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Abstract 

Early cancer detection remains challenging due to numerous complex tempo-spatial 

metabolic changes in cell physiology. Based on their ability to recognise molecular 

structures and pathological changes at molecular levels, spectroscopic have recently 

emerged as promising non-invasive, non-ionising, and cost-efficient tools to help 

detect cancer, and other human pathologies. Raman spectroscopy is a valuable 

technique that provides information regarding the chemical properties of materials. 

Nevertheless, it has limitations due to the limited amount of Raman light scattered. 

Strategies for cancer diagnostics and therapies are based on the hypothesis that 

nanoparticles (NPs) can be precisely tailored to target cancer cells. However, the tools 

required to image NPs at cellular levels remain scarce in the literature.  

The work outlined in this thesis, for the first time, utilises noble metal NPs and Raman 

reporters, with the mechanisms of surface enhanced Raman scattering (SERS) and 

coherent anti-Stokes Raman scattering (CARS), in cancer cells and tumour spheroids 

to address the demerits of low spatial resolution, signal-to-noise ratio, and chemical 

specificity. SERS and CARS have broadly been explored in this regard. To increase 

the effectiveness of Raman scattering, a variety of techniques have been devised to 

boost its intensity. Primarily, I studied four techniques to increase Raman scattering 

intensity with the ultimate objective of improving sensitivity and assessing limits of 

various Raman methods: SERS, surface-enhanced coherent anti-Stokes Raman 

scattering (SE-CARS), surface-enhanced stimulated Raman scattering (SE-SRS), 

and broadband coherent anti-Stokes Raman scattering (BCARS). Coherent Raman 

scattering (CRS) is utilised to enhance weak Raman bands. The signal is enhanced 

by nonlinear interaction of the excitation lasers within the sample. Despite the 

advantages offered over Raman, CRS has been relatively unexploited for image 
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Raman tagged NPs. This challenge has recently been addressed using surface 

plasmon enhancement, which gives significantly enhanced inelastic scattering signals 

as well as reduced signal-to-noise ratio. Surface-enhanced coherent Raman 

scattering (SE-CRS) has been characterised by using a variety of techniques such as 

SERS, CARS, and SE-CARS.  

This work provides a step forward to develop plasmon enhanced SRS and CARS in 

addressing critical biological questions using nonlinear bio-photonics. In the first part 

of this thesis, I developed a reproducible substrate that mimics gold nanoparticles 

(AuNPs) and allows forward detection which is critical for CRS. I investigated the 

effects of annealing on gold films deposited on glass substrates with thicknesses from 

3 nm to 15 nm as described in depth in chapter 5. In addition to this, it provides an 

explanation of the work that was performed to explore the interaction between Raman 

tags BPT (biphenyl-4-thiol), BPE trans-1,2-bis(4-pyridyl) ethylene, and IR 820 (new 

indocyanine green) on gold films substrates using 785 nm laser excitation. In the 

second part of this thesis, I investigated the interactions between Raman tags of BPT 

on gold films substrates using CRS and broadband CARS techniques. These 

experiments also offer the SE-CRS enhancement signal. The research done to 

examine gold thin film substrates and to offer SE-SRS and SE-CARS enhancement 

signals in the fingerprint region as described in chapter 6. Using CRS microscopy, the 

investigations in this chapter study these interactions. In the third part of this thesis, I 

developed a novel imaging methodology for the visualisation of AuNPs inside cellular 

structures and spheroids, with the intention of acquiring distinct spectroscopic 

fingerprints. Consequently, I undertook the task of devising protocols for visualising 

AuNPs and Raman reporter molecules within cancer cell models, spheroids, and 

animal tissues as described in chapter 7. The aim was to attain distinctive 
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spectroscopic profiles by employing the SE-CRS technique, achieved by illuminating 

AuNPs along with Raman reporter molecules (BPT, BPE, IR 820) using low intensity 

infrared light, with both the pump and Stokes beams operating at intensities below 0.2 

mW. In summary, this thesis sheds light on the development of surface plasmon 

resonance phenomena based on metallic nanostructures for use in nonlinear inelastic 

scattering systems, including surface-enhanced Raman scattering (SERS), coherent 

Raman scattering (CRS), and surface-enhanced coherent Raman scattering (SE-

CRS). The primary focus is to use this system for disease diagnostics, rooted in SERS, 

reflects a commitment to advancing cancer diagnostics, based on SERS thereby 

enhancing the precision and discrimination of molecular signals, making a significant 

stride towards more effective and nuanced cancer diagnostics. 
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Chapter 1:  Introduction and Overview of the Thesis 

1.1 Background 

Cancer affects millions of people in the UK and across the world [1]. Despite the recent 

developments and advancements in magnetic resonance imaging (MRI) and 

ultrasound imaging, cancer detection at a very early stage remains a significant 

challenge in clinical settings. Nanotechnology combined with Raman spectroscopy is 

one promising approach to detect several cancers in pre-clinical settings [2]. Over the 

last two decades, Raman spectroscopy has been extensively explored for cancer 

diagnosis [3-6]. Nevertheless, these approaches still present several challenges, 

including the generation of low Raman signals, a diminished signal-to-noise ratio 

(SNR), and a limitation in detecting scattered signals [7-10]. Gold nanoparticles 

(AuNPs) are widely  explored for surface enhanced Raman spectroscopy (SERS) in 

pre-clinical  models and more recently for nanotheranostics [11]. All these  studies are 

based on the hypothesis that AuNPs can be engineered to target specific cell, tissue 

and pathogen markers in order to perform targeted therapies [12]. Gold is a typical 

example of noble metal. In order to rationally engineer AuNPs that selectively target 

disease markers, high resolution imaging of AuNPs at the cellular level is required to 

understand where the NPs go [13,14].  

Photonic technologies involve the generation, manipulation, and detection of light 

(photons) for various applications. These technologies harness the fundamental 

principles of optics and photonics to develop devices and systems that impact a wide 
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range of fields. Spectroscopy is a technique used to study the interaction between 

matter and electromagnetic radiation. It involves the measurement of the intensity of 

light at different wavelengths, allowing scientists to obtain information about the 

composition, structure, and physical properties of materials. There are various types 

of spectroscopies, each tailored to study specific aspects of matter. There are different 

forms of spectroscopy such as fluorescence, UV/vis, Nuclear magnetic resonance, 

and Raman spectroscopy. Raman spectroscopy is a technique used to study 

vibrational, rotational, and other low-frequency modes in a system by inelastically 

scattering monochromatic light.  

Raman spectroscopy continues to be a versatile and valuable analytical technique, 

finding applications in diverse scientific fields. Raman spectroscopy can be classified 

into two main types based on the nature of the scattering process: linear and nonlinear 

Raman spectroscopy. In linear Raman spectroscopy, the intensity of scattered light is 

proportional to the intensity of the incident light. The scattering process is a linear 

response to the excitation source. Whereas nonlinear Raman spectroscopy involves 

higher-order nonlinear optical processes in addition to the linear Raman process. The 

intensity of the Raman scattering is no longer directly proportional to the intensity of 

the incident light. In summary, both linear and nonlinear Raman spectroscopy are 

valuable techniques, each with its unique strengths and applications. The typical 

example of linear Raman is spontaneous while the examples of non-linear are 

stimulated and coherent Raman. Stimulated and coherent Raman scattering is a 

coherent four-wave nonlinear optical mixing process, whereas spontaneous Raman 

scattering is an incoherent process. In the current thesis, I focus on surface enhanced 

Raman scattering (SERS), stimulated Raman scattering (SRS), coherent Anti-Stokes 
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Raman scattering (CARS), and surface enhanced coherent Raman scattering (SE-

CRS). 

SERS is an optical mechanism with signal sensitivity and chemical specificity at 

molecular level [15]. The electromagnetic enhancement mechanism of SERS is 

facilitated by localised surface plasmons of metal nanostructures [15]. The size of the 

local optical field generated by the plasmonic nanostructure depends on parameters 

such as shape, morphology, chemical and physical characteristics as well as optical 

features [16, 17]. Through the interaction of these features, electromagnetic hotspots 

can be produced to facilitate the ultrasensitive detection of various molecules using 

SERS platforms [16]. SERS enhances signal, but still requires acquisition time of 

seconds which is still slow [18]. The challenge in typical Raman systems however is 

to obtain contrast of Raman reporters on AuNPs. Based on the demerits in existing 

linear Raman systems, nonlinear Raman scattering regimes are a promising 

alternative. For example, coherent Raman spectroscopy (CRS) has been shown to 

provide near video rate imaging with sub-cellular resolutions [13]. CRS include 

coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering 

(SRS). The same principle of SERS has also been used for CRS, which has recently 

been exploited by a few research groups, including those led by Sumeet Mahajan, Ji-

Xin Cheng, and Eric Potma [19-21]. Interestingly, these groups mainly developed gold 

films and nanoparticles to enhance CARS signals.  

The current work aims to develop islandised Au film and of varying thicknesses on the 

coverslips to explore the potential of surface-enhanced coherent Raman scattering 

(SE-CRS) for tissue. The objectives are: to develop novel CRS by combining CARS 

with plasmonic of NPs on reproducible surfaces; to  illustrate a substantial correction, 

with a 106 strong enhancement factor, between plasmon resonances and the efficacy 
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of surface-enhanced CARS (SE-CARS) schemes to heighten the discrimination of 

molecular signals for application in cancer diagnostics; to probe the CARS methods 

and their underlying interactions between gold surfaces to improve the surface 

enhancement and chemical specificity significantly; to combine the surface 

enhancement and CARS in the real-time monitoring and tracking of diseased cells, 

and to exploit the SE-CARS system in cell cultures further to obtain specificity of 

cellular localisation, uptake mechanism of particles and role of surface enhancement 

in these approaches chemically; and finally, to develop a laser-based imaging 

technique for medical diagnostics based on this plasmon enhanced Raman scattering. 

While on the other hand Au thin film substrates were used to investigate whether 

AuNPs have ability to contribute towards SERS. 

The experimental work of the current thesis was performed as a part of Engineering 

and Physical Sciences Research Council (EPSRC) funded programme grant, RaNT 

‘developing the targeted diagnostics and therapeutics of the future by combining light 

and functionalised NPs. The aim was to develop a new protocol for the imaging of 

AuNPs in cells and spheroids to obtain specific spectroscopic signatures. I therefore 

worked on developing such protocols which have been mentioned in this thesis to 

image AuNPs and Raman reporter molecules in cancer models of cells, spheroids, 

and animal tissues in order to obtain specific spectroscopic signatures via SE-CARS 

when AuNPs and Raman reporter molecules (BPT, BPE, IR 820) were illuminated 

under low power intensity (<0.2 mW) infrared light. This protocol is now in routine use 

for RaNT team members working across multiple institutions (Exeter University, UCL, 

Cambridge university). The use of this protocol has already been extended towards 

tissues as well using the similar optimised conditions. It is hoped that this work has 

potential to open the way for real-time identification, measurements, and 
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internalisation of drug free or drug carrying nanoparticles, of unique molecular 

representatives of the disease. 

1.2 Motivation and study aims 

Some challenges in conventional linear Raman systems include issues related to 

signal-to-noise ratio and the potential for limited chemical specificity. To address these 

concerns in scientific literature, the current these aims to devise and use surface SE-

CRS. Nonlinear techniques are able to provide signal strength far greater than the 

more traditional forms of linear Raman spectroscopy for example, Raman 

spectroscopy. To measure vibrational signal of samples using CRS, it is better to 

measure Raman scattering first. This research work exploits the interaction of AuNPs, 

Raman tags (molecules), cancer cells and spheroids using SERS, CARS, and SRS, 

and provides mechanistic insights into the enhancement of Raman fingerprints. 

The overall objective of this thesis is to develop high spatial resolution hyperspectral 

multiplexed imaging of Raman tagged AuNPs. To achieve this objective, specific aims 

are listed as: 

• To fabricate a substrate AuNPs and enables CRS detection in the forward 

direction. I therefore investigated the effects of annealing on gold films coatings 

ranging in thickness from 3 nm to 15 nm and deposited on glass substrates. 

Forward detection stands as a pivotal element for SE-CRS that distinguishes these 

substrates as novel and sets them apart from previous work in the field (Chapter 

5). 

• To explore the nonlinear optical response of the substrates and the enhancement 

of coherent Raman signals from a range of biomolecules tethered to the surfaces 
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and demonstrating that the resonant plasmon dependence of SE-CARS signals 

through the samples (Chapter 6). 

• To determine if significant additional enhancements would occur over CARS when 

pump, Stokes and anti-Stokes frequencies coincide with plasmon resonances; to 

demonstrate the molecular specificity of the SE-CARS signals; and to verify the 

power dependence of these signals using 4T1 cancer cells and spheroids (Chapter 

7). 

1.3 Thesis outline 

This section provides a brief a summary of each chapter in the thesis. 

Chapter 2: Background and literature review 

This chapter provides a background and literature review for the SE-CRS processes, 

staring from the discussing of Raman spectroscopy. 

Chapter 3: Fundamental theories of Raman spectroscopy 

 This chapter provides the theoretical background for all the Raman processes 

covered in this thesis. Starting with a formulation of Raman scattering, the theory 

proceeds with an analysis of all coherent techniques covered. The derivation of the 

differential and total Raman scattering cross sections are shown, for lowed by the 

derivation of total CARS signal, including contributions from resonant and non-

resonant susceptibilities. 
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Chapter 4: Experimental procedure and analysis techniques 

This chapter describes all materials, the experimental methods, all setup that used 

and data analysis programme utilised in this thesis. 

Chapter 5: Development two-dimensional SERS substrates 

This chapter describes the investigation of islandised gold films on SERS. The aim is 

fabricating a reproducible substrate that mimics AuNPs and enables CRS detection in 

the forward direction. Forward detection is a critical component of SE-CRS that 

characterises these substrates as unique and distinguishes them from previous work 

in the field. The procedures that are employed to fabricate and characterise SERS 

substrates at different size of thicknesses 3 nm to 15 nm of gold (Au) adhesion with 3 

nm chromium (Cr) that has been thermally evaporated onto glass substrates and 

annealed at various temperatures 350 °C, and 450 °C on hot plates for 3 hours. For 

the identification of certain biomarkers at low concentrations, this increased signal has 

potential use in the biological area, such as cancer diagnosis. 

Chapter 6: Surface-enhanced coherent Raman scattering (SE-CRS) using 

AuNPs and Raman reporter molecules 

This chapter explores the SE-CRS signals of the biophyene-4-thiol (BPT) molecule on 

annealed gold thin film of 10 nm onto substrates as well as bulk BPT. SE-CRS signals 

include SE-SRS, SE-CARS, and BCARS techniques. This research revealed that the 

SE-CARS gives better signals compare to the SE-SRS that may be observed between 

1560 and 1630 cm-1 at 1584 cm-1. These peaks show off-resonance and on-resonance 

energy of 1560 and 1584 cm-1. A specific spectral fingerprint region was subjected to 
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multivariate analysis in order to gather important data and pinpoint the factors required 

for the classification. 

Chapter 7: Multiplex detection of Raman tagged AuNPs for SE-CRS 

This chapter presents the SE-CRS and demonstrates the ultrasensitive detection of 

gold nano raspberries (AuNRBs) that have been tagged with IR 820 (new indocyanine 

Green), BPT (biphenyl-4-thiol), and BPE trans-1,2-bis (4-pyridyl) ethylene Raman 

reporter molecules. It has been shown that multiplexing of two Raman reporters, BPT 

and IR 820 tagged AuNRBs with 4T1 cancer cells and spheroids using hyperspectral 

SE-CARS imaging. Additionally, SE-CARS demonstrates targeted label-free Raman 

reporter identification. 

Chapter 8: Conclusion and future work 

This chapter provides a summary of the thesis' findings and a preview of prospective 

applications. 

1.4 Contribution to the knowledge 

This thesis for the first time reports the integration of plasmonic NPs with Raman 

reporters (molecules) for use in SERS and SE-CARS with an aim of their relevance to 

real-world clinical applications using cancer cells and spheroids in terms of 

significantly enhancing the Raman signals. This is the major impact of this work in the 

field of nonlinear bio-photonics. It is hoped that these findings will contribute to the 

better understanding of studying noble metal NPs, and Raman reporters for the 

development and validation of SERS and SE-CARS in the biological systems under 
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physiologically relevant conditions, which can be extended to other biomedical and 

pharmaceutical research for example, drug delivery, nanomedicines development, 

biosensing and bioimaging modalities. Similarly, these findings can also be extended 

to other diseases management for example, infection, central nervous system 

disorders. 
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Chapter 2:  Background and Literature Review 

This chapter includes background information and an overview of the relevant 

literature for the SE-CRS processes, beginning with a discussion of Raman 

spectroscopy. Then, in section 2.3, SERS is described along with a summary of an 

electromagnetic and chemical enhancement. A comparison between some relevant 

literature of CRS techniques in section 2.5 and my work is made in section 2.8. Finally, 

a brief summary of the contribution of this project in thesis. 

2.1 Introduction 

Gold nanoparticles (AuNPs) are widely used for SERS in clinical applications and 

more recently for nanotheranostics [11]. All these applications are based on the 

hypothesis that AuNPs can be engineered to target specific cell, tissue and pathogen 

markers in order to perform targeted therapies [12]. Raman scattering is too weak and 

requires several seconds per pixel which is too slow for mega pixel imaging [14]. SERS 

enhances signal, but still requires acquisition time of seconds which is still slow [18]. 

On the other hand, CRS has been shown to provide near video rate imaging with sub-

cellular resolutions [13]. The challenge however is to obtain contrast of Raman 

reporters on AuNPs [22, 23]. 

Raman scattering is an extensively used analytical technique that allows for the 

differentiation of molecules by using their unique vibrational fingerprints. Raman 

scattering is characterised by an inelastic scattering system which yields an increase 
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or decrease in energy whenever a light is returned to its original vibrational state from 

the virtual state [24]. However, Raman spectroscopy is typically very weak in biological 

samples, having an order of cross-section 10-30 cm2. Significant enhancement can be 

achieved using surface plasmon polarisation (SPP) and localised surface plasmon 

(LSP) effects to enhance the local electric field experienced by the molecule. This 

technique is referred to as surface enhanced Raman scattering (SERS). SERS offers 

valuable advantages, such as enhanced sensitivity and specificity in Raman 

spectroscopy [18,24]. However, it does come with certain limitations, particularly in the 

context of imaging applications. 

