectra from before and after the capture of the molecule contributes to
species identification [20]. Intrinsic SERS is preferred in detecting macro-sized
biomolecules and qualitatively analyzing them. This method provides structural
information about the target molecule, expediting the qualitative analysis of similar

kinds of samples [18]. Intrinsic SERS can facilitate inherent multiplexing by
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multivariate analysis leveraging unique spectral components between samples.
However, in intrinsic SERS, molecules can give a vague response if the molecule is
insensitive in Raman shift and low in concentration [18]. A single type of
nanoparticle with high affinity for bacteria can provide intrinsic spectrum that can
facilitate multiplexed sensor at low cost for diagnosis purpose. For this reason,
intrinsic method of SERS is applied in optimization of capping agents for SERS

detection of bacteria which is presented in Chapter 3 of this thesis.

e 0 - )

Figure 2.5: Schematic diagram for intrinsic SERS.

2.7.2 Extrinsic SERS

Extrinsic SERS allow Raman reporters to measure the SERS effect from the target
molecules. Raman reporters are the molecules that inherit strong Raman active
modes [18]. Rotational or vibrational motion of molecules that can induce change in
polarizability of the molecule are known as Raman active modes. The modes which
cannot induce change in polarizability are not considered Raman active and they do
not appear in the Raman spectrum. Common example of Raman reporter is the
Raman dyes (e.g. malachite green, methylene blue) that can provide intense Raman
signal. Raman reporters are immobilized on the surface of the SERS substrate and
then fully enclosed with a protective layer of dielectrics. The protective layer
prevents aggregation of nanoparticles and detachment of the Raman reporters for

steric hindrance or charge neutralization [18]. This dielectric layer thickness has no
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effect on SERS because the reporters are bound to the gold particle directly.
However, the distance between SERS surface and the target molecule needs to be
within (1-30) nm for the optimum response in SERS [18]. Finally, they are coated
with corresponding ligands or antibodies to functionalize the nanoparticles and
capture the target molecules. Specificity of the SERS signal in the bacterial detection
by extrinsic SERS comes from the attached ligand or antibody. This type of
sandwich structure of nanoparticles in extrinsic SERS (as shown in Figure 2.6) is
applied in most of the cases where intrinsic SERS fails. Extrinsic SERS is applied
successfully for in-vivo SERS imaging of unique and rare cancer cells [1]. However,
instrumentation design for extrinsic SERS can be costly whereas low-cost solution

1s more suitable for global diagnostic purposes [21].

’—»Virus

Outer coating

Au Np

Antibody

Raman reporter

Figure 2.6: Schematic diagram for extrinsic SERS.

Figures 2.5 and 2.6 are presented as an illustrative figure to demonstrate the intrinsic
SERS approach. In reality, the size of the nanoparticles is approximately 40nm and
the size of the bacteria is (1-5) micrometers. Much better understanding can be
gained on the ratio of the sizes of the nanoparticles from the SEM image of the

C.acne with citrate capped gold nanoparticles as shown in the Figure 2.7.
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Figure 2.7: C.acne with citrate capped gold nanoparticles

2.7.3 In-situ and Ex-situ SERS

Two types of SERS approaches can be used- in-situ SERS and ex-situ SERS. In the
ex-situ method, pre-synthesised colloidal nanoparticle solution is added directly to
the sample and in the in-situ method, nanoparticles are generated in the sample itself
adding the precursor solution to the sample. Both of these approaches are applied in

the study of shoulder tissue and presented in Chapter 4.

2.8 Conclusion

SERS is an evolving technique in the detection and identification of biomolecules.
There are multiple factors that influence the enhanced Raman signal from the target
molecule. Characterizing those factors prior to application of SERS on a selected
sample enables the generation of the strongest SERS signal. Moreover, suitable
selection of SERS configuration is another influential element for the SERS

outcomes.
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Chapter 3 Optimization of capping agents on gold
nanoparticles for SERS detection of bacteria

3.1 Introduction

Bacterial infections in the human body are increasing at an alarming rate around the
world. A significant challenge when diagnosing any kind of microorganisms is the
detection time. Given that bacterial loads in clinical samples are generally low,
samples require technical sample preparation, culturing, and bacterial isolation prior
to detection, all of which delay diagnosis and treatment [22]. Several methods are
applied in different clinical settings to diagnose infections. However, they all have
some limitations. For example, one of the conventional methods is assay plating,
which requires cell culture that can take several days before colony formation can
be confirmed [23]. Polymerase chain reaction (PCR) is a molecular-based detection
technique that involves DNA amplification. Although the PCR technique works well
for mixed samples, it has the potential to give false-positive or false-negative
outcomes as a result of contamination from reagents or from carryover products of
the reactions that affect the DNA amplification [24]. Another technique is matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) spectrometry,

although it is rarely used in clinical practice [25, 26].

Surface-enhanced Raman spectroscopy (SERS) is an evolving technique for rapid
detection of microorganisms that can resolve many of the limitations of conventional
methods by exposing the target molecule to nanoparticles and collecting the
enhanced Raman scattered signals from the target specimen itself for qualitative and
quantitative analysis [1]. In this method, nanometallic structures enhance the

inelastic scattered signal from the vibrational modes of targeted molecules through
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plasmon resonances [6]. Signal enhancement in SERS depends on the size, shape,
and surface functionality of the nanoparticles, as discussed in the previous chapter.
Thus, the selection of an appropriate capping agent in SERS is essential to obtaining
quality spectra. Optimizing the detection method with other capping agents therefore
has the potential to increase the interaction of the nanoparticles with bacteria,
eventually improving the diagnosis of these bacteria. This chapter includes details
about the experiment run to optimize the capping agent for SERS detection of

bacteria, as well as the analytical discussion of the results obtained in the experiment.

3.2 Capping agents used for gold nanoparticles

Usually, nanostructures of plasmonic materials such as gold and silver are used to
create SERS substrates. However, gold is more stable than silver because it has lower
reactivity and affinity to be oxidized and induces less toxicity in bacteria cells
compared to silver [12, 27]. For this reason, the experiments described in this thesis

are carried out with gold nanoparticles.

Enhancing the SERS signal depends on the size, shape, and surface functionality of
the nanoparticles. Surfactant molecules, or capping agents, influence the
morphological features of the nanoparticles and render stability [28] when applied
to cover the nanoparticles. These molecules contribute to the chemical interactions
between metal nanoparticles and target molecules. For instance, their charge and
hydrophobicity determine the interaction of nanoparticles with the lipids and
proteins of micro living cells [29, 30]. Thus, the selection of an appropriate capping
agent in SERS is essential to obtaining quality spectra. Optimizing the detection
method with other capping agents therefore has the potential to increase the
interaction of the nanoparticles with bacteria, eventually improving the diagnosis of

these bacteria.
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Generally, citrate-capped nanoparticles are used for SERS detection of bacteria [12].
Polyvinylpyrrolidone (PVP) is a good surface stabilizer for nanoparticles, and PVP
capped gold nanoparticles hinder bacteria growth more than citrate-capped gold
nanoparticles do, as found experimentally [31]. Thioglucose (TG) is also a good
surface stabilizer for silver or gold nanoparticles that has shown antibacterial activity
for antibiotic-resistant strains of bacteria [32]. It is hypothesized that choosing
capping agents with good antibacterial properties can contribute to improved SERS
detection of bacteria. For this research work, polyvinylpyrrolidone (PVP) was
selected along with thioglucose to compare with citrate in the detection of bacteria

species and strains.