Coherent Raman spectroscopy techniques permit label-free chemical imaging of 

molecules, compounds, and biological samples by either stimulated Raman scattering 

(SRS) or coherent anti-Stokes Raman scattering (CARS) [25]. The fluorescence 

background, recognised more in Raman spectroscopy, can arise from the interaction 

of the incident laser light with fluorescent components present in the sample. When a 

sample contains molecules that can absorb the laser light and re-emit it at a different 

wavelength, fluorescence occurs. This fluorescence background can interfere with the 

Raman signal, making it challenging to obtain accurate and reliable information, 

especially in sample with complex molecular structures like biological cells and 

tissues. However, CARS delivers quick imaging at high resolution without any 

fluorescence interference [26, 27]. The potent electric fields coming from surface 

plasmon resonance (SPR) of metallic NPs can be utilised to amplify the weak optical 

effects. Raman reporter molecules attached onto the surface of the NPs have higher 

local electric field than the driving field, which leads to signal enhancement by many 

orders of magnitude [28, 29]. The surface enhancement of a nonlinear process 

enables the acquisition of a stronger signal due to nonlinear scaling of the signal with 
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the electromagnetic field [30]. In this research study, the focus will be on exploring the 

enhancement signals of the structure in relation to surface-enhanced coherent anti-

Stokes Raman scattering (SE-CARS) and broadband coherent anti-Stokes Raman 

scattering (BCARS). The investigation will specifically address knowledge gaps and 

propose strategies to overcome the low intensity of these signals by utilising 

nanostructured plasmon surfaces. 

2.2 Raman scattering 

The Raman effect was first reported by Chandrasekhara Venkata Raman and K.S. 

Krishnan in the year 1928 and has since been utilised as an invaluable tool in the 

realm of spectroscopy. The concept of Raman scattering is one form of interaction 

between light and matter at the molecular level. C.V. Raman and K.S. Krishnan 

detailed the experimental evidence of this inelastic scattering of sunlight that was 

theoretically described by Adolf Smekal in the year 1923 [31, 32]. Raman’s studies on 

this field led to him winning the Nobel Prize for this discovery in 1930. Modern Raman 

spectroscopy is considered commonplace in many laboratories due to its cost-

effective, simple experimental design and simplicity of the inelastic scattering concept. 

However, Raman scattering is much weaker than Rayleigh scattering, with about 1 in 

107 incident photons being scattered because of the Raman effect [33]. Consequently, 

more development of Raman spectroscopy for chemical analysis was obstructed until 

the invention and manipulation of more advanced laser technology [34, 35]. 

Raman spectroscopy is unique from other spectroscopy techniques because it is 

mainly concerned with the scattering of light rather than absorption. Raman 

spectroscopy analyses the energy difference between the photon and the photon 
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scattered off the molecules of interest and an incident photon. The energy diagram in 

figure 2.1, represents the interaction process. The majority of light scattering collisions 

are elastic (Rayleigh scattering), yielding no overall change in energy of the incident 

and scattered photons. A small fraction of the incident photons will undergo the 

inelastic process (Raman scattering), where incident photon exchanges an amount of 

energy with the molecules. Upon interaction with the sample molecules the Raman 

scattered photon will either gain or lose energy, depending on the vibrational state in 

which the molecules existed. The transferred energy is seen in the energy difference 

between the incident photon and the scattered photon and is usually equivalent to a 

vibrational energy splitting of the molecule. Raman scattering is used not only for 

spectroscopy but for vibrational imaging as well. The drawback of this process is that 

its slow to give dynamic information for unproven samples. Other biomedical 

applications of Raman scattering include the detection of chemical specificities of 

diseased tissues by distinguishing them from healthy tissues [5]. Raman spectroscopy 

can also be used to uncover metabolites from certain diseases such as cancer 6].  

 

Figure 2.1. A diagram of the levels of energy in elastic (Rayleigh scattering) and 

inelastic scattering represents the contrast in energy between the ground state and 
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the first vibrational state. The dashed line shows a virtual energy level within the 

molecule. 

In general, biological samples often display a “silent region” between the 1800 cm-1 

and 2700 cm-1 [36]. This “silent region” simply defines where there are no active 

Raman modes. Additionally, there are H2O vibrations that can be used to examine the 

density and flow of water [36]. CH is represented by the stretching band at 2800 cm-1, 

which is normally indicative of the existence of proteins and lipids. Compounds can be 

deuterated to use them with biological samples for the potential to obtain a C-D peak 

which is subsequently shifted into the “silent region” at 2100 cm-1 and away from the 

C-H peak [37]. This allows for the mapping of the location of compounds of interest 

within a sample because there are no other modes available at this wavenumber 

range. A drawback of this technique is that it is very expensive. The “fingerprint region” 

is somewhere in between 400 cm-1 and 1800 cm-1 for molecules [37]. Its name is 

derived from the fact that it exhibits numerous peaks that are utilised to determine the 

chemical composition of a given sample. Unfortunately, the primary limitation of this 

approach is the dense region it creates, which can result in potential overlaps and 

significant spectral congestion. This can make examining and recognising specific 

peaks rather arduous [31, 38]. 

Although Raman spectroscopy is essential in the identification of information about a 

sample, it has several limitations. For the chemical bond to be considered Raman 

active, the satisfaction of the selection rule must be met. The selection rule requires 

the change in polarisability to be in regard with the standard coordinate [39]. 

Additionally, the Raman scattering cross-section for majority of materials is 

comparatively low and causes signals that tend to be 106 times lower than those 

gained from fluorescence, so a larger photon flow or greater laser scan time is required 
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to gain high signal-to-noise ratio within the Raman spectrum [40]. Particular biological 

samples call for a generous laser scan time or large photon flux or to achieve a 

significant signal-to-noise spectra [41].This could lead to potential damage from the 

high intensities of laser light, so another model Raman scattering is required. This is 

particularly pertinent in the detection of samples with complex molecular structures 

such as biological cells and tissues. To address this, researchers began focusing on 

the development of other mechanisms that can get around these problems. Most 

notably, nonlinear Raman techniques and plasmonic enhancement were achieved. 

2.3 Surface enhanced Raman spectroscopy (SERS)  

The SERS phenomenon was initially detected from the measurement of pyridine 

adsorbed onto silver (Ag) materials that were electrochemically roughened by Martin 

Fleischmann and his colleagues at the University of Southampton, England, in 1974 

[34]. Despite this, they concluded that significantly enhanced signals were caused by 

an increased surface area from the Ag material. Subsequently, Richard Van Duyne 

and his group based at Northwestern University, USA, confirmed in 1977 the SERS 

phenomenon and was the first to propose the mechanism of electromagnetic 

enhancement [42]. Later, the effect of charge transfer to the mechanisms associated  

with the SERS phenomenon was proposed by Albrecht and Creighton [43]. The Nie 

and Kneipp groups both independently discovered a molecule with unique 

experimental conditions. The study detailed by Nie et al. included a corresponding 

optical and topographical characterisation of unaggregated silver NPs augmented with 

Rhodamine 6G (R6G) molecules [44]. They settled on the conclusion that the 

enhancement of a single molecule was 106-107 more powerful than that of the average 

population enhancement [44]. In contrast, the Kneipp research group explored small 
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Ag colloid aggregates (100-150 nm) dosed with crystal violet molecules [45]. The 

enhancement of the singular large molecule (1014) is thought to be caused by large 

electromagnetic fields generated from fractal pattern clusters of Ag colloid NPs [46]. 

SERS is a technique for maximising Raman scattering intensity by using metallic 

nanostructures. Metallic nanostructures generate surface plasmons, electromagnetic 

waves are caused by the unified oscillations of free electrons and are restricted to their 

surfaces [47]. With metal interfaces, these waves are able to propagate parallel to 

each other. For other surfaces such as planar metal, SPR can be generated by light, 

and nanoscale metallic structures can be excitable by localised surface plasmon 

resonance (LSPR) [48, 49]. Elements such as gold (Au), Ag and copper (Cu) are 

frequently employed due to their absorption maxima being in close proximity to the 

visible region of the electromagnetic spectrum. When light interacts with metal 

nanostructures, a local electromagnetic field is enhanced near the surface. When 

analytes attach to these metallic nanostructures, they cooperate with the enhanced 

electromagnetic field, yielding a stronger inelastic scattering intensity after the induced 

dipole is magnified [50]. Currently, there are two forms of enhancement techniques, 

electromagnetic enhancements and chemical enhancements are responsible for 

enhancement at various degrees of intensity. 

2.3.1 Electromagnetic enhancement in SERS 

Surface plasmons, which refer to the collective oscillations of free electrons situated 

at the surface of metal nanostructures, play a crucial role in electromagnetism. These 

oscillations give rise to localised electromagnetic fields. As a result of this interaction, 

molecules in proximity to the metal surface are influenced or affected. This process is 
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even more salient when the molecule is only physiosorbed or in close proximity to 

surface of the metal nanostructure. An enhancement in signal intensity appears 

without shift in band position. Surface roughness is a mandatory requirement of SERS 

from substrates. Plasmons can only be present on metal planar surface due to the 

movement of electron waves parallel to the surface. Plasmons will continue to behave 

similarly if their surfaces are roughened, allowing their electric fields to extend both 

parallel and perpendicular to the surface. Metals scatter photons due to their plasmon 

resonance. Aside from altering dielectric constants of the surrounding media and 

roughened surfaces, electric fields are focused at the sharp aspects on metal surfaces. 

In contrast to normal Raman scattering, this is a significant contribution that leads to 

an increase of signal strength of greater than 106 to 108 times [51, 52]. 

2.3.2 Chemical enhancement in SERS 

The process of mechanism of chemical enhancement is not well understood because 

it must be decoupled from the electromagnetic mechanism, which is inherently difficult 

since they operate simultaneously. There are three significant processes that cause 

chemical enhancement. The first process is when NPs transfer charges to molecules. 

The second process is the charge NPs. Lastly, the third process occurs when 

molecules polarise with nanosphere adsorption. This is normally linked with chemical 

enhancement because of the charge transfer between metal and analyte vice versa. 

The enhancement also lessens with an increasing number of layers on top of the metal 

surface. On the other hand, a chemical enhancement is equal to an order 102, while 

an electromagnetic enhancement is equal to an order of 106-108. The difference in 

signal magnitudes indicates that an electromagnetic (EM) mechanism is more 

discernible or distinct [53]. 
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2.4 Substrates for SERS 

Significant variables in manipulating Raman intensities are the specific scattering 

qualities of metal NPs, the kind of metal, and laser wavelengths that are all vital 

regarding SERS enhancement [54]. For the specific laser wavelengths used, the metal 

substrate should be able to the laser excites the plasmons. The SERS enhances 

notably with conducting metals such as Au, Cu, and Ag. Scientists have been using 

SERS since the 1970s, when Fleischmann et al. examined Raman bands on Ag 

electrodes that strongly absorbed pyridine, for the identifying and detection of 

exogenous molecules on the surfaces of metal NPs [34]. In the primordial years of 

SERS, the electrodes used to generate the field were exclusive to roughened metal 

electrodes with non-uniform sizes. The purpose for this is because SERS is 

extraordinarily perceptive to alterations in particle shape and size through localisation 

of the local electromagnetic field. An increasing amount of researchers have been 

diving into the field of morphology-controlled anisotropic metal NPs as a way to 

achieve more powerful and reproducible enhancements [56]. 

The size of the interaction voxel is crucially important when considering the thickness 

of the sample. If the sample is thicker than the interaction voxel, it means that only a 

portion of the sample is probed at a time. This becomes significant in layered 

structures or samples with varying thickness, where the depth resolution of the 

measurement may be limited. In contrast, the extent of SERS from the surface is 

influenced by the proximity of the nanoparticles to the surface. SERS enhancement 

occurs in the immediate vicinity of the nanoparticle surface, typically within a few 

nanometers. This is in contrast to the interaction voxel in CRS, which can penetrate 

deeper into the sample. When designing a hybrid technique that combines CRS and 
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SERS, one needs to consider the spatial resolution and depth penetration of each 

technique. The CRS measurement provides information from a volume with the 

sample, while SERS enhances signals specifically at the surface where NPs are 

present. 

Researchers need to carefully optimise the parameters, such as the laser focal volume 

and nanoparticle distribution, to achieve the desired sensitivity, spatial resolution, and 

depth profiling capabilities. Additionally, considering the potential impact of sample 

thickness on CRS measurements is crucial for obtaining accurate and meaningful 

data. 

2.5 Coherent Raman scattering (CRS)  

CRS can be used to boost weak Raman bands within living and non-living systems. 

The signal is augmented by nonlinear optical interactions that occur on a given sample 

[57]. Currently, there are two main CRS processes commonly used for imaging; CARS 

and SRS. CRS can produce signals 105 stronger than normal Raman spectroscopy 

[58, 59]. It also has the ability to do this without needing to increase scan times of laser 

power. The significant benefit of this system is that it is excellent for biological 

applications in which safety is a concern, but laser powers are increased 

advantageous for several reasons, including signal enhancement, greatly improved 

sensitivity, quicker imaging, far deeper penetration and reduced background noise. 

However, it is important to note that while higher laser powers offer these advantages, 

safety considerations are crucial, especially in biological applications. Careful control 

of laser power and exposure duration is essential to prevent damage to biological 

samples and ensure the safety of the imaging process. Researchers often optimise 
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laser parameters to balance the benefits of higher power with the need to minimise 

potential harm to living tissues. 

The harm occurring from nonlinear mechanisms is negligible in comparison to other 

forms of scattering or radiation [60]. The signal generated from CRS is directly 

proportional to the square of ongoing active chemical oscillators within focal volume 

[61]. This attribute is vital in regard to biological use as it leads to potent signals from 

lipid fatty rich structures [60]. Therefore, anything with a high compositional makeup 

of fatty acids can be adequately experimented on with SRS. The CARS and SRS are 

briefly described in the next section. 

2.5.1 Coherent anti-Stokes Raman scattering (CARS)  

CARS is a nonlinear Raman technique for enhancing Raman signals. It was initially 

witnessed by P.D. Maker and R.W. Terhune at the Ford Motor Company in their lab 

during 1965 [62]. Maker and Terhune corroborated the response of the third order of 

numerous substrates by utilising two beams of light in a sequence of experiments 

labelled "four-wave mixing" (FWM) [63]. Third order indicates that the nonlinear 

process is characterised by the cubic power of the incident light intensity. The two 

beams were focused on the sample together. Maker and Terhune discovered that the 

intensity of the blue-shift signal at 𝜔𝑝 + 𝜔𝑠  increased notably when the difference 

frequency aligned with the Raman frequency of the sample. Interestingly, the first 

CARS construction was defined by Duncan et al. in 1982 [64]. Subsequently, in 1999, 

CARS was improved notably when the visible dye laser source was replaced with 

near-infrared laser beams [65]. The influential proposition of this technique is based 

on using diverse excitation laser sources [66]. In CARS, three coherent light beams 
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were labelled as the pump, Stokes, and probe beams at determined frequencies 𝜔𝑝, 

𝜔𝑠, and 𝜔𝑝𝑟. It is also possible to utilise the identical laser for 𝜔𝑝 and 𝜔𝑝𝑟 in what is 

called "degenerate CARS" [67]. This is manipulated to urge the Raman vibrational 

mode whose frequency is determined by the difference in frequency of the incident 

light, ∆𝜔 = 𝜔𝑝 − 𝜔𝑠  creating an anti-Stokes photon with a frequency of 𝜔𝑎𝑠 = 2𝜔𝑝 −

𝜔𝑠. The CARS signal matches the square of the modulus of the third-order nonlinear 

susceptibility, (𝜒(3)). There are two distinct kinds of CARS; single and multiplex 

frequency CARS [68, 69]. The first form concerns individual vibrational resonance, 

whilst; the second canvases a wide range of vibrational resonance. Due to this, 

multiplex CARS is commonly considered as a delayed process that provides more 

spectral information than single frequency CARS. Single frequency CARS analyses 

and records the feedback from each location of the sample at the designated 

frequency, therefore it is utilised for analysis where a signal vibration is generated to 

save time, whereas multiplex frequency is preferred in qualitative methods. Several 

methods have been devised to extract quantitative information from CARS [67]. These 

methods encompass both experimental approaches and mathematical techniques. 

Typically, they can be classified into two categories: phase extraction and separation 

of the resonant and non-resonant responses. A comprehensive review and analysis 

of these corresponding methods’ advantages and limitations are supplied by James 

and et al [70]. Although CARS has the capacity to deliver minimally invasive and rapid 

chemical examination of biological samples, it does have noticeable limitations. CARS 

retains a FWM process since it merges three input waves, with two out of three of 

them being identical in degenerate CARS, to catalyse the formation of a fourth output 

wave. The nonlinear polarisation for FWM is directly proportional to the third order 

nonlinear susceptibility (𝜒(3)) [71]. In general, CARS signal intensity is administered by 
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the sum of resonant and non-resonant contributions. This informs us that the signal 

intensity also scales with the squared modulus of induced nonlinear polarisation. 

CARS is widely recognised since it can be used practically in various medical and 

biological applications [72]. Additionally, there are other areas where CARS has shown 

potential in such as material science, catalysis and kinetic reactions [72, 73]. In a 

recent study by I. W. Schie, some instances of these results have been reported by 

combining CARS with a variety of other techniques such as second harmonic 

generation (SHG) or two-photon excited fluorescence (TPEF) were reported [74]. 

There are some obvious drawbacks that should be removed, a particular one is the 

non-resonant background. This is because by the sample and solvent’s electronic 

origins which add to the third order susceptibility, thereby limiting the CARS optimal 

sensitivity. Even though evaluating dynamic systems is possible using CARS, it is still 

altered by laser sensitivity and signal fluctuations in the short term [75]. 