3.3 Synthesis of gold nanoparticles

Gold (I1I) chloride powder, sodium citrate, polyvinylpyrrolidone (PVP), 1-B-Thio-

D-glucose, sodium, and rhodamine 6G (R6G) were all purchased from Sigma
Aldrich. The protocols used in the nanoparticle’s synthesis are already established
and well-documented. The citrate capped gold nanoparticles are synthesised by the
Turkevich method [33]. The PVP capped gold nanoparticles are generated by the
ligand displacement approach by displacing citrate from citrate capped gold
nanoparticles [34]. Same approach was applied for thioglucose capped gold
nanoparticles, and it was successful as confirmed with Raman band assignment of

the SERS spectra from each type of gold nanoparticles in the section 3.8.

First, 40 mL of water was mixed with 262 pL of 38 mM gold solution in a 50 mL
flask that was heated in a water bath placed on Fisherbrand™ Isotemp™ hot plate
stirrer that was set to 200 degrees Celsius for 1 hour, stirring at 700 rpm. After 1

hour, the temperature was reduced to 120°C.
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To cap the particle with citrate, 242 uL of 30 mM sodium citrate solution was added
to the gold solution and left in the hot water bath for another 30 minutes, stirring at
700 rpm. Within the next hour, a ruby-red colloid solution was obtained, which was

the desired outcome for a citrate-capped gold nanoparticle solution.

For the PVP-capped and TG-capped gold nanoparticles, citrate-capped gold
nanoparticles were made in the same process, and then PVP or TG was added to a
final concentration of 130 mg/L or 6 mM respectively, where it replaced the citrate

on the gold nanoparticles, to produce PVP- or TG-capped gold nanoparticles.

3.4 Characterization of gold nanoparticles

The different types of gold nanoparticles were analyzed using UV-vis absorption
spectroscopy, dynamic light scattering (DLS), and zeta potential measurements. DLS
and zeta potential measurements were obtained from a ZetaSizer instrument from
Malvern Panalytical which is a common tool available in the Center for Advanced
Material Research (CAMaR) lab facilities and it is calibrated based on standards
available in Malvern. For this process, gold nanoparticle solutions were diluted 10*
fold in degassed, deionized water.

Zeta potential and DLS measurements of the gold nanoparticles were obtained along
with the application of UV-Vis spectroscopy to characterize the three differently
capped-gold nanoparticles. Information on the net charge of the particles in an
environment of liquid is obtained from the zeta potential measurements [35].
Suspension stability and information on the particle coating can be studied well from
the zeta potential measurement [35]. When a nanoparticle is solvated in a liquid,
electric double layer (EDL) is formed. The EDL consists of two layers: (1) Stern
layer and (2) diffuse layer. The diffuse layer has an interface which separates the

mobile and immobile ions in the liquid. This interface is termed as the slipping plane
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and the electric potential at this plane is called the zeta potential [35]. Zeta potential
measurement of the nanoparticles, either positive or negative refers the short term
and long term stability of the particles. High zeta potential value shows the good
electrical stability whereas low zeta potential shows higher electrical instability
which can lead to coagulation or flocculation of the nanoparticles (physical
instability) [36]. The zeta potential measurements of the nanoparticles capped with
citrate, PVP, and TG were respectively -30.02 mV, -37.5 mV and -6.87 mV. The
zeta potential measurements showed that the PVP-capped nanoparticles were more
negatively charged in comparison to the citrate-capped and TG-capped gold
nanoparticles. Another important analytical tool for characterizing nanoparticle is
the dynamic light scattering (DLS). Low cost and easy operation of the tool makes
it a primary choice to analyze the size and the size distribution of the nanoparticle
solution [37]. The Brownian motion of the particles dispersed in a liquid can cause
fluctuations of the scattered light intensity [37]. This fluctuation of intensity is
analysed by the autocorrelated function which calculates the diffusion coefficient of
the dispersed particles, and the application of Stokes-Einstein equation determines
the hydrodynamic size of the particles scattered in the solution [37]. Adding to that,
DLS can present average size of the particles and the size distribution of the particles
[37]. Besides low cost and ease of operation, raw data of the measurements from the
outcomes of the application is provided by the modern DLS tools that do not require
any further mathematical processing [37]. The size distribution of the three different
types of capped gold nanoparticles is shown in Figure 3.1. The sizes of the citrate-
capped, PVP-capped and TG-capped gold nanoparticles were 40 nm, 33.7 nm and
43.8 nm respectively are calculated as the weighted average values from the DLS

measurements shown in Figure 3.1 applying the equation (1).
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D - X (1dy) (1)
NI
Here, Y.V I; = 100 and I; = scattered light intensity from the particle with diameter
d;.
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Figure 3.1: Size distribution of three types of capped gold nanoparticles from the

obtained DLS measurements.

Characterization of nanoparticles with UV-Vis spectroscopy is another common
approach to estimate gold nanoparticles size, concentration and aggregation level
[38]. UV-vis spectrometers are easily available in the lab facilities and any alteration
of the sample is not required for the analysis. As a result, the registration of the
spectrum consumes minimal time. The absorption spectrum generated from the UV -
Vis spectroscopy can provide information on the surrounding dielectric medium
environment of the nanoparticles [38]. In UV-Vis spectroscopy, spectrophotometers
apply light source in the range of UV to the visible wavelength range on the sample

to measure the light absorbed, reflected or transmitted from the sample at each
23



illuminating wavelength. The results of UV-vis spectroscopy in Figure 3.2 are
obtained from BioTek Synergy HT UV-Vis spectrometer. Results show citrate-
capped gold nanoparticles underwent the highest absorption among the three types
of gold nanoparticles, something that is possible because citrate-capped gold
nanoparticles need the fewest cleaning cycles. Capping with larger molecules often
causes red shift of the resonance peaks, as is evident from the UV-vis spectrum of
the gold nanoparticles seen in Figures 3.2. Slight red shift with broad spectrum was
observed for PVP capped gold nanoparticles when compared with the spectrum of
citrate capped gold nanoparticles. This suggests that PVP being a larger molecule
compared to citrate and thioglucose, it provides a different dielectric medium. The
red shift of LSPR band is depended on the surrounding dielectric medium [39]. That
is why red shift of LSPR band for PVP is observed from 530nm to 535nm.
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Figure 3.2: UV-vis spectra of three types of gold nanoparticles capped with three
different capping agents: citrate, PVP, and TG.
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3.5 Experimental setup

Spectral acquisition from single cells was guided by an integrated dark-field
microscope system as shown in Figure 3.3 which is conceptualized by the previous
PhD candidate of our group and developed by both of us in the lab. The sample
developed on the glass slide was attached to a Thorlab xy-direction movable stage.
The side of the glass slide with the bacteria was faced towards the laser direction,
and a green LED light was used as a source of light to create the dark field. This
dark-field setup sent images through a CMOS (complementary metal oxide
semiconductor) image sensor camera connected to the low-cost, credit card sized
minicomputer- Raspberry Pi. This minicomputer can be plugged into any TV or
computer monitor and used for computing in any programming language. In this
setup, the Raspberry P1i is connected for a clear view of the bright bacteria cells with
nanoparticles or their clusters in a dark background (shown in Figure 3.3), as the
high-scattering cross-section of gold nanoparticles added contrast in the image [40].
By adjusting the slide stage, it was possible to bring each sample under the focus of
the Coherent LM-785-PLR-100-1K laser used in the system to get the SERS spectra
and the laser power was set to 9.78 mW. This laser light was collimated and reflected
from an 808 nm notch filter and allowed to shine on the sample through a 0.65
objective lens of the dark-field setup. The Raman signal scattered from the sample
then travelled back to the path, where the notch filter rejected the laser wavelength
and allowed the Raman signal to be incident on the 0.2 objective lens. Finally, the
Raman signal fell on the Kaiser /181 Spectrograph with a TE-cooled Andor CCD
camera controlled by Andor SOLIS software. The integration time used for each run
was 60 seconds, with 10 accumulation cycles. Initially, the whole system was
calibrated, and distances were adjusted with a test run on dried R6G samples. The

condenser lens used in the setup to create the dark field was a water immersion lens
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whose numerical aperture (NA) was 0.85, and thus a droplet of deionized water on

the glass slide facing the lens was necessary to get the dark-field output.
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Figure 3.3: Schematic of Raman spectrometer/dark-field microscope used in this
work. The components in the diagram are the laser, isolator (Iso.), 785 nm
bandpass filter (BP), 808 nm notch filter (NF), short pass dichroic mirror (SP-
DCM), the microscope mirror (M), the 0.65 NA objective lens (Obj.), the sample
(S), the 0.85 NA condenser lens (Cond.), the dark-field aperture (DFA), the
collector lens (L.), the green LED, the tube lens (L), the fiber coupling lens (Lc,),
the multimode fiber bundle (FB), and the spectrometer (Spec.).

3.6 Sample preparation for bacteria slides

Three of the species of bacteria used in the experiment, Staphylococcus aureus
(ATCC 25923, methicillin-sensitive S. aureus, or MSSA), E. coli (CFT073) and C.
acnes (ATCC 6919), were acquired from ATCC. The methicillin-resistant
Staphylococcus aureus (MRSA) strain (S. aureus BP017), a clinical isolate, was
obtained from The Ottawa Hospital. Ethical approval was obtained from the Ottawa
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Health Science Network Research Ethics Board to use the C. acnes bacterial strains
collected from periprosthetic joint infection patients for this study. Each of the four
bacteria samples was mixed with the nanoparticle solution in a microfuge tube in the
ratio of 1:9 and given a slight shake. Some drops of the mixture were spread onto a
glass slide and then allowed to settle there for 1 hour. After 1 hour, the bacteria were
heat-fixed to the slide and the liquid was aspirated, then the slide was dried under a
stream of clean filtered air. Finally, the slide was rinsed in a gentle stream of
deionized water to remove un-fixed cells and loosely bound debris, then dried again
with air. This process was repeated 3 times to ensure enough bacteria had adhered

to the slide for measurement.

3.7 Data analysis

All Raman spectra were processed using MATLAB. In this approach, the
background subtraction was performed using the adaptive iteratively reweighted
Penalized Least Squares (airPLS) algorithm [41]. The spectra were divided by the
highest observed intensity in order to normalize and conduct the classification
analysis. Spectra from bacteria samples also contained the spectrum of the

background matrix, which was also subtracted as background noise.

After background filtration, the data sets were classified and analyzed using genetic
algorithm support vector machine (GA-SVM). The GA-SVM method was applied
following the analysis and algorithm developed by Hunter et. al. [42]. In this GA-

SVM approach, hyperparameter selection for complex kernel functions was
accomplished by using a classical genetic algorithm. A kernel function k 1s a metric
of similarities between two points. So, SVM uses this kernel function to compare

between data points and use its feature space to construct an optimal hyperplane that
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works as a separation line in the data sets. The rational quadratic kernel (RQK) is
used here for classification, which is an infinite sum of exponentiated quadratic

Kernels as understood from equation (2)

v )2

2al?

Here, y is the data set obtained from the processed Raman spectra, with y; and y;

representing samples from it [43], and o, a and | are the hyperparameters of the
kernel that are selected by the genetic algorithm. Since in this case multi-class
classification was required for data analysis and results interpretation, “one-against-
one” multi-binary classifier method was applied on the data sets. Data sets were
divided in two groups: a training set (60%) and a test set (40%). The training set was
used to develop the discriminant analysis model, and the test sets were used to
validate the model. To obtain the SERS spectra, 10 spectra were averaged to get an
averaged spectrum for each bacteria cell, 3 respective background spectra were
averaged and then subtracted from the averaged spectrum of the individual bacteria.
At the end, baseline correction was applied using airPLS.

PLS-DA was then applied on the data sets to understand which Raman bands, and
the number of unique peaks, contributed to our discriminant analysis. PLS-DA
which stands for Partial Least Square Discriminant Analysis is a classification
method that is utilized for predictive and descriptive modelling along with selection
of discriminating variable selection. In this approach of classification,
dimensionality reduction is combined with discriminant analysis for high
dimensional data modelling [44]. This reduction is needed because spectral data have
large number of variables and dimensions. In this situation, ordinary least square
solution fails or cause overfitting of the model. To avoid these issues, multivariant

tools are required to continue modelling and discrimination [9]. Thus, PLS-DA is a
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common technique applied on Raman data for discriminant analysis. Table 1 shows
the PLS-DA outcomes for TG capped gold nanoparticles in bacteria species
identification and strains discrimination of S. aureus. PLS-DA achieved an overall
discriminant accuracy of 80% when trained on 60% of the data and validated on the
remaining 40%. Furthermore, the scatter plot in Figure 3.4 for TG illustrates that the
bacteria form distinct clusters in the first two scores whose associated loadings
describe 55% of the total covariance. These results illustrate the validity of
performing Raman band assignment using the first two loading vectors. Figure 3.5,
show the first and second loading vectors of the thioglucose capped gold
nanoparticles with positive and negative peaks in each loading. The baseline
correction by airPLS algorithm was done for each plot of the loading vectors of three
different capped gold nanoparticles and the Raman bands were assigned. Figure 3.6
shows the plot of first and second loadings for the TG after base line correction. The
band assignment showed that discriminating Raman peaks are present in both
loadings however, those discriminating Raman peaks are distinct in the second
loading. In Figure 3.11, second loading vectors for all three capping agents are

shown for Raman band assignment.