2.5.2 Stimulated Raman spectroscopy (SRS)  

SRS is another kind of nonlinear coherent Raman scattering process, but unlike 

CARS, is background free. SRS is a two-photon stimulated process that enables for 

high chemical specificity without a non-resonant background [76, 77]. The process 

was identified on accident in 1962, when Woodbury and Ng witnessed an elevation in 

radiation intensity without knowing the source [78]. Following this event, Eckhardt 

referred to this phenomenon as the two-photon process and SRS that was 

demonstrated during his experiments [79]. This experimental theory was provided by 

Hellwarth [80]. After this revelation, numerous experiments succeeded, and SRS was 

relied upon in the inquiries of atomic and molecular liquids, solids and gases [77, 81]. 

The principle of this coherent phenomena is based on the interaction of two photons, 
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pump and Stokes, akin to the CARS principle [82]. For SRS, the Raman media takes 

a transition from the ground vibrational state to the excited vibrational state as the 

pump photon is eliminated at the frequency of 𝜔𝑝, which is known as stimulated 

Raman loss (SRL), whereas the other Stokes photon at a secondary frequency of 𝜔𝑠 

is conceived. This process is known as stimulated Raman gain (SRG). Therefore, 

when compared to CARS, SRS does not have a non-resonant background (NRB) (free 

background). Nonetheless, the deficiency of this is that the SRS signal is weaker than 

the CARS signal [82]. The method of SRS, which is recognised for its nonlinearity in 

microscopy, was successfully shown in 2007 to enable chemically specific imaging of 

biological material without the need for a (NRB) [83]. In conjunction to the intrinsic 

absence of a NRB for SRS, the spectral line shape reflects that of Raman scattering, 

which prompts a higher chemical specificity as compared to CARS [76, 77]. 

Additionally, quantitative analysis in CARS is non-trivial because of the nonlinear 

relationship between the number of chemical oscillators and the level of signal 

intensity [84]. The matter at hand does not pose a concern for stimulated Raman 

scattering (SRS) since the signal exhibits a linear relationship with the Raman 

oscillators present inside the focus volume. [85]. Unfortunately, the main drawback to 

this technique is that SRS does not benefit from an increased signal from molecules 

that have high bond repetitions. Additionally, SRS imaging technique has recently 

been utilised for live cell imaging since it allows for label-free and non-invasive 

imaging. For instance, SRS imaging has been utilised to accurately identify brain 

tumours [86]. The imaging technique allows us to observe minute alterations from 

natural lipid-rich white matter at 2850 cm-1 to a more protein-rich tumour at the value 

of 2930 cm-1 [86]. By contemplating the ratios between these two numbers, analysts 

are able to calculate the rate and severity of tumour infiltration. This also provides 
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researchers with the ability to visualise cell organelles and cell boundaries to 

determine a numerical quantification of the progression of cancer. Diagnosis’ also 

watches for significant protein contrasts seen at 2945 cm-1 [87]. The procurement of 

nucleic acids, DNA in cells, and details of other nuclear traits can be computed with 

SRS [88-91]. Xie’s group substantiated the image creation acquired by carrying out 

SRS measurements across a grid, where each size added pixels to the image. More 

recently, SRS imaging has been used to analyse samples in materials science 

research as well [76]. 

2.6 Broadband coherent ant-Stokes Raman scattering (BCARS) 

BCARS techniques have been created due to innovation of the multiplex CARS 

process and the improvement of plasmonic structure [19, 94]. BCARS spectrum 

generated with a standard two-pulse scheme includes two significant signals: "Two-

colour" CARS, in which the pump and probe are performed by a narrowband pulse 

and the continuum pulse constitutes the Stokes light, and "Three-colour" CARS, in 

which the pump and Stokes are provided by two different frequency components in 

the continuum pulse and the narrowband pulse acts as the probe. The CARS spectra 

of the two distinct mechanisms exhibit distinct Raman shift range, laser power 

dependence, and chirping dependence characteristics [135]. A BCARS system has 

been used to effectively probe Raman transitions, especially in the weak fingerprint 

region via utilisation of an intrapulse three-colour excitation system and by 

manipulating the strong non-resonant background (NRB) to enhance the weak 

fingerprint signal [5]. The consolidation of these two features allows for the recording 

of spectra one to two orders of magnitude quicker than previously thought viable and 

while still maintaining high spectral clarity. This discovery serves as a steppingstone 
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towards CRI integration into systemic biological and clinical applications. The 

theoretical frameworks and the working principle of BCARS have been specified in 

chapter 3 and 4, section 3.4, and 6.7 in further details. 

2.7 Surface-enhanced coherent anti-Stokes Raman scattering (SE-CARS)  

SE-CARS is a process that is similar to SERS in which combining CARS and 

plasmonic surface enhancement on nanostructured surfaces, another enhancement 

technique, namely surface-enhanced coherent anti-Stokes Raman scattering (SE-

CARS), now attracts growing attention [97,27]. Although its sensitivity is still not 

enough in single molecule detection, playing the same role as in SERS, LSPR can 

locally enhance the electric fields and allow SE-CARS to achieve single molecule 

detection sensitivity [98]. CARS is a widespread technique in multi-photon imaging 

and nonlinear spectroscopy and has extensively been used in bioimaging for the 

identification of biological molecules and structure associated with proteins, cells, and 

tissues since the late nineties [5]. One of the ways to enhance CARS spectral 

sensitivity is to use surface plasmon's created on metallic NPs, which are named as 

SE-CARS [1]. The energy diagram is shown in figure 2.2 to illustrate the transition and 

field dependence of SE-CARS and contrast it with other Raman processes. By using 

appropriately prepared nanostructure, the input frequencies 𝜔𝑝, 𝜔𝑠 and output 

frequency 𝜔𝑎𝑠 can experience enhancement. The enhancement factor as also shown 

in figure 2.2 is given by 

𝐺𝑆𝐸−𝐶𝐴𝑅𝑆 = |𝑔𝑝|
4
 |𝑔𝑠|2 |𝑔𝑎𝑠|2                                                   [2.1] 



45 
 

 

Figure 2.2. Schematic band energy diagram showing transitions in different Raman 

processes (Raman, SERS, CARS, and SE-CARS) [74]. 

A few studies efforts have focused on the CARS with colloidal Au and Ag 

nanostructures, which have been utilised as plasmonic SE-CARS substrates and gave 

a 10-100 times enhancement in signal as compared to the conventional CARS. Signal 

enhancement using the combination of CARS with metallic plasmonic surfaces 

remains largely unexplored. In the case of colloidal surface, reported works gives key 

insights into the signal enhancement owing to the “hotspots” of electric field at metallic 

NPs giving 10-100 times improvement in signals. Though, theoretically measured 

higher enhancements, up to 1012, are given, but with limited success [76]. The CARS 

signal could be improved by using photons 𝜔𝑠, 𝜔𝑝, or 𝜔𝑎𝑠 in resonance with the 

supported plasmons while the electric fields could add a value at three frequencies. 

With regards to the signal enhancement, these photons of  𝜔𝑠, 𝜔𝑝, and 𝜔𝑎𝑠  should 

match the resonance of metallic nanostructures having similar spatial resolution [76]. 

Hence, it is difficult to obtain using metallic nanostructures. Therefore, weak CARS 

plasmonic enhancement of samples were noticed. Steuwe et al. reported an 

innovative study in 2011, focusing on spherical gold nanovoids, making surface-
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enhanced CARS (SE-CARS) 1010 times higher than the conventional Raman 

spectroscopy along with conventionally used metallic nano plasmonic substrates [74]. 

The specially designed gold nanostructure can provide a high enhancement effect on 

SE-CARS. 

2.8 Development of the field of SE-CRS 

Mahajan’s group has used the polystyrene beads based assembly of 100 nm diameter 

using AuNPs coated into glass slide for SE-CARS approach [19].  Similarly, Potma’s 

group reported borosilicate glass coverslips assembly of 30 nm using gold thin films 

[99]. In my work, I used Au film of 10 nm thickness, using thermal evaporator for 

imaging and localisation of AuNPs and Raman reporter molecules for cancer 

diagnostics. In these experiments, metallic nanostructures, and Raman tags 

(molecules) via nonlinear Raman systems have been used for cancer imaging using 

cancer cells, spheroids, liver tissues. Chapter 5 addresses the investigation of 

islandised gold films on SERS. The goal is to fabricate a reproducible substrate that 

mimics AuNPs and enables CRS detection in the forward direction. Chapter 6 

investigates the SE-CRS signals of the BPT molecule on annealed gold thin films of 

10 nm onto substrates as well as bulk BPT. SE-CRS signals include SE-SRS, SE-

CARS approaches. This study demonstrates that the SE-CARS produces better 

signals than the SE-SRS. Chapter 7 describes the SE-CARS and exhibits the 

ultrasensitive detection of gold nano raspberries (AuNRBs) tagged with Raman 

reporter chemicals IR 820, BPT, and BPE. Multiplexing of two Raman reporters, BPT 

and IR 820 tagged AuNRBs, towards 4T1 cancer cells and spheroids showing the 

broad utility of hyperspectral SE-CARS imaging. It is hoped that my work combining 

AuNPs and Raman reporter molecules with Raman systems has potential to 
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revolutionise the field of disease diagnostics, therapeutics, and monitoring of 

therapeutic responses in a single form in a cost-effective, safe, and timely manner. 

2.9 Contribution of this project 

This thesis provides vital insights into SPR phenomena arising from metallic 

nanostructures and its utilisation in a different form of nonlinear inelastic scattering 

systems such as SERS, SRS, CARS, and SE-CARS. Based on the literature, the 

principle and mechanism of surface enhancement in using CARS for cancer diagnosis 

remains mostly unexplored. The current project therefore aims to further develop and 

exploit SPR in state-of-the-art CARS systems with an emphasis on the objectives such 

as; to develop novel coherent Raman scattering by combining CARS with the 

plasmonic surface on reproducible nanostructured surfaces; to demonstrate a strong 

correlation between plasmon resonances and surface-enhanced CARS (SE-CARS) 

schemes to heighten the discrimination of molecular signals for application in cancer 

diagnostics; to probe the CARS methods and their underlying interactions between 

NPs to improve the surface enhancement and chemical specificity significantly; to 

combine the surface enhancement and CARS in real-time monitoring and tracking of 

diseased cells, and to further exploit surface-enhanced CARS system in cell culture to 

obtain specificity of cellular localisation, uptake mechanism and role of surface 

enhancement in these approaches chemically and finally to develop a laser-based 

imaging technique for medical diagnostics based on surface enhanced Raman 

scattering. 
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2.10 Conclusion 

Raman spectroscopy, along with its unique counterparts, has consistently 

demonstrated its remarkable innovation in practical applications over time. Certain 

variations of Raman spectroscopy and its counterparts have the ability to provide non-

invasive and label-free chemical information within biological tissues. Despite being 

considered weak, processes like spontaneous Raman spectroscopy offer advantages 

such as faster imaging times. SERS can enhance weak signals in Raman 

spectroscopy by utilising metallic nanostructures like Au or Ag in the form of 

electrodes, films, or colloidal-covered surfaces. These metallic nanostructures enable 

enhanced Raman scattering on the surface. On the other hand, techniques like CARS 

are affected by NRB signals but can detect potent have potent molecules in the high 

wavenumber (HWN) region. Additionally, SRS is known for being background free. 

This attribute through spontaneous Raman spectroscopy, making it suitable for 

various quantitative applications. When CARS scan is achieved under broadband 

laser source, it is known as BCARS. Furthermore, CARS and BCARS signals have 

also been dramatically improved by using metallic nanostructures. Although, the 

phenomena of SE-CARS and BCARS is at its very initial stages, given then the 

limitation of its utility in real-world application. My work takes advantages of these 

limitations by addressing them with cancer cell and spheroid models. In summary, 

nonlinear Raman systems conjugated with metallic nanostructures and Raman tags 

(molecules) have potential to revolutionalise the field of disease diagnostics, 

therapeutics, and monitoring of therapeutic responses in a single form in a cost-

effective, safe, and timely manner. 
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Chapter 3:  Fundamental Theories of Raman Spectroscopy 

Raman spectroscopy is a sensing method that explores the vibrational frequencies of 

molecules to produce a unique spectral fingerprint without the need for further 

labelling. This chapter features the primary theoretical concepts that influenced the 

work of this thesis. Numerous mechanisms for augmenting the Raman scattering 

signal have been researched. These include, but are not limited to Raman scattering, 

surface enhanced Raman scattering (SERS), coherent anti-Stokes Raman scattering 

(CARS), stimulated Raman scattering (SRS), and broadband coherent anti-Stokes 

Raman scattering (BCARS). 

3.1 Raman scattering 

The optical procedures performed are non-invasive, and do not involve contact, and 

does not utilise ionising radiation [100]. The optical methods result in subcellular 

resolution due to Rayleigh criterion [101]. Additionally, chemical contrast is the 

capability to distinguish nearby molecules even if they are the same. Elastic scattering, 

or "Rayleigh scattering," happens when a molecule scatters light, and all of the 

dispersed photons maintain their original frequencies as shown in figure 2.1. Raman 

scattering can be defined as the inelastic scattering process that occurs when an 

incoming photon interacts with the electric of a molecule [38, 39]. The rotational or 

vibrational energy of the molecule is modified due to this change. The strength of the 

induced dipole moment, P, can be calculated by the following equation (3.1) below. 
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This occurs during light material interaction, due to an incident electromagnetic wave 

causing a dipole moment. 

𝑃 = 𝛼𝐸                                                                  [3.1] 

In this mathematical statement, 𝐸 is the strength of the electric field for the incident 

wave and 𝛼 represents the polarisability. The potential of polarisability is contingent 

on the nature of bonds and overall molecular structure of the object. Regarding the 

incident EM wave, the electric field can be defined as  

𝐸=𝐸0cos (𝟸𝜋𝜔0𝑡)                                             [3.2] 

Variable 𝜔0 is the frequency (Hz) of the incident EM (𝜔0 =  
∁

𝜆
 ). When equation (3.2) is 

used in equation (3.1), a time-dependent polarisation moment results as 

𝑃 = 𝛼𝐸0 cos (𝟸𝜋𝜔0𝑡)                                                   [3.3] 

The location of individual atoms determines if an object can or cannot affect local 

electron clouds of a certain molecular structure. It follows the principle that 

polarisability depends on the instantaneous position of its respective atoms, and the 

nature of the atoms and the polarisability of the bond. Vibrational energy levels are 

quantised and bound to specific vibrational modes of molecular bonds. These levels 

are similar to electric energies and can be defined as 

𝐸𝑣𝑖𝑏 = (𝑗 + ½) ℎ 𝜔𝑣𝑖𝑏                                                  [3.4] 

With h acting as Planck’s constant, j is the vibrational quantum number j=0,1,2 etc., 

and 𝜔𝑣𝑖𝑏 represents the frequency of the vibrational mode. dQ is the physical 

displacement of atoms in regard to equilibrium position and can be represented as the 

following equation [102]. 
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dQ = 𝑄0 cos(𝟸𝜋 𝜔𝑣𝑖𝑏 𝑡)                                               [3.5] 

 𝑄0 is the highest amount of displacement for the equilibrium position. A normal 

diatomic molecule generally has a maximum displacement of 10% in regard to length 

[103]. The polarisability for this minor displacement can be represented with a Taylor 

series expansion 

𝛼 = 𝛼0 + 
𝜕𝛼

𝜕𝑄
 dQ                                                      [3.6] 

Variable 𝛼0 is the polarisability of the molecular mode at the equilibrium position. The 

polarisability can be determined based on the vibrational displacement of equation 

(3.5), 

𝛼 = 𝛼0 +
𝜕𝛼

𝜕𝑄
 𝑄0 cos(𝟸𝜋 𝜔𝑣𝑖𝑏 𝑡)                                          [3.7] 

Finally, equation (3.7), can be inserted into equation (3.3) which yields 

𝑃 = 𝛼0𝐸0 cos (𝟸𝜋 𝜔0𝑡) + 
𝜕𝛼

𝜕𝑄
 𝑄0𝐸0 cos(𝟸𝜋 𝜔0 𝑡) cos(𝟸𝜋 𝜔𝑣𝑖𝑏 𝑡)                       [3.8] 

Additionally, equation (3.8) can also be relabelled with trigonometric identity as 

𝑃 = 𝛼0𝐸0 cos (𝟸𝜋 𝜔0𝑡) + ½ 
𝜕𝛼

𝜕𝑄
 𝑄0𝐸0                                          [3.9] 

Based on the previous equation (3.8), I can observe that induced dipole moments 

produce three unique frequencies:  𝜔0 ; ( 𝜔0- 𝜔𝑣𝑖𝑏); and ( 𝜔0+ 𝜔𝑣𝑖𝑏), where dispersed 

radiation exists in each of these frequency ranges. As shown in figure 3.1, this link 

between the incident frequency and the first scattered frequency is known as Rayleigh 

scattering figure 3.1. Both other frequencies are inelastic processes, and their 

frequencies have been moved down and up, respectively. Stokes scattering is a form 
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of Raman scattering that happens when the scattered light is downshifted (to a long 

wavelength) in addition to being downshifted (to a long wavelength). Anti-Stokes 

scattering, on the other hand, occurs due to an upshifted frequency (short 

wavelength). This is shown in figure 3.1. During vibration, the polarity of a molecule 

changes which explains why these terms are connected to (
𝜕𝛼

𝜕𝑄
 ) 

 

Figure 3.1. Raman inelastic scattering is essentially the difference in energy between 

the ground state and the first vibrational state.  

For Raman scattering, this is one of the rules that you must adhere to [104, 105]. It is 

essential for a Raman scattering event to happen that the term dQ to be greater than 

zero along Q in order for it to occur. In regard to physical interpretation, this may be 

conveyed as the condition that the change in polarisability of the atoms associated 

with a particular vibrational mode must be induced by the vibrational displacement of 

the atoms caused by the incoming EM wave. 

To produce a significant signal, it is essential to utilise lasers with a high-power output 

in conjunction with lengthy integration periods [106]. Due to this, the utilisation is 

restricted when operating with photo sensitive biological material [107]. Because 
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Raman scattering is a fundamentally weak phenomenon, sensitive equipment is 

required. Time required to get spectra and incompatibilities with imaging. 