Table 1: PLS-DA of TG capped gold nanoparticles in bacteria detection
E. coli MRSA MSSA C.acne
Thioglucose | 100% 55% 50% 98%
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Figure 3.5: First and second loading vectors for the TG.
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Figure 3.6: First and second loadings of TG after baseline correction

3.8 Results of optimization of capping agents

The three types of capped gold nanoparticles were dried on glass slides, and the
Raman spectra from each were collected to confirm the successful coating of TG
and PVP capping agents by the replacement of citrate. As seen in Figure 3.7, several
Raman bands in TG and PVP spectra demonstrate that the bindings were successful
in the gold nanoparticles. The peak at 505 cm™! and 824 ¢m™?! in TG spectra
corresponds to the Au-S bond and CS ring respectively [45]. These peaks are absent
in the spectra for citrate capped gold nanoparticles, and the presence of thiol group
(S) in the bonds confirms the successful binding of TG with gold nanoparticles
displacing the citrate. In the spectrum for PVP-capped gold nanoparticles, the Raman
band ranging from 1495 cm™! to 1661 cm™? corresponds to the vibrations produced
by C-N and C=0 bonds of the lactam ring that came from PVP attached to the gold
nanoparticles [46].
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Another peak at 652 cm™? corresponds to the N-C=0 bend from PVP [46]. These
band ranges are also absent in the spectrum for citrate-capped gold nanoparticles,
confirming the adsorption of PVP by the gold nanoparticles. However, the overlap
of the bands with citrate-capped gold nanoparticles suggests that at some sites of the

gold nanoparticles, the citrate displacement could not be completed.
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Figure 3.7: Spectra from three types of gold nanoparticles capped with three
different capping agents: citrate, PVP, and TG.

The bacterial sample slides with capped gold nanoparticles were mounted in the
navigation stage, which, under adjusted focus, showed a clear view of a section of
the slide in the CMOS camera, as demonstrated in Figure 3.3. The CMOS camera
assisted again in adjusting the laser beam and tightly focusing the beam on the
bacterial cell. 35 cells per class were measured taken over three independent cultures
of bacteria. Approximately 10 spectra were collected per cell. Figures 3.8 and 3.9
show the mean of 100 spectra for each species. The standard deviation is shown
overlaying on the SERS signal obtained for E. coli with citrate capped gold
nanoparticles in the Figure 3.10 and the calculated signal to noise ratio (SNR) is 9.8
db. The PVP-capped nanoparticles consistently yielded the highest number of
distinct Raman peaks, with high intensities in the observed SERS spectra for all three

32



species of bacteria in the experiment and both strains of S. aureus (as shown in
Figures 3.8 and 3.9). In addition, Figure 3.9 shows that Raman spectra were
consistent for both citrate-capped and TG-capped gold nanoparticles with all species

and strains of bacteria in the experiment.
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Figure 3.8: SERS spectrum of (a) E. coli (b) C. acnes (¢c) MRSA and (d) MSSA
with three different capped gold nanoparticles.
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Figure 3.9: SERS spectrum of all species and strains of bacteria with (a) citrate
capped gold nanoparticles (b) PVP-capped gold nanoparticles and (c) TG-capped

gold nanoparticles.
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Figure 3.10: Standard deviation overlaid on the SERS spectrum of E. coli with

citrate capped gold nanoparticles.

3.9 Performance of capping agents in species and strain identification

350 SERS spectra of each bacteria species were then analyzed using SVM
discriminant analysis to compare the effect of capping agents on spectral
discrimination. Tables 2 and 3 show the species and strain identification accuracy
obtained with different capping agents. The results show that both citrate and TG
particles are better discriminants for species than PVP particles are. Moreover, as
shown in Table 3, TG is superior among the three in the identification of two strains
of S. aureus: MRSA and MSSA, which suggests that any bio-functionality gained

by the addition of TG results in a SERS substrate amenable to bacterial detection.
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Table 2: Species identification accuracy with different capping agents (p < 0.01 in
all cases, compared to null hypothesis of prediction of 33.3%)

Species Citrate TG PVP
C. acnes 97.8% 95.6% 63.6%
E. coli 96.2% 100% 85%
S. aureus 100% 89.7% 83.3%

Table 3: Strain identification by different capping agents (p < 0.01 in all cases,
compared to null hypothesis of prediction of 50%)

Strain Citrate TG PVP
MSSA 85.2% 91.4% 77%
MRSA 80.8% 87.7% 60%

3.10 Discussion

The results in Table 2 and 3 would appear to be counterintuitive based on the
previous results in Figures 3.8 and 3.9, which showed that the PVP particles yielded
the highest-intensity spectra. It may be the case that PVP-capped gold nanoparticles
attached to bacteria cell sites and structures that were conserved across the bacteria,
thus resulting in poor spectral discrimination. Better percentage of accuracy can be
achieved with citrate than with PVP in both species and strain detection. This can be
explained from studies that have found citrate-capped nanoparticles easily stick to
the cell wall, as the citrate layer can be replaced effortlessly by the proteins of the
bacteria cell wall, and the charge effect of the metallic nanoparticles allows to bind
strongly to the cell surface [12, 47]. Among the three capping agents applied, TG
(which has not been applied previously in SERS analysis of bacteria) yielded a
surprisingly good response in species identification and produced the best response

in discriminating MRSA and MSSA.
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To explore the outcomes further, we considered the importance of different Raman
spectral features by analyzing the loading vectors of PLS discriminant models. The
spectra from the second loading vectors of PLS for the three types of gold
nanoparticles with bacteria in Figure 3.11 helps to identify the contribution of Raman

bands by assigning the bands to different cell elements [12, 48, 49, 50].

Since the gold nanoparticles were capped with three different capping agents, the
spectral features seen in Figure 3.11 include Raman bands from metabolic secretions
of the cell and the cell wall components [12]. Capped gold nanoparticles can
penetrate inside the cell and adsorb to the cytoplasmic membrane and organelles
[12]. The individual spectral features of citrate-capped and TG-capped gold
nanoparticles with bacteria cells in Figure 3.11 shows multiple ranges of strong
peaks in Raman bands for four nucleic acid components (adenine, guanine, cytosine,
uracil and thymine) [12, 48, 49, 50]. Nucleic acid components are the basic
components that create genetic differences in strains of a species. However, PVP
showed weaker peaks for only two of the nucleic acid components (adenine and
guanine: 1326 cm™! to 1343 cm™1)[12, 48, 49, 50]. PVP produced distinctive peaks
in the Raman spectrum for the general cell body components existing in a typical
bacteria cell. As a result, although PVP was efficient in producing high-intensity
Raman peaks in the observed SERS spectrum, it provided a weak response in

discriminating the species and strains of bacteria.

The spectra from TG-capped gold nanoparticles with bacteria in Figure 3.11 shows
the highest number of Raman bands for the nucleic acid components among the three
types of capped gold nanoparticles. The Raman bands with TG-capped gold
nanoparticles can be assigned at 1265 cm™? (cytosine); 665 cm™?! (guanine), 640
cm™1 (tyrosine), 729 cm™! to 824 cm™! (cytosine, uracil, tyrosine, adenine and
thymine); 1300 cm™1! to 1400 cm™1 (adenine, guanine, and cytosine) [12, 48, 49,
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50]. This suggests that TG-capped gold nanoparticles, by binding strongly with
nucleic acid components, collect more information about genetic difference among
the species and strains than the other two capping agents collect. For this reason, TG

stands out as the best for both species and strain identification.
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Figure 3.11: Spectra of the PLS loading vectors for the three capping agents: citrate,
PVP, and TG.

Despite these differences, all three spectra for the three capping agents have Raman

peaks for some common components among them, e.g., lipid — carbohydrate (816

cm™1 to 895 cm™1), protein a- helix (960 cm™!), Amide III (112 cm ™1 to 1250

cm™1) [12, 48, 49, 50]. This suggests that three of the capping agents can attach

well with the bacteria cell to enhance the Raman scattered signal.

3.11 Conclusion

In summary, the capping agent is a vital factor in controlling the pattern and

functionality of metallic nanostructures in SERS. As a result, it can play a significant
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role in interactions with target molecules and achieve distinctive features from the
enhanced Raman signals. In this study, we selected three capping agents,
thioglucose, polyvinylpyrrolidone (PVP) and citrate, which were applied in SERS
detection of species and strains of bacteria. The collected SERS data under the
genetic support vector machine algorithm and discriminant analysis showed that
PVP provided minimal response in species or strain discrimination, although it had
the strongest Raman intensity peaks among the three capping agents. However,
thioglucose proved to have good efficiency in species detection of bacteria and
showed the highest accuracy in strain discrimination among the three applied
capping agents. Citrate, which is commonly applied in SERS of bacteria, lagged
behind thioglucose in strain identification. This demonstrates that thioglucose has
the potential to be an excellent capping agent in SERS detection of pathogens,
particularly in detecting MRSA and MSSA. Moreover, understanding the
mechanism of its interaction as a surfactant in SERS detection requires further

investigations in the field of SERS on micro living cells.
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Chapter 4 Study of SERS application on shoulder
tissue

4.1 Introduction

Periprosthetic joint infections are painful for patients yet difficult to diagnose. The
infections are usually caused by pathogens that are hard to detect. The purpose of
the research described in this chapter is to explore if SERS can be used to detect
shoulder tissue infections and to develop a valid diagnostic test for such infection. A
literature review revealed that SERS was never used in the diagnosis of shoulder
tissue infections. Consequently, a detailed SERS study was designed to find the
optimal conditions needed to maximize the Raman signal. For this study, ex-situ
SERS, in-situ SERS methods and the combination of both methods were applied on
the shoulder tissue samples. Tissue samples were incubated in the citrate capped gold
nanoparticle solution in the ex-situ SERS method. Citrate capped gold nanoparticles
were selected for this project as it is more often used in the biomedical applications.
For the in-situ SERS method, UV exposed photochemical reaction was utilized to
generate gold nanoparticles in the tissue samples from the gold precursor solution.
In the approach of ex-situ and in-situ applied together, the samples were incubated
first in citrate capped-gold nanoparticle solution and then exposed to UV light with

gold precursor solution.
4.2 Periprosthetic joint infection and application of SERS

Shoulder joint replacement surgery, or shoulder arthroplasty, can have serious risks
and complications. One is periprosthetic joint infection (PJI), a rare but serious
complication. This infection is now one of the frequent reasons for painful shoulder
arthroplasties [51]. Skin pathogens such as Cutibacterium acnes (C. acnes) and

Staphylococcus sp. are usually responsible for this infection [51]. Although 31% to
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70% of prosthetic shoulder joint infections are associated with C. acnes, this
microorganism is hard to detect because of its slow growth [51, 52, 53, 54]. In
addition, infection from the antibiotic-resistant Staphylococcus strain cannot be
treated with broad range antibiotics until detected, and this strain is hard to identify
until it forms biofilm around the new implant [51]. PJI can show up as an acute early
infection or a chronic late infection. Due to the large variance in the types of infecting
pathogens, it 1s beneficial to confirm the identity and antibiotic-resistant strain of the
infecting pathogen at the preoperative diagnosis stage. This confirmation and
information about the infecting pathogen at the surgical site can help to modulate the

cement used in arthroplasty with proper antibiotics for the pathogen of concern.

Two types of methods are applied to diagnose the infecting pathogens: direct and
indirect [51]. Direct methods both confirm the infection and detect the pathogen,
while indirect methods confirm only the infection. Direct methods, such as aspiration
or biopsy of synovial tissue, are therefore preferred [51]. Aspiration allows for
specific and nonspecific tests, such as cell count determination, the leucocyte
esterase strip test, and the alpha-defensin synovial fluid biomarker assay [51].
Synovial tissue can also be analyzed using PCR methods; however, PCR has great
potential to produce false positive results that can mislead the treatment. Biopsy
allows for a combination of tests, thereby improving the potential accuracy of the

diagnosis to achieve 100% specificity and sensitivity [51].

Surface-enhanced Raman spectroscopy (SERS) is an evolving technique in detecting
biomolecules and pathogens that could be applied to synovial tissue samples
collected by biopsy preoperatively and intra-operatively. A data comparison of the
preoperative and intra-operative tissue samples could help to determine a valid
diagnosis for the PJI. Using SERS to diagnose an infection could eliminate the need

to revalidate a diagnosis by running multiple experiments using different antibodies.
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4.3 Experimental setup

The setup for this optimization experiment was the same SERS setup detailed in
Section 3.3 of Chapter 3 of this thesis. However, for this experiment the darkfield
aperture (DFA) was removed to generate bright field image of the tissue samples (as
shown in Figure 4.1). Bright field image allowed clear vision of the tissue samples.
The glass slides with the samples prepared under various conditions (as detailed
below) were placed in the navigation stage to collect data from the Raman signal
that fell on the Kaiser /181 Spectrograph. The integration time used for each run was
60 seconds with 10 accumulation cycles. Later for image scanning, GVSMO002-
US/M - 2D Galvo System and SL50-CLS2 scan lens from Thorlabs were added to
the dark-field SERS setup. The spectrometer was also replaced by iHR320 Horiba
spectrograph controlled by LabSpec6 software. Figure 4.1 shows the modified

experimental setup for scanning microscope in SERS.

i LED
/\
L.
Cond.
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G
. Lsc
/I
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SP-DMC

Figure 4.1: Schematic of Raman spectrometer/dark-field scanning microscope used

in this work. The components in the diagram are the laser, isolator (Iso.), 785 nm
bandpass filter (BP), 808 nm notch filter (NF), galvo system (G), scan lens (Lg. ),
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short pass dichroic mirror (SP-DCM), the microscope mirror (M), the 0.65 NA
objective lens (Obj.), the sample (S), the 0.85 NA condenser lens (Cond.), the
collector lens (L), the green LED, the tube lens (L), the fiber coupling lens (Lc,),
the multimode fiber bundle (FB), and the spectrometer (Spec.).

4.4 UV treatment conditions

In this experiment, SERS spectra were acquired from synovial biopsy samples
enhanced with in-situ and/or ex-situ formed gold nanoparticles. In-situ generated
nanoparticles are formed by spontaneous oxidation and forced radicalization [55]. It
was expected that in-situ formed gold nanoparticles would provide a high-quality
spectral fingerprint to diagnose the PJI infection because in-situ generated
nanoparticles are expected to remain integrated deep inside the sample itself instead
of remaining attached to only outer membrane of the tissue cells. According to the
literature, the amount of time required for in-situ gold nanoparticle synthesis varies

from 3 seconds to 40 minutes [56, 57, 58].