Fluorescence, which can result from the materials themselves or from any impurities 

inside, is the main interference seen in Raman spectroscopy and exists at a 

significantly higher amplitude than Raman scatter [108]. To increase Raman scattering 

and minimise sample damage from heating, users must also optimise laser strengths. 

3.2 Surface enhanced Raman scattering (SERS) 

SERS is an optical technique with chemical specificity at the molecular level and signal 

sensitivity [109]. The SERS effect is caused by two mechanisms. To begin, the 

introduction of a metallic nanostructure in the proximity of the molecule in question will 

modify the chemical environment and hence the Raman cross section [110]. This is 

referred to as chemical augmentation. The enhanced electromagnetic field in the 

vicinity of the metallic nanostructures causes the second and more important phase 

involved in SERS. 

3.2.1 Electromagnetic enhancement in SERS 

Metal nanostructures generate surface plasmons due to, electromagnetic waves. 

Such waves arise because of the collective oscillations of free electrons such waves 

can additionally propagate parallel to each other [111]. For planar metal surfaces, SPR 

could be created by the interaction or illumination of light. Metallic NPs can therefore 

be excited via LSPR [112]. Surface Plasmon Resonance (SPR) and Localised Surface 

Plasmon Resonance (LSPR) are both phenomena associated with the collective 

oscillation of electrons on the surface of metallic nanoparticles or thin films, but they 
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differ in their scale and applications [112]. SPR typically refers to the resonant 

oscillation of surface electrons in continuous metallic films, often in the form of thin 

metal layers (e.g., gold, silver) on a dielectric substrate. LSPR, on the other hand, 

refers to the resonant oscillation of electrons in small metallic nanoparticles, typically 

on the nanometer scale (e.g., gold or silver nanoparticles) [48, 49]. In terms of 

application, SPR is widely used in sensing applications, such as biosensors, whereas 

LSPR sees far more use in nanotechnology and nanomedicine. 

Metallic NPs such as Au, Ag and Cu are extensively studied in this regard owing to 

their absorption spectra near the visible region [113]. The SERS specification for 

surface irregularity is mandatory. Plasmons will continue to function in the same 

manner if their surfaces are roughened, allowing their electric fields to extend both 

parallel to and perpendicular to the surface [114,115]. 

The electromagnetic fields experience significant alterations when in close proximity 

to metallic objects [116]. This implies that the local electric field 𝐸𝑙𝑜𝑐 experienced by a 

molecule might exhibit significant variations in both magnitude and direction compared 

to the incident beam's electric field 𝐸𝑖𝑛𝑐. This observation is pertinent to SERS since it 

highlights the significant disparity between the magnitude of the electric field |𝐸𝑙𝑜𝑐| on 

a metallic surface and the incident electric field |𝐸𝑖𝑛𝑐|, particularly in certain localised 

regions known as "hot spots" [117]. The Raman dipole 𝑃𝑅, induced by the local field, 

is given by 𝛼𝑅𝐸𝑙𝑜𝑐(𝜔𝑙) and is subsequently amplified by a factor of 
|𝐸𝑙𝑜𝑐(𝜔𝑙) |

|𝐸𝑖𝑛𝑐|
. If the 

induced Raman dipole were to emit radiation in a vacuum, the energy emitted would 

experience an enhancement factor. 

𝑀𝑙𝑜𝑐(𝜔𝑙) =  
|𝐸𝑙𝑜𝑐(𝜔𝑙) |2

|𝐸𝑖𝑛𝑐|2                                               [3.10] 
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The term (3.10) used to denote the phenomenon is often known as the local field 

intensity enhancement factor. 

3.2.2 Chemical enhancement in SERS 

Chemical enhancement in this context unfolds through  a three  process.  Initially, it 

involves the transfer of charges from nanoparticles (NPs) to molecules, influencing the 

electronic structure of the latter and enhancing chemical interactions [118].  The 

subsequent procedure is intricately linked to the process.  [119]. Finally, the third 

phase ensues  as molecules undergo polarisation through the adsorption  of 

nanospheres  [120]. This adsorption induces changes in the   charge distribution or 

dipole moment of the molecules, ultimately contributing to the overall enhancement of 

chemical interactions and signals. Together, these three steps provide a 

comprehensive framework for understanding the mechanisms behind chemical 

enhancement  [121].  

3.3 Coherent Raman scattering (CRS) 

CRS microscopy allows for the creation of images based on vibrational Raman 

contrast at imaging rates that are far quicker than those acquired with traditional 

Raman microscopes [122]. CRS provide mega pixel imaging at high speed which 

overcomes major drawbacks of Raman systems [123]. As a coherent process, CRS 

can be up to 107 times more efficient than Raman scattering [15]. This feature is 

particularly advantageous in the field of biological imaging, where imaging speed is a 

experimental variable [124]. To obtain a better signal, CRS focuses the excitation 

energy on a particular Raman mode of the biomolecules of interest [125]. A Stokes 
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and pump beam, with frequencies 𝜔s and 𝜔p, are directed onto the sample, with the 

frequency difference between the two beams set to much the molecular vibrational 

frequency of interest (𝜔𝑝 – 𝜔𝑠). A powerful nonlinear coherent Raman signal is 

generated within this state due to the excitation fields are coherently driving the 

vibrational transition [16]. CRS needs pulses of a few picoseconds (ps) length that are 

sufficient enough to excite CRS without exceeding the line width of traditional Raman 

bands [126]. In the realm of bioimaging, CRS microscopy has several advantages: 

Coherent Raman Scattering (CRS), including its variants CARS (Coherent Anti-Stokes 

Raman Scattering) and SRS (Stimulated Raman Scattering), offers some specific 

advantages in the context of bioimaging. While the advantages listed in the passage 

overlap with those of traditional Raman spectroscopy, CRS techniques provide 

enhancement in sensitivity, contrast, and background rejection, making it particularly 

well-suited for bioimaging applications. The coherent nature of CRS processes 

contributes to these advantages and allows for more efficient and specific imaging of 

biological samples. 

chemically specific contrast is created by detecting the vibrational signature of the 

sample's own biomolecules instead of using external labels or stains; low energy near 

IR excitation wavelengths have the potential of reducing photodamage and increasing 

depth penetration in scattering tissues; since CRS does not leave sample molecules 

in an excited state, it does not saturate the signal. The two variants of CRS are CARS 

and SRS. The explanations that follow deliver brief summaries into the mechanisms 

of both processes.  
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3.3.1 Coherent anti-Stokes Raman scattering (CARS) 

CARS is a third-order nonlinear mechanism which involves excitation fields known as, 

pump and Stokes [27]. Both excitations have the frequencies of 𝜔p and 𝜔s which make 

the oscillation of the chemical bonds coherent described in the equation below  

𝜔𝑣𝑖𝑏 = 𝜔𝑝 – 𝜔𝑠                                                                         [3.11] 

Oscillating compounds could be detected via the third field, known as the probe, have 

a frequency of 𝜔𝑝𝑟𝑜. This is an inelastic scattering in combination with an anti-Stokes 

frequency shift matching the molecular vibration of compounds. 

𝜔𝑎𝑠 = 𝜔𝑣𝑖𝑏 + 𝜔𝑝𝑟𝑜                                                                    [3.12] 

The intensity of CARS can be described in term of polarisation P of the materials. 

Particularly, CARS is a FWM process including two pump waves, one Stokes and one 

anti-Stokes fields. Therefore, CARS is proportional to the module squared of third-

order polarisation 𝑃(3). This has a magnitude evaluated by the strength 𝐸𝑝 and 𝐸𝑠 of 

the fields used in the CARS. 

𝐼𝐶𝐴𝑅𝑆 ∝ 𝑃(3)2
                                                                               [3.13] 

Above equation (3.13) can be written as 

𝑃(3) ∝ (𝜒(3))𝐸𝑝
2𝐸𝑠

∗
                                                                             [3.14] 

The susceptibility parameter, RS could be described as a vibrational resonance and a 

non-resonance section, 𝜒𝑅
(3)

 𝑎𝑛𝑑 𝜒𝑁𝑅
(3)
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𝜒(3) =  𝜒𝑅
(3)

+ 𝜒𝑁𝑅
(3)

                                                                             [3.15] 

The resonance part 𝜒𝑅
(3)

 is arising from the resonant interaction between the molecular 

vibrational modes and the pump-Stokes driving at 𝜔𝑝 – 𝜔𝑠 given by the sum of the 

vibrational resonances included. 

𝜒(3) = 𝜒𝑁𝑅
(3)

+
𝜒𝑅

(3)

∆−𝑖г
                                                    [3.16] 

The resonance part is expressed by 𝜒𝑅
(3), whereas the non-resonance component is 

denoted by 𝜒𝑁𝑅
(3)

. Delta ∆ is the tuning of a Raman peak, whereas the bandwidth of a 

Raman peak is given by 

∆ =  (𝜔𝑝– 𝜔𝑠) − 𝛺𝑅                                                                 [3.17] 

For the following formula (3.17)  𝛺R denotes the Raman shift for when the resonance 

condition is equal to zero. The CARS signal is also quadratically proportional in regard 

to the non-resonance and resonance parts of the equation. In equation (3.16), the 

proportionality can be expressed as the following 

𝐼𝐶𝐴𝑅𝑆(∆)  ∝  |𝜒𝑁𝑅
(3)

|
2

+ |𝜒𝑅
(3)(∆)|

2

+ 2𝜒𝑁𝑅
(3)

𝑅𝑒{𝜒𝑅
(3)

(∆)}                         [3.18] 

Where 𝑅𝑒{𝜒𝑅
(3)

(∆)} is the real part of 𝜒𝑅
(3)

(∆). The first term give details on the vibrating 

resonance while the second term reveals the resonant background and the third term 

is the result of the resonant and non-resonant inputs and includes the vibrational mode 

[1]. Figure 3.2 illustrates the spectra of each terms mentioned above to generate 

signals.  
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Figure 3.2. The non-resonance and resonance CARS images are represented in figure 

3.2. (a), there is a non-resonance term of equation (3.18) denoted by a straight 

horizontal dashed line. Additionally, there is a solid line peak curve that coincides with 

the second term. The third term of the equation is represented by the dashed curve in 

figure 3.2. (b) [1].  

The resonant term arises from the Lorentzian profile depicting the  Raman signal while 

on the other hand, the non-resonant part constant and does not depend on frequency 

[27, 127]. The mixing arising from resonant and non-resonant terms and results in 

CARS spectra of a specific material [128]. The mechanisms insights into the CARS 

are highly important which is why I aimed to explain all the details on resonant and 

non-resonant terms and their mixing which leads to the formation of CARS spectral 

profile. 

3.3.1.1 Phase-matching condition 

The energy preservation leads to the equality in equation (3.19) that show two pumps 

and one Stokes as shown in the energy diagram in figure 3.3 (a).  

𝜔𝑎𝑠  =  2𝜔𝑝– 𝜔𝑠                                                                 [3.19] 

(a) (b) 
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Figure 3.3. The first energy diagram represents (a) Coherent anti-Stokes Raman 

scattering (CARS). It has two pump photons with angular frequency ωp in addition with 

a Stokes photon of angular frequency ωs that creates an anti-Stokes photon with 

angular frequency ωas. (b) represents the condition of phase-matching for forward-

generated CARS. (c) Lastly, condition for phase-matching of backward (epi) generated 

CARS. The denotation of k, is occasionally referred to as the wavevector, or k = 2π/λ 

pump, Stokes, and anti-Stokes wavevectors are each represented by the letters kp, ks, 

and kas in this example [1]. 

While the momentum preservation induces the sum of the absorbed photons’s 

wavevectors which are the sum of the wavevectors of the emitted photons (phase-

matching condition) as shown in figure 3.3 (b and c). 

𝐾𝑎𝑠  =  2𝑘𝑝– 𝑘𝑠                                                                 [3.20] 

Alternatively, 

∆𝐾 = 𝐾𝑎𝑠 − (2𝑘𝑝– 𝑘𝑠) = 0                                                  [3.21] 

where 𝑘𝑝, 𝑘𝑠 , and 𝐾𝑎𝑠 shows the wavevectors of pump, Stokes, and CARS, 

respectively. While the ∆𝐾 arises from the mismatch of the wavevectors [129]. 

Nevertheless, ∆𝐾 cannot be zero because of the different refractive indexes (𝑛𝑗, j = p, 

(a) (b) (c) 
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s, and as) of the fields of pump, Stokes, and anti-Stokes photons at certain frequencies 

[62, 130]. Therefore, the CARS signal will follow the below equation.  

𝐼𝐶𝐴𝑅𝑆 ∝  |𝜒(3)|
2

 𝐼𝑝
2𝐼𝑠 𝑠𝑖𝑛𝑐 (

|∆𝐾|𝐿

2
)2                                  [3.22] 

To achieve the strong anti-Stokes signal, 

 |∆𝐾|𝐿 ≪ 𝜋                                                    [3.23] 

If the NA value is lower than 0.75, L can be minimized. This will enable a small focal 

volume, to a few micrometers long [131]. This mechanism together with the help of 𝑘𝑝 

and 𝑘𝑠 with forward directions, can liberate from the obligation of the phase-matching 

condition of equation (3.21) [132]. 

3.3.2 Stimulated Raman scattering (SRS) 

SRS can be identified as a two-photon phenomenon with properties comparable to 

stimulated emission [133]. Figure 3.4 (a) elaborates a collection of schematics that 

summaries SRS. In this diagram, a pump photon (𝜔p) is absorbed, which causes the 

molecule to excite into a virtual energy level, and another Stokes photon (𝜔s) is 

emitted, showing that the molecule has gone back to its original, lower energy level. 

The change between the final and initial states of a molecule, designated by the 

symbol (𝜔vib) must match to the discrepancy between the initial and final states of a 

Raman vibrational mode. Therefore, rather than occurring naturally, the release of the 

Stokes photon is stimulated. In addition, when the Stokes and pump beams arrive at 

the sample, SRS requires them to be overlapped in both space and time when they 

arrive at the sample [134]. The level of intensity for the pump beam SRL declines while 
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the intensity for the Stokes beam SRG increases in figure 3.4 (b) photon is not 

absorbed, but scattered at a different frequency due to the absorption of a pump 

photon via the molecule and the emission of a Stokes photon SRG. It is also possible 

to determine the pump beam by regulating the Stokes beam, which is activated when 

the pump beam is recognised. Consequently, the SRS signal is alternately turned on 

and off, which is necessary because SRS can only happen if both beams exist, which 

is not the case. As demonstrated in figure 3.4 (b), the loss in the pump beam happens 

at the identical frequency as the modulation of the Stokes beam, showing that the 

pump beam is losing energy at the identical rate of the Stokes beam. It is represented 

by the difference in intensity of the pump beam, which is represented as the symbol 

IΡ, also as the SRS signal. A filter, positioned after the sample, also impedes the 

Stokes beam from passing through it. To detect these minute signals, it is crucial to 

utilise sensitive lock-in detection; this allows for the identification of the SRS signal 

from the much greater background signal generated from the pump laser, which is 

difficult to detect.  
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Figure 3.4. Shows an illustrated arrangement of the SRS process. (a) of the SRS 

process represents the energy level diagram. The frequency contrast between the 

pump and Stokes, represented by p and s, is equal to vibrational resonance of the 

target molecule, denoted by ωvib. (b) shows output as a decrease in the pump beam 

and boost in the Stokes beam due to the discrepancy in wavelengths of the input laser 

beams which correlate with a Raman vibration [2]. 

3.4 Broadband CARS 

The following is important for BCARS compared to CARS: Use of a broadband Stokes 

beam enables the (1) not excitation of several molecular vibrations at once, generating 

a full Raman spectrum, CARS, and BCARS can therefore see at nonlinear optical 

counterpart of Raman [136]. (2) A signal boost of NRB via a three colour BCARS 

(a) 

(b) 
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process in the fingerprint region and thus signal boost of Raman bands in that region 

via the resonant-non-resonant mixing term in equation (3.18) (heterodyne 

amplification). In BCARS a ‘broadband’ Stokes field is applied enabling to probe 

several Raman active modes at once. For a large Stokes field, several frequencies 

with  𝜔𝑘 = 𝜔𝑝 − 𝜔𝑠 will create resonant CARS photons at each vibrational mode 

frequency. Figure 3.5 shows energy level diagrams for regard to narrowband CARS 

where every excitation field and CARS signal have a singular frequency and BCARS 

when a broad Stokes field accompanying a range of various frequencies permits for 

the creation of a CARS signal over a wide range of vibrational mode frequencies. This 

process is known as two-colour BCARS because the excitation photons have two 

frequencies i.e., the degenerate pump and probe fields. The broad pump and Stokes 

field can be allowed with the employment of a wide Stokes field. The pump and Stokes 

field can fulfil where 𝜔𝑘 = 𝜔𝑝 − 𝜔𝑠 to deliver a signal over a large range of vibrational 

mode frequencies. This composition is known as three-colour BCARS because the 

pump, Stokes, and probe photons each have unique frequencies. The Stokes photon's 

frequency is smaller than the probe's. Figure 3.5 represents the two-colour and three-

colour BCARS energy graphs. Both can create a CARS signal over a wide range of 

vibrational frequencies.  
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Figure 3.5. The diagrams above represent energy levels for 3 and 2 color BCARS. To 

generate the BCARS signal, only two fields need to be present as Ep = Epr, which is 

known as a "Two-colour BCARS" pump and probe field. Three-colour BCARS is a 

process where the pump and Stokes fields have a large range of frequencies. 

Additionally, all three excitation photons have a unique frequency. Probing the 

coherently induced polarisation creates a BCARS field, in those that fulfil ωk = ωp-ωs, 

the probe field will produce the corresponding state. 