A two-factorial experimental design with four levels of UV light power and one
category of UV exposure time was planned for the optimization purpose. The UV
exposure time was 24 hours, and the UV light powers were 5 mW, 10 mW, 20 mW,
and 30 mW, for a total of 4 conditions. Each condition was applied on 5 replicates
that used a total of 20 samples of the prepared tissue slides. A previous study found
that long exposure times at lower power result in the synthesis of larger gold
nanoparticles [59]. To achieve Raman excitation with 785 nm wavelength of laser,
40 nm nanoparticles were required with close nanogaps between adjacent
nanoparticles [60]. The samples under these 4 conditions were compared with
samples incubated with tetrachloroauric acid in the dark for 24 hours to clarify the

effect of UV exposure, untreated samples, and samples incubated with pre-
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synthesized gold nanoparticles for 24 hours. All conditions were compared based on
the SERS amplification obtained for each condition. Samples from the best
performing in-situ condition were then combined with pre-synthesized gold
nanoparticle incubation to observe if there was any elevated effect in the SERS. All
these optimization experiments were performed on the primarily infection-negative

slides, since this group contained more slides than the infection-positive group.

4.5 Sample preparation for tissue slides

This experimental work applied on tissue samples was conducted under the project-
Diagnostic Accuracy of Synovial Biopsy for Implant-Related Shoulder Infections,
for which the ethical approval was obtained from the Ottawa Health Science
Network Research Ethics Board. Shoulder tissue samples attached on glass slides

were provided by Peter Lapner’s research group.

Slides were randomly sorted out first, by placing 5 slides in one set to apply different
conditions of nanoparticles generation or fabrication. These multiple methods of
nanoparticle integration with tissue samples were carried out to compare their SERS

outcome.

After the sets of slides were sorted, each set was heated up in a bio-friendly oven at
its labelled low scale for 20 minutes so that the paraffin coating bonds get loose to
take off easily in the deparaffinization process. During this time, a soap solution was
prepared by mixing 0.8 g of dish cleaning soap with 400 ml of water. This solution
was needed to clean the paraffin film coat on the tissue samples used to stick them
to the glass slides initially. The soap solution was then heated up to boil on a hot
plate in a beaker at 170°C. On another hot plate, two heavy, glass slide- staining
dishes were placed side by side, covered with aluminium foil (to confine the heat

inside to expedite the heating process) and heated at 90°C. Once the soap solution

43



started to boil, 200 ml were poured immediately into each slide- staining dishes on
the hot plate.

By this time, the slides had completed heating up and were taken out of the oven.
With the help a of a slide rack, they were all immersed in one of the dishes filled
with soap solution and kept immersed for 2 minutes. After 2 minutes, they were
transferred to the next dish and immersed again in clean soap solution for another 2
minutes. Then each slide was cleaned for 5 minutes in hot tap water and deionized

water.

An anti-buffer solution had been prepared earlier by mixing 2.184 g of sodium citrate
and 0.302 g of citric acid to a bottle of 900 ml of deionized water. Then, 0.45 ml of
Triton were added to the solution and mixed well for 15 to 20 minutes via inversion.

The beaker 200 ml of anti-buffer solution was then heated up on a hot plate to boil.

A new slide staining dish was covered with foil and placed on another hot plate at
90°C to heat up. As soon as the solution started boiling, it turned foggy, and it was
poured immediately in the dish on the hot plate. The cleaned slides were then
immersed in this hot anti-buffer solution for 30 minutes. Each of the slides was then
cleaned for 5 minutes in deionized water and dried for 10 minutes in the oven. The
dried slides were then placed in the UV-reactor slots developed in the lab by a PhD

student in our group.

Citrate-capped gold nanoparticles were synthesized following the recipe described
in Subsection 3.2 of Chapter 3 of this thesis. According to the ex-situ and in-situ
conditions of gold nanoparticle integration into tissues, they were kept inside the
reactor with the required power and time frame designed for the conditions. The
nanoparticles attached to the tissue turned some spots of the samples into black (as

shown in Figure. 4.2), which suggests that these spots have junctions that
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nanoparticles will attach to or that these spots produce the desired gold nanoparticles

as per the treatment applied on them.

Figure 4.2: Slides in UV reactor slots after gold nanoparticle integration to the

tissue samples.

4.6 Data analysis

All Raman spectra were processed using MATLAB. In this approach, the
background subtraction was performed using the adaptive iteratively reweighted
Penalized Least Squares (airPLS) algorithm [41]. For each tissue sample, 10 SERS
spectra were collected along with 3 background spectra. Average of background
spectra was subtracted from the averaged SERS spectra prior to application of
airPLS on SERS spectra. The spectra were divided by the highest observed intensity
in order to normalize. The Raman integral is calculated from the normalized spectra

to compare each condition applied to the samples.
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4.7 Results and analysis

4.7.1 SERS optimization

To apply SERS experiment on shoulder tissue and to optimize the method for the
purpose of infection diagnosis, eight combinations of conditions were applied to

create eight different sample sets. They are summarized in the following table.

Table 4: Summary of conditions of the experiment process.

Type of UV power uv Citrate Gold
n.anopart.icle (mW) reactor particles solution
Integration .

time

(hrs)
Set A Raw sample 0 0 Not added | Not added
Set B In-situ 0 24 Not added Added
Set C Ex-situ 0 24 Added Not added
Set D In-situ 5 24 Not added Added
SetE In-situ 10 24 Not added Added
Set F In-situ 20 24 Not added Added
Set G In-situ 30 24 Not added Added
Set H In-situ + ex-situ 20 24 Added Added

Sets B, D, E, F, and G allowed in-situ gold nanoparticle integration to the tissue
samples, and Set C allowed ex-situ gold nanoparticle integration. Set H was treated

with both ex-situ and in-situ nanoparticles; the 5 samples in Set H were incubated
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for 24 hours in citrate capped gold nanoparticle solution, and then 20 mW of UV
power was applied to the samples incubated in gold solution for 24 hours.

The ex-situ method of sample preparation provided externally attached citrate
capped gold nanoparticles to the samples, while the in-situ method generated gold
nanoparticles inside the tissues on the slides. Colloidal synthesis and the application
of nanoparticles on the samples required delicate control of the nanoparticles’
morphological features to maximize the SERS effect. Advancement in
nanotechnology has shown how the photoreduction process can contribute to the
formation of crystal-based gold nanoparticles [61]. The UV radiation of different
wavelengths can induce photochemical reactions in gold solutions, and the available
biomolecules in the cell membranes in the presence of surfactants can control the

dimensions of the generated gold nanoparticles [61].

The 100 spectra were collected from ten different spots on each tissue slides and 3
spectra were collected from blank spot to capture the background spectra. The
average of 3 background spectra were subtracted from the average of 100 tissue

spectra as shown in Figure 4.3.
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Figure 4.3: Shoulder tissue spectrum after background subtraction.