3.5 Conclusion 

The theories presented in this chapter on Raman spectroscopy have played a crucial 

role in shaping the thesis. Understanding the basic principles of Raman scattering, 

SERS, and CRS was essential to developing a strong foundation for the biomedical 

applications of CARS and BCARS. The knowledge gained from these theories allows 

for precise targeting of biomolecules of interest and lays the foundation for informed 

decision-making in terms of identifying specific molecular vibrations, selecting laser 

parameters, and optimising detection methods. This knowledge is instrumental in 

shaping the subsequent application of CARS and BCARS in the biomedical realm, 

providing a robust framework for meaningful and accurate analysis of biological 

Three-colour  Two-colour  
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samples. Additionally, the understanding of the relationship between the incident 

radiation and the resulting Raman scattering provided insights into the importance of 

signal-to-noise ratio and effects of interferences. Overall, the theories presented in this 

chapter served as a fundamental guide for designing and interpreting the results of the 

experiments conducted in this thesis.  
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Chapter 4:  Experimental Procedure and Analysis 

Techniques 

In this chapter, the primary items for instrumentation in this thesis are presented and 

experimentally implemented for the analysis of the samples including thermal 

evaporation (EVP), scanning electron microscopy (SEM), ultraviolet-visible (UV-vis) 

spectrophotometry, Raman microscopy, coherent Raman scattering, namely SRS and 

CARS, as well as Broadband CARS system. 

4.1 Materials  

All the chemicals, materials and reagents were of analytical grade and were used 

without further modifications. The following chemicals and materials were used in this 

work: 150 µm thick glass coverslips (Marienfeld, UK); gold wire of diameter 1 mm (Test 

Bourne Ltd, UK); chromium (Testbourne Ltd, UK), BPT (Biphenyl-4-Thiol, Sigma 

Aldrich, UK), BPE (1,2 bis 4-pyridyl ethylene, Sigma Aldrich, UK), IR 820 (New 

Indocyanine Green, Sigma Aldrich, UK), acetone and isopropanol of purity >=99.98 

percent (Fisher brand, UK).  

4.2 Methods 

Glass coverslips of size 22 x 50 mm and thickness of 150 µm were used as substrates 

for the deposition of Au film adhesion with chromium (Cr). Cr was used to improve the 

attachment of gold on surface. Prior to conducting the thermal deposition, the glass 
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slides were washed and cleaned with acetone and isopropanol in the sonicator at 40 

℃ for 20 minutes for each chemical. These slides were dried under a N2 stream before 

exposing them to evaporation. For thermal deposition, Au wire and Cr were used by 

fixing it onto the deposition plate. The deposition was performed in a deposition 

chamber using the electron beam deposition mode and pressure at 1.88*10-6 Torr. 

The process is one of sublimation from a metal boat/crucible heated by electrical 

current. Thicknesses were prepared at various thicknesses 3,5,6,8,10, and 15 nm of 

Au films without annealing and annealing at 350 °C and 450 °C shown in figure 4.1 

(a). Thermocouples were used to uncover the actual temperatures of 350 °C and 450 

°C on hot plate for three hours corresponding to these thicknesses, which were found 

to be at 264 °C and 370 °C shown in figure 4.1 (b). 

 

 

 

 

 

 

 

 

Figure 4.1. (a) shows the annealing of Au film of thicknesses 3,5,6,8,10, and 15 nm at 

350 °C and 450 °C on hot plate for 3 hours. (b) shows the thermocouples used to 

measure the actual temperatures of hot plate. 

(a) 
(b) 
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4.3 Thermal evaporator (EVP) 

The Edwards Auto 306 EVP was used in a cleanroom for evaporation the metal coated 

samples. Au and Cr metals were used for the deposition of various metals onto the 

desired substrates such as Au and Cr. The outer part is made of the electrical and the 

assembly part. The chiller on the left side is utilised to lower the temperature of the 

internal pump. The electrical part is necessary to melt the material on to the substrate 

and there is also a knob that is manipulated to control the current flow, which I can 

visually observed in the amps as depicted in figure 4.2 (b). Also, there is a knob to 

control which of the four stations. At the time, I was using station A. Additionally, a 

thickness monitor was used. The digital program has a rotation for the substrate, or 

the main switch. These are the primary displays that were used for the confirmation of 

various numbers and pressure levels. For the mechanical portion of the thermal 

deposition, station A which has Ag inside the boat as shown in figure 4.2 (a-c). The 

mechanisms included thickness device that measured the thickness of the material as 

it was deposited. It also had the internal shield that was used for the shielding of 

materials from the substrate until it needed to get deposited, and then it was opened 

for deposition. This is the boat that will be used to hold material. After heating, the 

material will melt, depositing on the substrate of choice. 
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Figure 4.2. The Edwards Auto 306 Thermal Evaporator equipment, housed in the 

cleanroom of University of Exeter’s Graphene Centre. 

During the deposition process, the current will flow from post edge to the next post 

edge via the boat. It will heat the Ag, allowing for deposition onto the next substrate. 

Between this portion of metal, there is ceramic that prevents it from short circuiting. In 

order to operate the thermal deposition equipment, the primary power must be turned 

on from zero to one. Afterwards, the reset button should be pressed, followed by the 

start button. It is also necessary to active the chiller concurrently. Once this is done, 

the internal pump will commence heating getting ready for thermal deposition. This 

process should take approximately 25 to 30 minutes. The cycle indicators will light up 

Current  

4 stations 

amps 

Electronical  

Monitor  

Digital  
program  

(a) (b) 

(c) (d) 

Mechanical  

flow  

portion  
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once the pump is ready. At room temperature, the atmospheric pressure is 1x10-3 Torr. 

Additionally, the pump is run until 5x10-6 Torr is achieved to ensure that the system 

will be a vacuum and sublimation high quality deposition of the material onto the 

substrate. The purpose of utilising these two evaporators was to heat the metal 

hanging onto the boat inside a vacuum by passing the electric current through it. By 

heating it to an adequate temperature, it permits the control of the evaporation of the 

metals. The boat metals’ melting points are much higher than those that are to be 

evaporated. For both evaporators, the main electricity supply was attached to a step-

down transformer in order to permit currents of up to 100 amperes to pass through the 

boat. 

4.3.1 Experimental procedure of EVP 

The following processes were repeated for all samples. 

1- Load samples in the chamber onto the holder plate as shown in figure 4.2 (d) and 

then Au wire can be placed into the boat. 

2- Close the chamber and press the control screen and press cycle. 

3- Leave the machine for about 3.5 hours to pump down. You should start depositing 

when P3< 2.0x10-6Torr. For even lower pressures, one can simply leave the 

machine for more time to pump down. 

4- By moving the chamber control from 0 to LT and carefully raise the current until 

you see that the Au has melted. Bring current back to 0 A once this juncture. 

5- Using the wheel under the chamber’s door, change from Au to Cr. 

6- Select programme from digital part, select film 1 which is Cr, select Next 7 times 

before press programme. 
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7- Move the switch from 0 to LT and start increasing the current. First, I need to 

deposit a thickness of Cr 3-5 nm with the shutter closed to clean the material. 

8- Once a thickness of between 3-5 nm has been deposited, Press zero and open 

shutter at the same time. 

9- During the deposition, keep the rate steady at ~0.6 Å /s for Cr and 1.0 Å /s for Au. 

10- Once the desired thickness has been reached, Close the bring slowly the current 

down to 0 A and then turn the switch from LT to 0. 

11- Change the boat from Cr to Au using the wheel underneath the door. 

12- Repeat from previous step but this time select film 2 for Au. In my case the 

deposition rate is 1 𝐴°/s and thickness 3,5,6,8,10, and 15 nm. 

13- Deposit 3 nm of Au with the shutter closed. 

14- Next, press zero and open shutter at the same time. 

15- Wait until the desired thickness has been reached and, in the meantime, keep a 

steady deposition rate for Au it’s about 1 Å/s. 

16- Close the shutter, bring the current back to 0 A and the chamber control from LT a 

0 and reduce the current to 0. 

17- Cool down and vent: Allow the tool’s internal electrodes to cool for at least 10 

minutes before opening the chamber. 

4.4 Scanning electron microscopy (SEM) 

The TESCAN VEGA3 Multiple SEMs is used for precision surface imaging of 

materials, enabling users to examine the particle size, morphology, and topography 

with different levels of magnifications between 100 and 100,000x. While most optical 

microscopes utilise light to generate an image, SEM images are formed with electron 

beams that originate from an electron gun, shown in figure 4.3 (a-b). It is possible to 
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gain higher magnifications because electrons are an ionising radiation. Additionally, I 

also have a larger field of depth due to the shorter wavelength. Therefore, users can 

collect a large, three-dimensional view of the sample. Fragments of samples can be 

adhered on an aluminium (Al) stub using an attaching carbon tape. The sample’s 

surface and respective stub can be covered with an extremely fine layer of metal alloy 

such as Au. In turn, this improves conductivity to boost the flow of electrons onto the 

surface. Later, the stub is placed into the sample chamber and an electron beam is 

transferred through a series of apertures and electromagnetic lenses while in vacuum 

conditions. This permits for the electron beam to be adjusted accordingly while it is 

operating through a particular sample area.  

Detectors are installed to gather these signals. The compiled electron intensity is 

transformed into a light intensity that delivers a visual image that can be observed in 

a digital format. The secondary electron are electrons that were released from the 

sample atoms because of interactions with the primary electrons of the beam. 

Secondary electron also normally has low energy and are optimal to give the best 

imaging resolution. In contrast, the sample topography contributes to the image’s 

contrast. SEM is an invaluable technique due to its fast data procurement, potent 

magnification ability, ease of sample preparation, whilst acting as a non-destructive 

form of imaging allowing repeated analysis. In this thesis, the SEM images samples 

were collected using SEM in high vacuum with a 10 kV accelerating voltage. The 

samples were placed on carbon adhesive tape prior to mounting. In order to analyse 

the SEM images, I used the image processing programme ImageJ. 
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Figure 4.3. (a) The TESCAN VEGA3 SEM equipment, housed in the University of 

Exeter’s Harrison building. (b) Schematic of the SEM instrument, showcasing how 

electrical gun in this system works [3]. 

4.5 Ultraviolet-visible (UV-vis) spectrophotometer 

The spectrophotometer aims to analyse the electromagnetic energy interactions with 

matter. UV-vis spectrophotometer is utilised in analytical chemistry to quantify several 

analyses, including highly conjugated organic compounds, transition metal ions, and 

biological macromolecules. Spectroscopic analysis is typically performed in solutions, 

but solid forms such as thin film in this project are examined as well. UV-vis absorption 

spectra were gained by utilising the UV-vis scanning spectrophotometer (Thermo 

Fisher Scientific, Massachusetts, USA) between wavelengths ranging from 190 nm – 

700 nm shown in figure 4.4 (a-b). UV-vis is manipulated to examine the transmittance, 

absorption, and reflection spectra of the studied samples. The three parts of the 

(a) (b) 
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spectrum labelled were UV (185-400nm), visible (400-700nm) and near infrared (IR) 

(700-1100nm) [137]. In this thesis, all various the samples were measured by using a 

clean glass slide as substrate (baseline) as well as using a glass slide of Au films as 

a deposited and annealed on hot plate at different temperatures (350 °C and 450 °C) 

for 3 hours. 

 

 

Figure 4.4. (a) The UV-vis scanning 

spectrophotometer equipment, housed in the University of Exeter’s Biophysics lab.(b) 

Schematic of UV-vis instrument how it works [3]. 

4.6 Raman micro spectrometer 

A Renishaw Raman microscope (RM1000) (Renishaw, Wooton-Under-Edge, UK) 

fitted with a 1200 line/mm grating providing a spectral resolution of 1 cm-1 was the 

device used for taking Raman scattering spectra. Using a desktop computer equipped 

with Renishaw v.5.5 WiRE software, the power of light at the focus was altered, in 

addition to laser scan times and spectral area of interest shown in figure 4.5 (a-b). The 

(a) (b) 
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most appropriate lens for my uses was a 50x (0.50 NA) microscope objective lens to 

focus light onto the substrate. For each individual experiment, the location of the laser 

through the microscope was measured and adjusted as needed. Calibration for this 

system was prior to each set of experiments by utilising the silicon (Si) wafer spectrum 

in addition to a Raman band at 520 cm-1 to act as a reference point for both internal 

and external Si. 

 

 

Figure 4.5. (a) Schematic diagram of a Renishaw Raman microscope equipment 

shows the beam paths for the 532 and 785 nm laser resulting Raman signal, housed 

in the University of Exeter’s Biophysics lab.(b) Schematic diagram of a Renishaw 

Raman how it works [4]. 

4.7 Coherent Raman scattering (CRS) setup 

Chemically specific microscopy is achieved via label free imaging through the Raman 

active molecular bond vibrations. Most of the chemically specific data is obtained via 

Raman scattering, but the primary drawback is that the scattering cross section is 

modest, therefore the larger hyperspectral maps need long data acquisition times. On 

(a) (b) 
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the other hand, coherent Raman scattering processes have increased efficiency and 

near video rate imaging potential. Hyperspectral data involving the CH vibrational 

region can also be acquired in minutes via SRS spectrally focused on CARS and SRS 

on account of rapid tuning through a range of wavenumbers. The CRS of experimental 

setup is shown in figure 4.6 (a and b). The Spectral Focusing Timing and 

Recombination Unit (SF-TRU) is utilised to overlap two femtosecond (fs) laser beams 

both spatially and temporally. This allows the beams to be chirped down to picosecond 

(ps) pulses.  

The imaging technique is known as hyperspectral focusing, and the hyperspectral 

scan is carried out by scanning the delay that exists between the ps pump and Stokes 

pulses. The pump and Stokes lasers in this setup come from the same source: an 80 

MHz fs laser (Insight X3, Newport Spectra-Physics). Stokes beam was set to 1045 

nm, and the pump beam was modified from 680 to 1300 nm to cover the required 

vibrational region. SF-TRU overlaps the two beams in space and time to get them 

ready for coupling into the microscope [138]. The setup contains a polarising beam 

splitter to allow for intensity modulations in the 1045 nm Stokes beam with 

modulations, yielding the SRS signal and electro-optic modulator (EOM). The Stokes 

and pump beams were set to allow for the alteration of the fs pulses to ps pulses and 

overlapped in a temporal and spectral manner. Additionally, the delay can be 

controlled between the Stokes and pump beam to allow for unique Raman vibrations 

to be probed within a 200 cm-1 range as well as allow for the acquisition of 

hyperspectral data. 
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Figure 4.6. (a) The experimental setup of SF-TRU of coherent Raman scattering 

(CRS) system at department of Physics, University of Exeter. (b) Schematic diagram 

of CRS system: EOM-electro-optic modulator, FG-function generator, DM-dichromatic 

mirror, DS-delay stage, G-grating, M-mirror. 

The modified confocal microscope (Olympus, FV3000) equipped with a 1.2 NA water 

immersion objective (UplanSApo/IR, Olympus) was utilised for imaging. A 1.4 NA oil 

(a) 

(b) 
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immersion condenser (Nikon MBL 78700) acted as the CARS signal and acquired the 

transmitted laser fundamentals that were disconnected at the long pass dichroic beam 

splitter (Chroma DC/T760lpxr). Filters (2x Chroma ET 650/45x) were used to direct 

CARS into a photomultiplier tube (PMT) in order to block any fluorescence and leftover 

laser fundamental. Deriving intensity changes in the pump beam allows for SRS to be 

determined and are later collected onto a photodiode. Then, this is broken down by a 

lock-in amplifier module (APE). The filters (Chroma ARS 890-210 nm and Edmund 

optics 950 nm short pass filter) precede the photodiode detector to permit the 

exclusion of the 1045 nm Stokes beam [139, 140]. 

4.7.1 Experimental procedures of CRS setup 

This approach introduces a SF-TRU module for a dual-wavelength pulse laser, 

allowing rapid multimodal imaging of AuNPs and cancer cells. These experimental 

procedures of CRS setup combined SRS and CARS using a laser scanning 

microscope are below. 

Switching on the laser system 

1. Before turning the system on, turn on the interlock system and choose arm laser. 

2. Turn on the computer comprising the software to control the fs laser with dual 

outputs. 

3. Load the dual-output fs laser software to set the pump beam wavelength and 

power on/off the laser. 

4. To turn on laser emission, hold down the power symbol for 3 seconds. 

5. Wait for the laser to warm up and the green light to appear in the programme. 
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6. The software allows for direct control of the pump beam's wavelength, which can 

be tuned from 680 to 1300 nm. Select 802 nm for imaging in the C-H Raman 

vibrational region. 

7. Hold down the aperture images for 3 seconds to open the shutters of the tunable 

pump beam and 1045 nm Stokes beam. 

 

 

 

 

Switching on the SF-TRU 

This device ensures the pump and Stokes beams overlap, controls their dispersion, 

and controls their time delay. The polarisation of both pump and Stokes beams is 

vertical. Note that each beam has a half-wave plate to adjust polarisations before 

leaving the SF-TRU. 

1. Run the ATM software on the same PC as laser software to operate delay stages 

and laser amplifiers in the SF-TRU device. 
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2. Ensure pump and Stokes lasers are attenuated to <7% (pump) and <14% 

(Stokes beams). Without beam attenuation, laser intensity may harm systems 

and burn samples such as biological samples. 

3. To optimise biological imaging, use laser settings of 6% (pump) and 10% 

(Stokes), equal to 12 mW and 30 mW at the sample. 

4. The SF-TRU has two modes: fs and ps. 

5. To switch to fs mode, press the knobs on each side of the box to remove the 

dispersion gratings from the beam path. 

6. To use ps mode, remove the knobs on each side of the box to position the 

dispersion gratings in the beam path. 

7. Hyperspectral imaging uses ps mode. 

8. SF-TRU and laser imaging parameters for the CH high wavenumber range 

(2800–3100cm–1) 

i. Pump wavelength 800-802 nm  

ii. Delay: 90.25-92.25 mm  

iii. Pump dispersion 5 mm 

iv. Stokes dispersion 30 mm 
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9. SF-TRU and laser imaging parameters for the fingerprint range (1500–1700cm–1) 

(amide band) 

i. Pump wavelength 896-899 nm  

ii. Delay: 89-91 mm  

iii. Pump dispersion 5 mm 

iv. Stokes dispersion 5 mm 
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1. Press store recall
2. press bottom left button
3. Select 2nd option 

19.5MHz
4. Press recall
5. Switch on CH1 and CH2 

outputs.

1.
2.

4.

3.

5.

10. Scanning the delay changes gives you access to various Raman shifts, which may 

be modified in the programme to achieve the brightest image. 

Setting up SRS 

1. Adjust the intensity of the Stokes beam for SRS detection. 

2. Switch on the beam modulation amplifier in SF-TRU signal generator. 

3. Recall previous settings: 

OUTPUT 1: Square wave: 19.5 MHz, 1.4 V amplitude. 

OUTPUT 2: Square wave: 19.5 MHz, 300 mV amplitude. 

4. Swich on Outputs 1 and 2. 

5. Connect Output 1 to the EOM amplifier in the SF-TRU box using a BNC cable. 

6. Connect Output 2 to the SRS lock-in amplifier using a BNC cable. 

7. Switch on the power supply to the amplifier on the gantry for CH1 and CH2 

Outputs. 

 

 

 

 

 

 

 

 

Switching on the lock-in amplifier 

1. SRS imaging requires the SRS detection module, which includes a large area 

photodiode and a tailored lock-in amplifier. 

2. Start the lock-in amplifier on the gantry by turning on the power supply. 
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3. Run the “SRS detection Module” software for the lock-in amplifier on the PC. 

4. Select the following parameters in the software: Phase = 0°, Offset = -80 mW, 

Gain = 58 dB. 

5. In software, use a lock-in amplifier integration time constant of 2 µs for high-

quality imaging. 

 

 

 

Analogue box 

This box enables the Olympus scan system to send and get TTL signals to connect 

with other devices. The SRS signal from the Lock-in amplifier, as well as the CARS 

signal from the external PMT, are both sent into this device. 

• Power supply for the PMT 

1. Channel 1 (15V, 0.3A) 
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To microscope 
shutter

Input from 
CARS PMT

TTL signal 
from SF-
TRU

TTL signal 
to SF-TRU

SRS signal 
from LockIn
amplifier

The Analogue Box

2. Channel V, (0.5A, 0.2A) 

3. If you do not raise the Amp setting over 0, the power supply will not function 

properly. 

4. Turn off both channels when imaging is not required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Operating the system  

• Controlling the microscope via the remote control:  

1. Turn on the remote-control box on the gantry and the rear of the box. Wait until 

the remote light (on the control box) becomes blue before pressing the start 

operation button. 
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2. Turn on the laser scanning microscope's computer. 

3. Open the software for the confocal microscope. 

4. Adjust the focus using the touch screen, the remote control, or computer 

software. 

 

 

• Operating the Olympus Flouview software: 

1. Verify the light path: (Select the 775nm short pass in the Tool Window). 

Switch off at back

Switch 
between eye-
piece and 
camera mode 
here

You can adjust 
the focus here

Settings for the 
transmitted light

Switch between 
objectives here

Exit program 
here

Focus control

coarse

fine

Swap between coarse and fine 
movement on the motorised 
stage

Moves in Y direction

Moves in 
X direction

raises 
Objective

lowers 
Objective
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Click here to change 
optic in filter wheel 
(other option = Silver 
mirror)

Olympus PMTS

Not 
present in 
our system

Olympus 
de-scanned 
PMTS

Additional 
channels through 
analogue box

Channels from 
analogue box 
selected for 
forwards CARS 
and SRS

2. Choose detectors: (Click Tools > Dye CH settings) 

3. SD detectors are de-scanned PMTs in the scan unit. 

4. CD (current detectors) are the inputs for the analogue box. 

5. Currently, CD1 is forwards CARS and CD2 is SRS. 

 

 

 

 

 

 

 

 

 

 

 

• LSM imaging: 

Choose suitable image parameters in the programme scan types. 

1. Scan speed 

2. Pixel dwell time 

3. Image size in pixels 

4. Zoom 
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4.7.2 Polystyrene (PS) beads calibration  

To interpret the SRS and CARS images, it is first to start with the PS beads calibration 

in fingerprint region. In order to show the imaging capabilities of SF-TRU in the 

fingerprint region, I set the pump beam wavelength to somewhere around 896 nm. 

After the wavelength tuning, there is no difference in the spatial overlap of the pump 

and Stokes beams.  The separations of grating pairs need to be optimised due to 

increased charge-coupled device (CCD) values longer wavelengths, which requires 

readjusting the temporal overlap with the motorised delay stage. The use of a 

calibration/look-up table can automate this process by matching the CCDs of the two 

beams. The chirped pump and Stokes wavelengths are 800 nm and 1045 nm, 

respectively, and each beam has an average power of 12 mW when measured at the 

microscope’s entry port. Lock-in detection with an avalanche photodiode for CARS 

and a photodetector for SRS enables simultaneous capture of signals for both CARS 

and SRS in the forward scattering channel. Figure 4.7 displays SRS and CARS 

imaging of PS beads. Using lock-in detection with an avalanche photodiode for both 

SRS and CARS signals in the forward scattering channel. The images below show the 

1601 cm-1 Raman shift CARS (a) and SRS (b) image frames that were recovered from 

the stacks of hyperspectral scans. Figure 4.7 (c) displays the spectra for the PS SRS 

(green) and PS CARS (red) signals. As a point of reference, the Raman spectra of PS 

beads (black) is presented for this location. Once more, the SRS and spontaneous 

Raman spectra of PS are virtually indistinguishable from one another, although the 

CARS spectra of PS show the distinctive non-resonant background and dispersive line 

patterns [138]. 
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Figure 4.7. (a, and b) shows the hyperspectral CARS and SRS imaging of PS beads 

in the fingerprint region. The images were taken from stacks of hyperspectral scans at 

a resolution of 1601.7 cm-1. (c) shows the spectra of PS beads in SRS (green), PS 

beads in Raman (black), and PS beads in CARS (pink). Scale bar of images are 10 

μm.  

The sample of PS microspheres is scanned first as part of the process of validating 

the performance of spectral resolution and chemical selectivity figure 4.7. After a water 

immersion objective with a magnification of 60x and a NA of 1.2, the laser powers at 

the sample are 10 mW for the 1,045 nm Stokes beam and 20 mW for the 802 nm 

pump beam. It is possible to extract the SRS spectrum from each and every pixel in 

the frames. The hyperspectral SRS spectrum of PS beads is displayed in figure 4.7 

(b). Figure 4.7 (a) illustrates the spontaneous Raman spectrum of PS beads, which 

may be compared to other spectra. The SRS spectrum and the spontaneous Raman 

(c) 

(b) SRS (a) CARS 
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spectrum of PS microspheres are nearly similar to one another, with the exception of 

relative intensity changes at the sides.  

4.8 Broadband CARS setup 

Figure 4.8 has a schematic design of the BCARS system. The mechanism uses 

custom co-seeded fibre lasers to generate a narrowband flat-top probe (770 nm; 

approximately 16 mW, 3.4 ps pulses on-sample) with a supercontinuum (SC: 

approximately 900 nm to 1350 nm; 9.5 mW, 16 fs pulses on sample) while having 

trivial jitter. This laser design is comparable to the method designed by C. H. Camp Jr 

et al [5]. This design permits for an independent probe source for high resolution 

spectra. The configuration triggers the fingerprint region by utilising intrapulse three-

colour excitation because of its potency, efficiency, and maximal at the lowest energy 

levels. It also stimulates higher energy transitions using two-colour excitation to 

achieve the entire biologically pertinent Raman window (roughly between 500 and 

3500 cm-1). NRB reduction schemes are not used to gain the highest amount of 

resonant and non-resonant signal for heterodyne amplification [5]. 
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Figure 4.8. This design represents coherent Raman imaging in respect to BCARS 

spectroscopy. (a) is a Schematic of the BCARS CRI system, P are the SF10 prisms; 

D, a dichroic mirror; OBJ, objective lens; XYZ, piezoelectric stage; F, with two short-

pass filters. (b) Energy diagram with two colour excitations. (c) Energy diagram with 

three colour excitations [5]. 

To generate a CARS signal, high peak power and pulse lasers are required due to the 

large electric fields. Ep, Es, and Epr are fundamental in activating and examining third-

order polarisation. The most popular method used in the field has been to adopt 

titanium-sapphire (Ti: Sa) lasers that synthesis ultrashort infrared pulses essential for 

the creation of CARS for probe fields and the narrowband pump. The narrowband field 

maintains a pulse duration of around 1-2 ps. The creation of a broad Stokes field 

influences the creation of BCARS because of the use of a photonic crystal fiber (PCF) 

(a) 

(b) (c) 
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where a part of the output from the Ti: Sa laser is manipulated to generate the broad 

pulse. After the generation of the BCARS signal, it is dispersed into a scientific CCD 

camera with a spectrometer. Figure 4.8 (a) presents the configuration required to 

create the desired BCARS signal. The spatial and temporal overlapping of the pump 

and Stokes beam (degenerate pump and probe field) are both essential to correctly 

generate a BCARS signal. Temporal overlapping is set up through the usage of a 

delay line to estimate the delay of the pump beam pulse to that of the Stokes beam 

pulse. Figure 4.8 (b-c) represents the relationship between the two pulses and the 

generation of the BCARS signal. Wavenumber calibration in the BCARS was 

performed via a cyclohexane standard. 

4.9 Data pre-processing 

Multivariate Curve Resolution (MCR) combined with alternating least squares (ALS) is 

a useful tool used to interpret overlapping spectral data of both chemical and biological 

compounds [141]. The technique is commonly utilised to predict the concentration of 

compounds or to identify unknown spectra generated by aqueous solution, through an 

iterative cycle until a convergence condition is attained [141]. Overall, the method 

regains true data variation and generate the concentration profiles. MCR-ALS is used 

to solve bilinear models by utilising contained ALS. Therefore, the bilinear model is 

written as shown by equation (3.24). 

D = C·𝑆𝑇 + 𝐸                                               [3.24] 

Where D (1,2, 3...q) is matrix of row data. C is matrix of the concentration profiles. ST 

is matrix that corresponds to the pure spectra. E is matrix of the residual not provided 

in the model. I deconstructed the initial hyperspectral stack into the data matrix D for 
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the current investigation, where each row represented the CARS intensity at different 

wavelengths. The MCR-ALS toolbox, which is based on Matlab, was then used to 

recover the concentration matrix and spectra of each component was chosen, and 

non-negative concentration and spectrum values were established as limitations. The 

concentration map is represented by the resultant C matrix, where each column 

illustrates a component. The resulting pictures are then rebuilt using Matlab and 

ImageJ, and the MCR findings. Each row of the spectral matrix S has the matching 

spectrum that is shown in the images as the MCR output spectra. As spectra arrays 

(D) containing all the pixels for MCR analysis, the hyperspectral SRS stacks were 

imported to Matlab using ImageJ. Each row had a spectrum. To extract the 

eigenvectors, the Matlab programme Principal component analysis (PCA) on the data 

was used on the matrix D. Given that the non-major components must have 

eigenvalues of zero, the eigenvalues provided by PCA analysis were used to 

determine the number of components. 
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Chapter 5:  Development 2D Surface Enhanced Raman 

Scattering (SERS) Substrates 

Thin films of noble metal NPs, such as Au, have the ability to absorb and reflect light, 

and can be used to produce highly sensitive signals on coverslip substrates through 

the thermal evaporation method. The aim of the current study is to fabricate a 

reproducible substrate that mimics AuNPs and allows detection in forward direction 

for CRS, I explore the effects of annealing, on Au films of thicknesses 3 nm to 15 nm 

placed on glass substrates. The SERS performances were measured and compared 

in terms of enhancement factor (EF) in relation to various patterns with Au nano-

sphere of different sizes and thicknesses. Furthermore, the SERS potential of the 

samples were determined by detecting BPT, BPE, and IR 820 as a model analyte 

solution on 10 nm Au thin film substrates using 785 nm laser excitation wavelengths. 

It has been revealed that annealing has an impact on SERS, with branching 

aggregates of the Au film inducting a decrease in its capacity. The findings reveal a 

relationship between annealing temperature and SERS performance, with optimal 

results achieved at 350 °C and 450 °C for 3 hours. This enhanced signal has potential 

application in biomedical field, such as cancer detection, for the detection of specific 

biomarkers at low concentrations. The key results of this chapter on enhancing SERS 

by enhancement factor using annealing gold films. It is hoped that this work will have 

great impact of using such probes for fundamental biological and pharmaceutical 

research in order to overcome the problems associated with standard Raman 

scattering. 
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The author’s contribution in this chapter: 

1. I developed a reproducible substrate that mimics AuNPs and allows forward 

detection which is critical for CRS. 

2. All samples were prepared and measured by the author. 

3. All calculations and figures were performed by the author. 

4. All work was described by the author. 

5. Raman reporters BPE and IR 820 were prepared by Megha Mehta. 

5.1 Introduction 

In 1974, there was a notable discovery when Fleischmann et al. identified high 

performance spectra of a singular monolayer pyridine molecule adsorbed onto a rough 

surface, which then increased by 106 in comparison to solution phase pyridine [142-

145]. This endorsed the first confirmation that Raman scattering intensity can be 

experimentally increased to a useful range [146]. This phenomenon of surface 

enhancement is related to the rough surface, and the subsequent spectrum is 

indicated to as the surface enhanced Raman scattering (SERS) [147]. Typically, SERS 

can be used as a method for rapid detection of molecules with several benefits, 

including but not limited to the exclusion of photobleaching and identity, the prevention 

of mutual interference between different species in a complex system, and the 

achievement of non-destructive detection [148]. SERS has witnessed extensive use 

across numerous fields, including biological sensing, electrochemical, trace detection, 

and in-situ analytical chemistry [149]. SERS can be explained through the 

fundamentals of chemical enhancement and electromagnetic enhancement. Chemical 

enhancement  occurs from an adsorbate surface complex that couples molecules to 
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substrates [150, 151]. Although chemical enhancement can contribute to the total 

Raman signal amplification, it plays a relatively minor role [152]. Instead, 

electromagnetic enhancement is the primary mechanism responsible for enhancing 

the Raman signal. This enhancement arises from the combined oscillation of metallic 

free electrons under the influence of the photoelectric field, which generates a local 

electromagnetic enhancement [153]. The resulting Raman spectrum contains the 

characteristic fingerprint information of the detected substrate [151, 154]. SERS also 

utilises the various advantages of Raman spectroscopy, which include non-destructive 

analysis, minimal sample preparation, fingerprint identification of molecules, and 

analysis of biological samples. There is a potential for performing field analysis with 

portable devices that also yield results of high sensitivity. This could potentially allow 

for the detection of individual molecules [148]. The noble metals, Au, and Ag have 

been utilised extensively for SERS [155]. The reason being noble metals have an 

ability to create their own plasmon resonance phenomena which can be manipulated 

to enhance Raman signals, plasmon resonance can enhance the Raman signals 

based on their localised electric field, which can be used as a substrate in specific 

applications [156]. 

The annealing process is often used to treat materials with heat. It can be used to get 

rid of residual internal stress and lattice defects, lower the surface energy of the film, 

bond the layers together, etc., and has an impact on the physical and chemical 

properties of the deposited films, like their microscopic shape, crystallinity, mechanical 

properties, electrical properties, and optical properties, etc. [157-159]. Zhou et al. 

annealed the Au film made by thermal evaporation and studied how the residual stress 

changed after annealing [160]. They found that the voids in the Au film were filled, the 

film became more stable, and the stress level also went up [160, 161]. In general, the 
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process of annealing consists of three stages: gradual heating up, temperature 

maintenance at a consistent level, and the application of cooling action [162]. The 

process of improving structural defects and varying grain size, pore size, and grain 

boundaries is referred to as thermal annealing [163]. This is because thermal 

annealing is conductive to the diffusion and nucleation of separated crystals on the 

surface on the substrate, which allows for the crystals to grow into uneven crystals at 

high temperatures [164].Typically, the annealing process supports the reorganisations 

of Au atoms both under vacuum and air conditions. For example, the thin Au films can 

form isolated island films as functions of temperature, surface energy of Au thin film, 

form of annealing utilised either thermal or furnace based and the basic features of 

substrates [165]. Because the thin film can experience plasma etching during 

annealing which in turn forms islands. Briefly, a continuous agglomeration of a thin 

metal film under annealing process forms arrays of individual island by affecting the 

total interfacial energy of the metal thin film [166]. The process involves the initiation 

of holes and then spreads into the whole film converting the film into an island. 

In this work, a protocol was established for characterising two dimensional (2D) SERS 

substrates. The study utilised an evaporating method to produce reproducible 

nanostructured Au thin films of varying sizes 3, 5, 6, 8, 10, and 15 nm, with the aim of 

creating simple and reproducible SERS substrates. Additionally, the evaporated Au 

thin film was used for scanning electron microscopy. Also, I deliver additional evidence 

in the design of visible absorption spectra of annealed Au thin films on coverslips 

substrates on hot plate at temperatures 350°C and 450°C for 3 hours. Furthermore, 

SERS was investigated using three different Raman reporters: BPT, BPE, and IR 820 

as a model analyte solution on 10 nm Au thin film substrates using 785 nm laser 

excitation wavelengths. The objective was to identify the most promising molecule for 
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further investigation in island-based SE-CRS, specifically focusing on its ability to 

provide distinct contrasts for the detection of a wide range of biological samples. 

5.2 Fabrication of Au films nanostructures 

Glass coverslips were used as substrates for the deposition of Au film adhesion with 

Cr. These slides were dried under a N2 stream before exposing them to evaporation. 

The film deposition factors, such as substrate temperature, substrate type, film 

deposition rate and required film thickness all have significant influences on the 

properties of these films. In all, the thermal deposition process, Au wire and Cr were 

fixed on the deposition plate. The deposition was performed in a chamber using the 

electron beam mode and pressure set at (1.88×10-6 Torr). Au films with thickness of 

(3, 5, 6, 8, 10 and 15 nm) were prepared adhesion with 3 nm of Cr. Subsequently, the 

rate of deposition was kept extremely low (less than 0.2 A°/s) to prepare unique Au 

islands that were physically unique from one another before annealing at 350 °C and 

450 °C for 3 hours on a hot plate. These films were tested three times for each sample. 

5.3 SEM imaging and spectroscopy 

To analyse the nanostructured Au film samples, SEM was used (TESCAN VEGA3). 