Figure 4.4 shows the comparison of SERS spectrum for the first three sets: A, B, and
C. These results confirm our expectation that the raw samples cannot provide a
strong SERS signal. Figure 4.4 also suggests that the dark-field environment cannot
create any in-situ gold nanoparticles in the cells of the tissue, and therefore the
intensity counts for that set (Set B) are very low. However, the surge in intensity
counts can be noticed in Set C, where citrate-capped gold nanoparticles were
incorporated ex-situ through 24 hours of incubation. This suggests that a sufficient

amount of citrate-capped gold nanoparticles can attach to the shoulder tissue to

provide a strong SERS signal.
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Figure 4.4: Comparison of SERS spectra from Sets A, B, and C.

The UV reactor developed in our group is controlled by a microcontroller based on
an Arduino system. It can provide power input from 1 mW to 30 mW. Therefore, to
confirm in-situ generation of gold nanoparticles in tissue and understand which power
strength would work the best in inducing a strong photochemical reaction for in-situ
gold nanoparticle formation in the shoulder tissue samples, the UV reactor was run
initially at 5 mW, and then the power was increased for the next sets of samples.
Figure 4.5 shows that 5 mW (Set D) is not enough to produce sufficient gold

nanoparticles to render strong SERS from tissue samples.
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Figure 4.5: Comparison of SERS spectra from Sets A, B, C, and D.

The UV power was then gradually increased to the maximum value of 30 mW, and
the corresponding SERS spectra were collected. Comparison of all these spectra
suggested that 20 mW is the optimum power of the UV reactor that can generate
potentially strong and sufficient in-situ gold nanoparticles in the shoulder samples
(as seen in Figure 4.6), as it gives the highest integrated spectral intensity among all

applied UV powers.
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Figure 4.6: Comparison of integral spectral intensity from SERS spectra of Sets A,
B,C,D,E,F, G, and H.

Comparing all the sets in Figure 4.5 shows that among all UV power strengths
applied in this experiment, 20 mW provided a strong response in producing SERS
signal with in-situ gold nanoparticles. Further, the ex-situ integration of gold
nanoparticles in Set C provided a better response than the in-situ formation of gold

nanoparticles in shoulder tissue samples at 20 mW in Set F.

To confirm this scenario, another new set of samples (Set I in Table 5) were used to
test ex-situ integrated gold nanoparticles condition. For Set I, sample slides were
incubated for 24 hours in citrate-capped gold nanoparticles. Another set of samples
(Set J in Table 5) was also tested combining the ex-situ and in-situ conditions. Then
the SERS data were collected in the dark-field microscope setup. The results were

compared with the previous outcomes in Figure 4.7.
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Table 5: New sets used to confirm the results from the ex-situ method and
combination of ex-situ, in-situ methods.
Type of UV power | UV reactor Citrate Gold
n.anopart'lcle (mW) time (hrs) articles solution
p
Integration
Set 1 Ex-situ 0 24 Added Not added
SetJ In-situ + ex-situ 20 24 Added Added
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Figure 4.7: Comparison of integral spectral intensity from SERS spectra of Sets A,

B,C,D,E,F,G,H, I and J.

Figure 4.7 shows that the Raman signal enhancement for Set I (ex-situ integration)

and Set J (ex-situ and in-situ integration) were lower when compared with Set C

(exsitu integration) and Set H (ex-situ and in-situ integration) respectively. Different

Raman integral in the result for different set of samples even when the same
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conditions were applied suggests that inhomogeneous feature of tissue samples

contribute to changing the SERS outcome even if the same conditions are applied.

4.7.2 Raman band assignment of SERS spectra obtained from
shoulder tissue

Raman band assignment was performed in SERS spectrum from Set F (tissue
samples with in-situ formation of gold nanoparticles at 20 mW) as shown in Figure
4.8 to better understand the tissue structure. It also confirmed that molecular
fingerprints of tissue components can be observed when SERS is applied on the
shoulder tissue samples. Figure 4.8 shows Raman bands from 820 cm™1! to 880
cm™~! which are responsible for C-C collagen bond [62]. Collagen is the dominant
molecular compound for this type of musculoskeletal tissues. Other distinct peaks in
the spectrum are identified as C-C stretch, a- helix from hydroxyproline of collagen
(at 938 cm™1), and the tissue minerals CO (at 1070 cm™! ) and PO (at 958 cm™1)
[62].
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Figure 4.8: Raman band assignment in the SERS spectrum obtained set F.
53



This band assignment further proves that the experiment was successful in

generating in-situ gold nanoparticles in tissue samples through UV photoreduction.

4.7.3 Raman signal in scanned image of shoulder tissue

As Figure 4.7 shows, the Raman signal intensity for different tissue samples can
differ even when the conditions for preparing those samples are the same. Such a
result is not unexpected. As tissues are combinations of different types of cells and
bio substances, there is large variance in the cell environment of this type of bio
samples. As a result, all slides will not produce the same quantity or quality of
nanoparticles. To confirm this variance in tissue sample, scanning microscope
components were integrated to the SERS experimental setup as shown in Figure 4.1
of section 4.3. The variance in a section of tissue sample and the extent to which this

variation affects the SERS outcome is depicted in Figure 4.9 generated from the
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Figure 4.9: (a) Bright-field image of the scanned region of tissue sample, (b)
scanned image of SERS spectra, and (c) image registration of bright field image

and scanned image of SERS spectra obtained from the tissue sample.

As observed in Figure 4.2, the regions where in-situ gold nanoparticle generation
was successful turned black. This phenomenon is also clearly observable from the

bright-field image in Figure 4.9(a). The mapping image of SERS spectrum in Figure

54



4.9(b) showing Raman integral intensity with colours clearly demonstrates that even
though gold nanoparticles were seen generated in the tissue samples and provided
SERS spectrum, the quantity and quality of nanoparticles generated in each pixel of
the image are not consistent throughout the image. As a result, large variation is

observed in even a small region of the tissue sample, as shown in Figure 4.9(c).

To understand if any specific component of shoulder tissue affects gold nanoparticle
integration and the resultant SERS signal, the colour bar of Raman integral intensity
in Figure 4.9(b) was divided into 10 sections. The averaged Raman spectra of each
section were then compared with other sections to understand the trend of increment

in Raman integral intensity with tissue variance (as shown in Figure 4.10).
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Figure 4.10: Raman spectra for Raman integral band (a) 833 to 1337, (b) 1337 to
1841, (c) 1841 to 2345, (d) 2345 to 2848, (e) 2848 to 3352, (f) 3352 to 3856, (g)
3856 to 4360, (h) 4360 to 4864, (i) 4864 to 5367, and (j) 5367 to 5871.
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Table 6 shows the Raman band assignment of increasing peaks and the dominant

peaks in each section of Raman integral band [62, 63, 64].

Table 6: Raman band assignment of 10 sections of the Raman integral colour bar on

the scanned image of SERS spectra in Figure 4.9.