To create SEM contrast, the samples (coverslips) were coated with Au films with 

thicknesses that ranged from 3 nm to 15 nm, with consideration to adherence by Cr. 

The samples were then connected to the sticky carbon tape and put into the chamber 

to be tested before SEM examination. Raman and SERS were acquired using a 

Renishaw InVia Raman microscope (Renishaw Plc, Gloucestershire, UK) and near 

infrared (NIR) of 785 nm laser excitation. Renishaw's WiRE v.5.5 software was then 
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used to collect spectral data. Before measuring the samples, the initial step was to 

calibrate the system using a source silicon (Si) peak located at 520 cm-1. 

5.4 Experimental results and discussion 

5.4.1 Au thin films as deposited and annealed 

The morphology of samples was taken in SEM high vacuum conditions with 

accelerating voltage 10 kV and 50,000X magnification, at a working distance of 10 

mm. The thicknesses of the Au thin films as deposited were 3, 5, 6, 8, 10, and 15 nm, 

respectively as shown in figure 5.1 (a-f). In SEM images of different thicknesses films, 

reveal the unique morphologies may be seen. Films with 3 nm, 5 nm and 6 nm 

thicknesses have specific Au NPs with round (spherical) forms, but films with 8 nm, 10 

nm and 15 nm thicknesses have some NPs with elongated shapes. 

 

Figure 5.1. SEM images of deposited Au thin films of (a) 3 nm, (b) 5 nm, (c) 6 nm, (d) 

8 nm, (e), 10 nm, and (f) 15 nm. The scale bar is 400 nm. 
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SEM was then used to observe the changes in the morphology of Au films during the 

deposition annealing processes. The planar view of SEM images of annealed Au thin 

films during the annealing process is shown in figure 5.2. Images of film size 3, 5, 6, 

8, 10 and 15 nm thicknesses were taken at temperature 450 °C for 3 hours of 

annealing time and are shown in figure 5.2 (a-f). The annealed Au films, with 

thicknesses of 3, 5, 6, 8, 10 and 15 nm, were dried onto glass slides and treated with 

a thermal evaporation process. During this period, the temperature of the glass slides 

was kept at 450 °C for 3 hours during the process. For the 3, 5, and 6 nm, SEM images 

yielded sphere-like particles with a diameter of approximately 31, 37, and 46 nm as 

shown in figure 5.2 (a, b, and c). For the 8, 10, and 15 nm Au films as shown in figure 

5.2 (d, e, and f), islands of different shapes and sizes were developed. Some of the 

islands were elliptic or isolated spherical shapes, a few were elongated, and others 

had small interconnections to various islands. A few were elongated, with this shape 

likely due to the underlying substrate and the direction of crystal growth during the 

evaporation process of effect on LSPR. The diameters for the 8 nm Au films were 

approximately 61 nm. For the 10 nm Au films, irregular holes were formed with 

diameters that were about 83 nm. Finally, sphere like holes were created in the 15 nm 

Au films with diameters that were about 286 nm. The average sizes of Au islands were 

also quantitatively compared.  
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Figure 5.2. SEM images of Au films of (a) 3 nm, (b) 5 nm, (c) 6 nm, (d) 8 nm, (e) 10 

nm and (f) 15 nm as annealing on hot plate at temperature 450 °C for 3 hours. The 

scale bar is 400 nm, and 500 nm. 

For the SEM images shown in figure 5.2, samples of Au thin films of various nominal 

thicknesses were annealed for 3 hours at 450°C. This process created well defined 

Au nano islands. Next, the diameters of 3, 5, 6, 8, 10 and 15 nm were determined for 

annealed Au films at different temperatures by ImageJ. The particle size was 

measured using the particle analysis programme in the ImageJ software. Here are the 

steps that were taken. The images file was first opened in ImageJ, and the scale bar 

in the image was used to adjust the software scale in ImageJ. The image was then 

changed to 8-bit type and turned to binary using an automatic process. The scale bar 

was then taken off the image, and the particle analyser command was set to determine 

the number and area of particles with an area between 0 and infinity μm2. It was 

concluded that the average particle size increases as the thickness of the Au 

increases. This is outlined in figure 5.3. Accordingly, the average particle size for the 

Au films of 3 nm were around 31.23 ± 0.74 nm. In contrast, the mean particle size for 

the Au films of 15 nm lay in the range of 286.90 ± 3.86 nm. There is a distinct positive 
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correlation between the average particle size and Au film thickness. Then, after save 

the row data and plotting the histogram of particle size in the origin as shown in figure 

5.4 a set of histogram SEM images depicting the average particle size of annealed Au 

films with thicknesses of 3, 5, 6, 8, 10 and 15 nm, which were subjected to a hot plate 

at a temperature of 450 °C for 3 hours. 

 

Figure 5.3. Au thin films thicknesses of 3, 5, 6, 8, 10, and 15 nm along with diameters. 
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Figure 5.4. Histogram SEM images of the average particle size of Au films of (a) 3 nm, 

(b) 5 nm, (c) 6 nm, (d) 8 nm, (e) 10 nm and (f) 15 nm as annealing onto hot plate at 

temperature 450 °C for 3 hours. 

5.4.2 UV-vis spectrophotometer 

Particle size and annealing duration have an impact on the optical characteristics of 

annealed Au films. The extinction spectra for substrates are represented with 

deposited and annealed samples (6 nm, 8 nm, and 10 nm) of Au films at 350 °C and 

450 °C for 3 hours on hot plate as shown in figure 5.5 (a, b, c, d, and e). The absorption 

spectra of annealed Au films of 3, 5, 6, 8, 10, and 15 nm thickness were obtained in 

the range from 400–900 nm wavelengths. The initial Au films substrate annealed for 

3 hours ended up with 6 different band positions. The first band was at 608 nm of 3 

nm annealed Au films. The second band was at 590 nm of 5 nm annealed Au films. 
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The third band was at 560 nm of 6 nm annealed Au films. The fourth band was at 585 

nm of 8 nm annealed Au films. The fifth band was at 609 nm of 10 nm annealed Au 

films. The sixth band was at 700 nm of 15 nm annealed Au films as shown in figure 

5.5 (f). Figure 5.5 (g) shows the wavelength maximum peaks of Au thin films of these 

thicknesses of 3, 5, 6, 8, 10, and 15 nm with the absorbance. Additionally, when the 

thickness of the film increases, the absorption resonance spectra tend to shift towards 

side of the higher wavelength. Again, growing particle size leads to a shift in a higher 

wavelength. A wide plasmon resonance band can be seen with optimised substrates. 

 

 

(a) (b) 

(c) (d) (e) 
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Figure 5.5. UV-vis spectra of Au thin films of distinct size of thicknesses. (a and b) 

before and after annealing samples (6 nm, 8 nm, and 10 nm) of Au films on hot plate 

at two different temperatures 350 °C and 450 °C for 3 hours. (c, d, and e) shows the 

UV-vis spectra of 6 nm, 8 nm, and 10 nm of Au films before and after annealing on hot 

plate for 3 hours at various temperatures 350 °C, and 450 °C. (f) annealing Au films of 

thicknesses 3, 5, 6, 8, 10, and 15 nm on hot plate at temperature 450 °C for 3 hours. 

(g) mean of wavelength maximum peaks of Au films of these thicknesses (3, 5, 6, 8, 

10, and 15 nm) at temperature 450 °C for 3 hours.  

5.4.3 SERS performance and enhancement factors 

SERS was investigated using three different Raman reporters BPT, BPE, and IR 820 

in ethanol. 1 mM was prepared from 100 mM stock solution of each to acquire Raman 

spectrum of each reporter molecule. By utilising confFocal Raman spectroscopy with 

(f) 

(g) 
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the set at 785 nm laser excitation, I was able to perform Raman and SERS 

measurements across numerous wavelength bands. The SERS experiments were 

initially carried out on standard microscope glass (coverslip) supports that had been 

altered with a 10 nm annealed Au thin films at 450 °C for 3 hours. This was followed 

by an ethanol rinse, which allowed the BPT, BPE, and IR 820 monolayer to develop 

on the SERS substrates. Raman spectra were collected from a Renishaw InVia 

Raman spectrometer (V.5.5 Wire software). The signal was collected within a narrow 

spectral window of wavenumber shifts ranging from 800 to 1800 cm-1 (fingerprint 

region). Based on the sample, the acquisition time was manipulated to acquire good 

signal-to-noise and quitted for each measurement. A 1200 l/mm diffraction grating and 

50x microscope objective was used at the centre 1300 of the Raman shift cm-1 under 

exposure time 10s, and the samples were scanned at 10% laser power. Raman 

spectra were measured Raman reporters BPT, BPE, and IR 820 onto aluminum (Al) 

foil at peaks (1595 cm-1 with the C-N stretching), (1595 cm-1, and 1640 cm-1), and 

(1521cm-1, and 1623 cm-1) as shown in figure 5.6 (a). 

By calculating the enhancement factor (EFs) to estimate the signal amplification 

undergone by each individual molecule of the structure. For the EFs calculation, a 

BPT, BPE, and IR 820 solution in ethanol were utilised at a concentration of 1 mM. A 

single drop of 2 μL of concentration 1 mg/mL was dropped onto Al foil. By applying the 

equation 

𝐸𝐹𝑠 =
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
𝑥

𝑁𝑣𝑜𝑙

𝑁𝑆𝑢𝑟𝑓
                                                [3.25] 

Where 𝐼𝑅𝑎𝑚𝑎𝑛 and 𝐼𝑆𝐸𝑅𝑆 are the normal Raman and SERS intensities. 𝑁𝑣𝑜𝑙 represents 

the number of molecules present in bulk in the scattering volume for Raman scattering 
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measurements, while 𝑁𝑆𝑢𝑟𝑓 is the average number of molecules adsorbed to the 

frustule in the scattering area for SERS measurements. 

For the BPT SERS EFs calculation, the intensity of the peaks (1584 cm-1, 1595 cm-1) 

of BPT molecules was taken from the SERS and Raman measurements as shown in 

figure 5.6 (b). The laser beam used in the experiment had a width of about 1.4 μm. 

The height of the area where the scattering occurred was chosen to be twice the 

Rayleigh length, which was about 13 μm. The volume of this area was calculated by 

integrating the intensity of the beam over a range of 26 μm. The density of BPT 

molecules is 1.08 g/mL and the molecular weight is 186.27 g/mol. Hence, the number 

of BPT molecules 𝑁𝑣𝑜𝑙 corresponding to the normal Raman signal obtained from the 

standard is 1.27x1011. The surface coverage of self-assembled benzenethiol on gold 

is approximately 4 molecules per nm2 [167]. SERS intensity 𝐼𝑆𝐸𝑅𝑆 over the total number 

of molecules tested in SERS 𝑁𝑆𝑢𝑟𝑓 is around 1.76x107. From the calculation results 
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defined above, the EFs of annealed 10 nm Au films with BPT for peaks (1584 cm-1, 

and 1595 cm-1) is about (1.20x104 and 1.13x105).  
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Figure 5.6. Raman and SERS spectra for each Raman reporter BPT, BPE, and IR 820 

molecules measured using 785 nm laser excitation as shown in (a) and (b). Blue and 

yellow square denote the prominent signals of BPT at 1584, 1595 cm-1, BPE at 1602, 

1633 cm-1; and IR 820 at 1520, 1623 cm-1. Shading: standard deviation shown in (c 

and d). 

For the BPE SERS EFs calculation, the intensity of the peaks (1602 cm-1, 1633 cm-1) 

of BPE molecules was taken from the SERS and Raman measurements shown in 

figure 5.6 (b). The density of BPE molecules is 1.145 g/mL and the molecular weight 

is 182.22 g/mol. Hence, the number of BPT molecules 𝑁𝑣𝑜𝑙 corresponding to the 

normal Raman signal obtained from the standard is 1.38x1011. The surface coverage 

of self-assembled benzenethiol on gold is approximately 4 molecules per nm2. SERS 

intensity 𝐼𝑆𝐸𝑅𝑆 over the total number of molecules assessed in SERS 𝑁𝑆𝑢𝑟𝑓 is around 

2.98x107. From the calculation results defined above, the EFs of annealed 10 nm Au 

films with BPT for peaks (1602 cm-1, and 1633 cm-1) is about (1.25x105 and 1.73x106).  

For the IR 820 SERS EFs calculation, the intensity of the peaks (1521 cm-1, 1623 cm-

1) of IR 820 molecules was taken from the SERS and Raman measurements. The 

density of IR820 molecules is 0.075 g/mL and the molecular weight is 849.47 g/mol. 

Hence, the number of IR820 molecules 𝑁𝑣𝑜𝑙 corresponding to the normal Raman 

signal obtained from the standard is 1.94x109. The surface coverage of self-

assembled benzenethiol on gold is approximately 4 molecules per nm2. SERS 

intensity 𝐼𝑆𝐸𝑅𝑆 over the total number of molecules evaluated in SERS 𝑁𝑆𝑢𝑟𝑓 is around 

4.39x106. From the calculation results defined above, the EFs of annealed Au films 

with BPT for peaks (1521 cm-1, and 1623 cm-1) is about (1.84x104 and 1.19x105). 

Figure 5.6 (c and d) shows shading of standard deviation for SERS and Raman 

reporters of (BPT, BPE, and IR 820). Table 5.1 shows peaks of three molecules (BPT, 
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BPE, and IR 820) with assignments and calculate EFs. Finally, figure 5.7. Shows the 

SERS of two main peaks of annealed 10 nm Au films labelled with BPT, BPE, and IR 

820 molecules that measured in 785 nm laser excitation. The assumption made in this 

calculation is that the Raman and SERS signals are linearly proportional to the number 

of probed molecules, and that the same proportionality factor applies for each 

individual molecule in the sample. However, there are limitations to this assumption 

as the signal enhancement may depend on both the orientation and distance of the 

molecule to the surface, as well as the excitation wavelengths and polarisation. 

Table 5.1. Peaks of bulk Raman and SERS spectra of three type of Raman reporters 

(BPT, BPE, and IR 820). 

 

molecule 

 

Raman 

(cm-1) 

 

SERS 

(cm-1) 

 

Assignments 

 

EFs 

 

Reference 

 

BPT 

- 1584 v(C=C) v 1.20x104 [167] 

1595 1598 v(C=C) v, δ(C-H) 1.13x105 [167] 

 

BPE 

1637 1633 v(C=C) v 1.25x105 [161] 

1595 1602 v(C=C) v, δ(C-H) 1.73x106 [161] 

 

IR820 

1621 1623 v(C=C) v 1.84x104 [168] 

1520 1521 v(C=C) v, δ(C-H) 1.19x105 [168] 
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Figure 5.7. SERS of main two peaks of 10 nm Au films labelled with BPT, BPE, and 

IR 820 molecules measured in 785 nm laser excitation. 

5.5 Conclusion 

The author addressed using surface plasmon surface which give significantly 

enhanced inelastic scattering signals. This chapter illustrates the fabrication of Au thin 

films of thickness of 3 to 15 nm onto the surface of glass slides by using a thermal 

deposition method in enhancing Raman signals. Surface enhanced glass slides have 

been characterised by using SERS techniques. This review provides critical insights 

into SPR phenomena arising from metallic nanostructures. Next chapter 6, the author 

will begin to probe and discuss comparisons between SRS, CARS and BCARS 

applications and their underlying interactions between NPs to improve the surface 

enhancement and chemical specificity significantly. 

 

10  
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Chapter 6:  Surface-Enhanced Coherent Raman Scattering 

(SE-CRS) Using Gold Nanoparticles (AuNPs) and Raman 

Reporter Molecules 

This chapter provides the experimental procedures and results of the thin gold films 

substrates used both surface enhanced Raman scattering (SERS) and surface-

enhanced coherent Raman scattering (SE-CRS). Moreover, a general overview for 

coherent Raman scattering (CRS) and broadband coherent anti-Stokes Raman 

scattering (BCARS) has also been presented. Finally, this chapter showcases the 

results of hyperspectral SE-CRS imaging of molecules of BPT on annealed Au film 

substrates, and BCARS spectra. Following are the key achievement of this chapter. 

1. Developed the protocol for SE-CARS using fingerprint region with low power 

intensity below 0.2 mW for both pump and Stokes.  

2. Obtained the SE-CRS and SERS signals of BPT in SERS matches to SE-

CARS. 

These findings reveal that SE-CARS is better than SERS and annealed Au films and 

reporter molecules are used as an example to enhance the Raman signals. 

The author’s contribution in this chapter: 

1. I developed the protocol for SE-CARS utilising the fingerprint region with low 

intensity infrared light, with both the pump and Stokes beams operating at 

intensities below 0.2 mW. 

2. All samples were prepared and imaged by the author. 



113 
 

3. All work was described by the author. 

4. The Matlab code used the MCR-ALS algorithms to analyse the CARS and SRS 

images and spectra was written by Joaquim Jaumot and modified by Jessica 

Mansfield and the author. 

5. The BCARS measurements were performed by Paul Ebersbach. 

6. Unmixing app Matlab code was provided by Paul Ebersbach. 

6.1 Introduction 

Raman spectroscopy is a versatile analysis method which provides information on the 

intrinsic fingerprint vibrational states of a material [169]. These states are determined 

by the sample's molecular structure and chemical environment [170]. The chemical 

information in the fingerprint region (500-1800 cm-1) has been used to characterise Au 

film substrates tagged with BPT for high sensitivity and selectivity [171]. As explained 

in chapter 2, the fundamental problem with Raman spectroscopy, is that it has a low 

Raman scattering efficiency (less than 1 in 107), which means that a high power laser, 

a long collection time are needed to achieve high quality Raman spectra [172]. 

Alternatively, SRS, CARS, and BCARS, represents a class of nonlinear optical 

processes that offer stronger signals while retaining the same Raman vibrational 

signatures [25]. This enhanced signal strength makes CRS well-suited for applications 

that require rapid analysis.  

Samples create SRS and CARS signals concurrently, but their detection algorithms 

differ. SRS reduces one laser beam's intensity while increasing the others. One of the 

beams is modulated, and the transfer of this modulation pattern to the second beam 

is detected with high sensitivity using a photodiode detector and lock-in amplifier [173]. 