Raman integral | Corresponding Raman Assignment
bands based on bands showing
colour bar in increase in intensities
Figure 4.9 with the increase in
Raman integral band
(cm™)
833 to 1337 1170 (dominant peak) Amide I1I
1337 to 1841 650-670 Monosodium Urate
820-889 C-C collagen bond, Proline,
Hydroxyproline
1009 Type I collagen, Phenylalanine
(Protein)
1061 Proteoglycan (Protein)
1107 Ring associated carbohydrate
bond, isomer conformation in
lipids
1174 Amide III (peptide bond)
1280 Amide III (peptide bond)
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1841 to 2345 Same as previous Raman| Same as previous Raman integral
integral band band
2345 to 2848 Same as previous Raman| Same as previous Raman integral
integral band band
2848 to 3352 Same as previous Raman| Same as previous Raman integral
integral band band
3352 to 3856 Same as previous Raman| Same as previous Raman integral
integral band band
3856 to 4360 Same as previous Raman| Same as previous Raman integral
integral band band
4360 to 4864 Same as previous Raman| Same as previous Raman integral
integral band band
4864 to 5367 650-670 is dominant | Same as previous Raman integral
and other peaks same as band (Monosodium Urate
previous Raman integral dominant)
band
5367 to 5871 Same as previous Raman| Same as previous Raman integral
integral band band

The Raman integral is the lowest (833 to 1337) for the region where peptide bond-

Amide III (at 1170 cm™1) is dominant among other building components of shoulder

tissue. This i1s expected because the sample attached to the glass slide has a coat of

polylysine and this polymer compound is a chain of linear polypeptide with free

amine side arms [65]. As a result, the dominant peak of Amide III in the lowest

Raman integral range is observable. As the presence of different collagen
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components (e.g., C-C collagen bond, proline, hydroxyproline, type I collagen),
multiple protein components (e.g., phenylalanine, proteoglycan), carbohydrate
bonds, and lipids increases, the Raman integral intensity increases, which suggests
that these regions have high potential in generating the large quantity and good
quality of gold nanoparticles required to enhance the Raman signal. However, band
assignment on Raman spectrum from Raman integral band 4864 to 5367 shows that
the dominant peak in that region comes from purines related to DNA/RNA [63, 64].
This reveals that the specific region of Raman integral band in the tissue slide had a

large amount of purines deposition compared with other building components.

Most of the peaks in Raman spectra can be associated to multiple collagen and
protein bands. This suggests that the presence of collagen and proteins are high in
the region of tissue sample shown in the bright-field image of Figure 4.10. Moreover,
it points that the regions of tissue enriched with collagen and different proteins have

a high probability of generating a large number of good quality gold nanoparticles.

4.8 Discussion and conclusions

Data acquisition and final comparison presented in Figures 4.7 and 4.9 identify that
the optimum condition selection for the tissue samples is not feasible without
scanning the tissue sample. This means that to confirm the optimum condition
needed for integration of gold nanoparticles to the tissue samples, further in-depth
study of SERS spectra is required for each selected condition in Table 4 using Raman
band assignment. Raman band assignment can assist to deliberate the effects of
different conditions in SERS signal generation from the shoulder tissue samples.
Moreover, it can help to overcome the inconsistency of SERS signal due to the
variance in tissue sample. This can be achieved after spectral image scanning.

Spectra with high Raman integrals can be sorted out and averaged from the scanned
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spectral image (as shown in Figure 4.9(b)) for Raman band assignment. These
outcomes for each set of selected conditions in Table 4 can be obtained and
compared with each other to finalize the optimum condition for the clearest SERS
outcomes of shoulder tissue samples. This optimization of SERS method application

on shoulder tissue samples can lead us forward to a novel approach to diagnose PJI.
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Chapter 5 Summary and future work

5.1 Summary

SERS is a powerful tool in biomolecule detection due to its high sensitivity and
specificity. This thesis focuses on the detection of bacteria in two different
biomedical applications using SERS. The first study focused on the optimization of
capping agents for SERS detection of bacteria in human body while the second

focused on developing a SERS method to detect shoulder tissue infections.

In the first application, three capping agents — polyvinylpyrrolidone (PVP),
thioglucose, and citrate — were applied on the gold nanoparticles to analyze their
effect in SERS detection of three different species of bacteria and identification of
two strains of S. aureus. TG and citrate showed the best response in species detection
of the bacteria, and thioglucose was the best among the three in the two-strain

discrimination for S. aureus.

In the second application, ex-situ and in-situ methods of gold nanoparticle synthesis
were applied on shoulder tissue samples to study the SERS outcome from shoulder
tissue samples. This study showed that the application of SERS in shoulder tissue is
possible and that in-situ generation of gold nanoparticles by UV exposure in tissue
samples is also a successful approach. However, the optimum condition for SERS
method remained unidentified due to the high variance in the tissue samples. This
required integration of scanning microscope to the SERS setup used for the
experiment. The scanned image of SERS spectra and its Raman band assignment
confirmed the inhomogeneity in tissue sample causes inconsistent SERS spectra
from one sample to the other even with same conditions applied. It is now understood
that to overcome the tissue variance and decide the optimum SERS condition,

scanning microscope involved SERS setup should be applied for each selected
60



conditions applied on the tissue samples. This can allow to collect the highest Raman
integral spectra in each case and neglect low intensity Raman spectra following the
Raman band assignment in each scenario to better understand the mechanism of

SERS in shoulder tissue application.

5.2 Future work

5.2.1 Application of TG capped gold nanoparticles in SERS detection
of bacteria

It 1s successfully demonstrated that E.coli, C.acnes and MRSA, MSSA strains of
S.aureus can be successfully identified with 3 different capping agents (citrate,
thioglucose and PVP ) where citrate and thioglucose, both showed similar
contribution in species detection and thioglucose showed the best response in strains
identification of S.aureus. All bacteria species and strains utilized in this experiment
for species and strain identification were in Lysogeny broth (LB) media. Since TG
capped gold nanoparticles already showed outstanding response among the three
capping in SERS identification of bacteria in this thesis, they are now utilized in our
lab for species and strain identification of bacteria from serum and synovial fluid.
Based on the outcomes from the serum and synovial media, the future target is to
apply the thioglucose capped gold nanoparticles on the real patient samples for

pathogen detection.

5.2.2 PJI diagnosis by SERS

PJI infection is caused by pathogens which are difficult to diagnose. Since SERS is
a potential technique with high sensitivity and molecular specificity, it is selected to
investigate PJI infection in shoulder tissue. We have conducted the first study of both
ex-situ SERS and in-situ SERS by UV exposed photochemical reaction on the

shoulder tissue. Different UV powers and incubation time were implemented to
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optimize the SERS method for shoulder tissue application. Results of the
optimization were inconsistent due to the inhomogeneity of the tissue samples. To
confirm this inhomogeneity, scanning microscope was integrated to the dark field
SERS setup. Then the scanned image of the SERS spectra showed that Raman
integral intensity variation is high in even a small region of tissue for the nonuniform
tissue environment. The Raman band assignment then confirmed that the region with
high collagen and protein intensity can provide stronger Raman signal. This project
is still ongoing. To complete the SERS optimization for PJI diagnosis, scanned
image of SERS spectra is now obtained for each selected conditions in this thesis.
These SERS image spectra should be generated for all sets of slides and then
analysed with Raman band assignment. This can allow to neglect low Raman
intensity spectra and consider the high integral Raman intensity for comparison
among the conditions. Once the optimum UV-power is identified, then the results
from ex-situ, in-situ and combination of both conditions can be compared to identify
the best approach to apply SERS on the shoulder tissue samples. Future goal for this
SERS method optimization is to apply on infected shoulder tissue samples to identify

the PJI pathogen.
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