114 
 

CARS generates a new light frequency that may be separated with optical filters and 

detected with a photomultiplier tube (PMT) [174]. SRS needs a more complex 

detecting technique than CARS, although it has benefits: SRS images are free from 

non-resonant background (NRB) signals like fluorescence (CARS has a quadratic 

relationship and NRB) [175-177]. There are considerable differences between a CRS 

process and its plasmon-enhanced derivative as a result of the differing driving fields 

[54]. These discrepancies may be attributed to the fact that CRS is a process. The well 

recognised line forms for CARS and SRS do not hold true for the plasmon enhanced 

situation [179]. Steuwe et al. recorded SE-CARS of benzenethiol on both homemade 

and commercial plasmonic substrates (Klarite) to investigate potential novel plasmonic 

substrate designs [180]. Excellent imaging capabilities were demonstrated by SE-

CARS, with a single vibrational mode in benzenethiol being imaged using SE-CARS 

to reproduce the SEM determined structure of Klarite [30, 180]. According to the data, 

the improvements for the substrates manufactured locally ranged from 109 to 1010 

relative to the benzenethiol [181]. Thus, they were the first greatly enhancing SE-

CARS substrates, as earlier investigations consistently shown EFs values ranging 

from 101 to 103 for SERS [98]. As a result of the gains reported in this work, the authors 

hypothesise that this strategy may permit improved photostability in single molecule 

spectroscopy[182]. 

In this chapter, I investigated the SE-CRS signals, which includes SE-SRS, SE-CARS, 

and SE-BCARS technique, of the BPT molecule on annealed 10 nm of Au thin film 

onto substrates and bulk BPT. According to the findings I obtained, the signals of SE-

CARS may be seen in the region of 1560 to 1630 cm-1 at 1584 cm-1. Multivariate 

analysis was used in a particular spectral fingerprint region to obtain significant 

information and identify variables necessary for the classification of spectra.  
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6.2 Coherent Raman scattering (CRS) 

Based on the Raman effect, CRS microscopy creates chemical maps by using 

vibrational contrast. Unlike Raman scattering, CRS has a nonlinear dependency on 

the incoming fields [183]. Coherent radiation, which generates potent Raman signals 

and facilitates quick image collection, is fully used by CRS microscopy. This final 

characteristic is crucial for all of biological imaging applications [184]. CRS measures 

the active Raman vibrations. In addition, CRS contrast is present in all spontaneous 

Raman modes. In this instance, simulate the sample with two incident fields: the pump 

(𝐸𝑝) and the Stokes (𝐸𝑠), with frequencies 𝜔𝑝 and 𝜔𝑠, respectively. This drives the 

Raman vibrations. Four additional frequency components are produced when the 

resonance of the sample, which is a vibrational mode (𝜔𝑣𝑖𝑏), equals the difference 

frequency of these fields ( 𝜔𝑣𝑖𝑏 = 𝜔𝑝 − 𝜔𝑠 ): 

I. 𝜔𝑠− 𝜔𝑣𝑖𝑏: coherent Stokes Raman scattering (CSRS) 

II. 𝜔𝑝− 𝜔𝑣𝑖𝑏= 𝜔𝑠: stimulated Raman gain (SRG) 

III. 𝜔𝑠 + 𝜔𝑣𝑖𝑏= 𝜔𝑝: stimulated Raman loss (SRL) 

IV. 𝜔𝑝 + 𝜔𝑣𝑖𝑏: coherent anti-Stokes Raman scattering (CARS) 

CRS signals depend nonlinearly on the strength of the input field, but the spontaneous 

Raman signal depends linearly on it [185]. CRS can benefit from nonlinear optical 

microscopy’s capabilities. Compared to linear microscopy, it has less photodamage, 

spatial resolution allows for deeper penetration depths, and can do depth sections 

[186]. Regarding fluorescence microscopy, the absence of photobleaching is also a 

competitive advantage [187]. The spontaneous Raman effect is incoherent because 

each molecule possesses an electron cloud that oscillates on its own and radiates at 

a phase that is distinct from the phase radiated by the molecule next to it [188]. The 
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results of this property's influence are significant. To begin, the signal yield is higher 

than it would be in a process using spontaneous Raman scattering [27, 189]. Second, 

the signal is no longer isotropic; rather, it propagates in a well-defined direction, which 

enables it to be recognised in a more straightforward and effective manner [190]. 

These features make quick imaging of living systems more feasible. 

6.3 Sample preparation 

The method was developed and described in chapter 5. Thermal evaporator 

deposition (EVP) is used to prepare the surfaces of Au films. A 10 nm Au film on top 

of a 2 nm chromium (Cr) is evaporated on coverslips and annealed on a hot plate at 

450 °C for 3 hours. Cr is used to give a better adhesion of the Au onto coverslip [191]. 

The coverslips are thoroughly cleaned before being deposited by being sonicated in 

the solutions of water, IPA, and acetone. BPT is a 1 mM ethanolic solution. 10 minutes 

were given for the 1 μL of BPT to dry on the Au film substrates. To remove any 

remaining BPT, the substrates were then rinsed with EtOH. Several techniques have 

been used to investigate the enhancement Raman signals from annealed Au thin films 

substrates. The present study utilises the SE-SRS, SE-CARS, and BCARS technique 

to measure the BPT molecules adhesion onto Au film’s substrates. This method is 

particularly useful in studying nonlinear Raman microscopy. Because it provides the 

label free chemical imaging (based on either SRS or CARS) of a specific sample for 

biomedical application [38]. However, there are certain drawbacks associated with the 

use of SE-SRS technique. The sample was prepared according to a procedure 

reported by Potma et al. [188].  
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6.4 Raman spectroscopy measurements 

Raman and SERS measurements were performed using the setup and parameters 

previously described in Chapter 4. Briefly, a Renishaw InVia Raman microscope 

(Renishaw Plc, Gloucestershire, UK) equipped with a near-infrared diode laser of 785 

nm excitation was employed. Spectral data were collected using Renishaw's WiRE 

v.5.5 software. As detailed in chapter 4, the system was calibrated using a silicon (Si) 

peak at 520 cm-1 before measuring the samples. The experimental conditions included 

a diffraction grating set at 1200 l/mm, a 50x microscope objective at the centre of the 

Raman shift at 1300 cm-1, an exposure time of 10 s, and sample scanning at 10% 

laser power measured at the sample. 

6.5 Coherent Raman scattering (CRS) measurements 

The detail description of instrumentation of CRS is given in chapter 4, section 4.7. In 

this section, I shall describe that how the instrument was used. Stokes beam was set 

to 1045 nm, and the pump beam was modified 800 nm to cover the required vibrational 

region. The CARS filter of 775 nm was added for the signal detection. To acquire a 

hyperspectral data set, an SRL image was taken at each step of the translation stage. 

This made an XY-Ω stack of images, where Ω = 𝜔𝑝 − 𝜔𝑠 is the Raman shift. The 

hyperspectral imaging stack was obtained for Au film substrates scan size imaging at 

512 x 512 pixels with a 1500-1800 cm-1 coverage area at a 2 μs per pixel dwell time, 

taking a total of 2.10 seconds for acquisition. 
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6.6 Hyperspectral imaging  

Hyperspectral CARS imaging offers a rapid method for extracting the CARS intensity 

profile (CARS spectra) over a range of wavenumbers, enabling the identification of 

peaks suitable for recording chemically specific CARS images [192]. All the images 

shown in this chapter were created using forward CARS signal. The CARS filter of 775 

nm was added for the signal detection. To acquire a hyperspectral data set, an SRL 

image was taken at each step of the translation stage. This made an XY-Ω stack of 

images, where Ω = 𝜔𝑝 − 𝜔𝑠 is the Raman shift. The hyperspectral imaging stack was 

obtained for 10 nm Au films substrates. Image size in pixels was 512 x 512 with a 

fingerprint region (1500-1800 cm-1), pixel dwell time was a 2 μs, speed image size was 

a 8 μs and zoom at 4x. 

6.7 Broadband Coherent anti-Stokes Raman scattering (BCARS) 

measurements 

The detail description of instrumentation of CRS is given in chapter 4, section 4.8. The 

BCARS mechanism utilises proprietary co-seeded fibre lasers to produce a 

narrowband flat-top probe (at a wavelength of 770 nm) with an estimated power of 16 

mW and pulse duration of 3.4 ps on the sample. Additionally, it generates a 

supercontinuum (SC) spanning a wavelength range of about 900 nm to 1350 nm, with 

a power of 9.5 mW and pulse duration of 16 fs on the sample. Importantly, the BCARS 

mechanism exhibits no jitter. The laser design shown in this study has similarities to 

the approach used by Charles et al. (2015) [5]. 
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6.8 Results and discussion 

6.8.1 SE-CRS measurements for calibrating the system  

The detail description of instrumentation of CRS is given in chapter 4, section 4.7.2. 

To interpret the SRS and CARS images firstly, the polystyrene (PS) beads was used 

for calibration  of laser in fingerprint region. In order to assess the imaging capabilities 

of SFTRU in the CH and fingerprint region, I set the pump beam wavelength from 802 

nm (CH) to 896 nm (Fingerprint region). After the wavelength tuning, there is no 

difference in the spatial overlap of the pump and Stokes beams. After a water 

immersion objective with a magnification of 60x and a numerical aperture (NA) of 1.2, 

the laser powers used for the samples are 10 mW for the 1,045 nm Stokes beam and 

20 mW. It is possible to obtain the SRS spectrum from each pixel in the frames. The 

hyperspectral SRS spectrum of PS beads is displayed in figure 4.7. Figure 4.7 also 

illustrates the Raman spectrum of PS beads, which may be compared to other spectra. 

The SRS spectrum and the spontaneous Raman spectrum of PS microspheres are 

nearly similar to one another, with the exception of relative intensity changes at the 

sides.  

6.8.2 SE-CARS spectra of Au film in fingerprint region 

Figure 6.1 shows the annealing of Au films in SERS and SE-CARS as comparison. 

Figure 6.1 (a) illustrates the energy levels of CARS indicating two pump beams and 

one Stokes to generate the anti-Stokes beams. (b) shows the annealing 10 nm Au film 

tagged with BPT. (c) provides SERS spectra of annealed 10 nm Au film at peaks 1584 

cm-1 and 1595 cm-1 and Raman spectra of pure BPT at peaks 1595 cm-1. Figure 6.1.(d) 
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shows the indicates SE-CARS as off resonant and resonant images with spectra of 

SE-CARS (blue) spectrum in the region of 1560 to 1630 cm-1 and CARS of bulk BPT.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Annealing of Au films in SERS and SE-CARS. (a) energy diagram level of 

CARS that shows two pump beams and one Stokes to generate the anti-Stokes 

beams. (b) diagram shows the annealing film with BPT. (c) SERS spectra of annealed 

gold film and Raman spectra of pure BPT. (d) SE-CARS as off resonant and resonant 

images with spectra of SE-CARS and CARS. 

The spectral SE-CARS profile shows that the bulk CARS spectra of BPT has a red 

shifted resonance because this changes in charge distribution caused by the 

interaction between gold film surface and BPT molecule on the surface. I further 

(d) 
(c) 

(a) 

1584 𝒄𝒎−𝟏 1560 𝒄𝒎−𝟏 

 BPT  BPT 

(b) 
Scattering 
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investigated surface enhanced nanostructure of annealed 10 nm Au film at 450°C on 

hot plate tagged with BPT to highlight the generality of findings. A 2 μL droplet of BPT 

was placed on the annealed Au films and placed another coverslip before starting the 

imaging, at three different random locations. The MCR-ALS algorithms was used to 

analyse the SE-CARS images and spectra. The average of imaging area of SE-CARS 

shown in figure 6.2. (a). Figure 6.2 (a) show the corresponding background-removal 

of SE-CARS spectra. The background removal of SE-CARS has been shown in 

another study [20] The peaks at 1584 cm-1 can be seen clearly in all three spectra that 

were imaged from BPT on annealed 10 nm Au film in SE-CARS as shown in figure 

6.2. (b). The Unmixing app was used to analyse the pure BPT and annealed 10 nm 

Au film samples in SE-CARS images and spectra. The Unmixing app was used to 

evaluate the pure BPT and annealed 10 nm Au film tagged with BPT samples in order 

to get the corresponding images and spectra. The distinct presence of peaks at 1584 

cm-1 is seen in all three spectra obtained from CARS for pure BPT as shown in figure 

6.2 (c) and three raw spectra of annealed 10 nm Au film tagged with BPT for SE-CARS 

as shown in figure 6.2. (d). These findings reveals that the enhancement in SE-CARS 

is due to the localised electric fields observed in the SE-CARS process. Moreover, 

SE-SRS spectra obtained from the sample annealed 10 nm Au film tagged with BPT 

was weaker than SE-CARS spectra as shown in figure 6.3 (a and b). 
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Figure 6.2. SE-CARS spectra of BPT aggregated on 10 nm annealed Au film at 450°C 

for 3 hours. (a) Three raw SE-CARS with corresponding background fittings are shown 

as dashed lines. (b) Corresponding background corrected SE-CARS. (c) Three raw 

spectra obtained from CARS for pure BPT using Unmixing app. (d) three raw spectra 

of annealed 10 nm Au film tagged with BPT for SE-CARS using Unmixing app. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. SE-SRS spectra of BPT aggregated on 10 nm annealed Au film at 450°C 

for 3 hours. (a) Three raw SE-SRS with corresponding background fittings are shown 

as dashed lines. (b) Corresponding background corrected SE-SRS. 

6.8.3 Broadband CARS (BCARS) spectra of Au film in fingerprint region 

In the BCARS experiment, it is proven utilising solid BPT, and Au film 10 nm tagged 

with BPT as shown in figure 6.4 (a and b). In this figure, it is shown that the experiment 

is given SERS spectrum of solid BPT (pink spectra), and gold film 10 nm (blue spectra) 

shown in figure 6.4 (a) from spectral range of 700-1800 cm-1. I focused on specific 

(a) (b) 
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region which is from 1500 to 1700 cm-1 as shown in figure 6.4 (c). The acquisition time 

is 10 seconds, and the laser power is 10 milliwatts measured at the sample. The CARS 

spectrum (combined by pump and Stokes) reveals that the Raman modes at 1584 cm-

1 is present. In order to precisely measure CARS, a concentration of 1 mM BPT is 

presented. The measurement was carried out after the BPT was coated onto the 

coverslip substrate and Au film 10 nm tagged with BPT on substrates as shown in both 

figure 6.4 (b and d) but at different position. The spectra were obtained using the 

BCARS (blue spectra) and CARS (pink spectra) shown in both figure 6.4 (b and d). 

Figure 6.4 (e) shows the 3D imaging of annealed gold film 10 nm at 450 °C for 3 hours 

onto substrates in the BCARS. 
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Figure 6.4. SERS and BCARS spectra of BPT aggregated on 10 nm annealed Au film 

at 450°C for 3 hours. (a and c) SERS spectra of Au film 10 nm, BPT and solid BPT. (b 

and d) show BCARS of BPT solid and Au film 10 nm, BPT. (e) shows 3D of 10 nm 

annealed Au film, BPT in BCARS. 

In comparing the results obtained from SE-CARS and SE-BCARS to those of 

conventional CARS, it becomes evident that the surface-enhanced variants offer 

several advantages. The incorporation of plasmonic enhancement in SE-CARS and 

SE-BCARS significantly improves the sensitivity and signal-to-noise ratio, allowing for 

more robust and precise imaging of molecular structures within biological samples. 

This enhancement is particularly beneficial in overcoming challenges associated with 

weak Raman signals, common in complex biological environments.  

SE-CARS and SE-BCARS provide chemically specific contrast without the need for 

exogenous labels, harnessing the intrinsic vibrational signatures of biomolecules. This 

not only simplifies sample preparation but also ensures that the observed signals are 

representative of the sample's natural composition. Moreover, the use of lower laser 

powers in SE-CARS and SE-BCARS, owing to the enhanced signal, contributes to 

reduced photodamage and improved depth penetration in scattering tissues. This is a 

10 μm 

195 μm 

4 μm 

3D of 10 nm annealed Au film (e) 
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significant improvement over conventional CARS, where higher laser powers may 

pose concerns for sample integrity, especially in delicate biological specimens. To 

further enhance the capabilities of SE-CARS and SE-BCARS, a few avenues could 

be explored. Firstly, optimisation of NPs properties, such as size, shape, and 

distribution, could be investigated to maximise plasmonic enhancement. Additionally, 

advancements in the design of substrates and nanomaterials tailored for SE-CARS 

and SE-BCARS could contribute to even greater signal enhancement and specificity. 

Furthermore, exploring novel methodologies for the functionalisation of nanoparticles 

and substrates may enhance their compatibility with specific biomolecules, allowing 

for targeted imaging and analysis. Continued efforts in refining and standardising 

experimental protocols will also contribute to the broader adoption and reproducibility 

of SE-CARS and SE-BCARS techniques in biomedical research. 

The results here visualise and conclude that SE-CARS and SE-BCARS represent 

substantial improvements over conventional CARS, offering enhanced sensitivity, 

reduced photodamage, and engineering, and experimental protocols will likely 

contribute to further advancements in these surface-enhanced coherent Raman 

techniques, expanding their potential applications in bioimaging and diagnostics. 

6.9 Conclusion  

This work focused on the SE-CARS measurements of a 10 nm Au annealed film. The 

results of this study indicate that Au film along with BPT can be used to enhance SERS 

and SE-CARS signals demonstrating that the SERS signals arising from the samples 

match to SE-CARS signals. This work also reveals that SE-CARS has potential to 

improve the Raman signal significantly higher than SERS. In summary, SE-CARS 
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could be used for a wide-ranging application for examples, disease diagnostics, 

therapeutics and theragnostic. 
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Chapter 7:  Multiplex Detection of Raman Tagged Gold 

Nanoparticles for Surface-Enhanced Coherent anti-Stokes 

Raman Scattering (SE-CARS) 

This chapter introduces surface-enhanced coherent anti-Stokes Raman scattering 

(SE-CARS) and its utility towards the ultrasensitive detection of Raman reporter 

molecules, BPT (Biphenyl-4-thiol), BPE (trans-1,2-bis (4-pyridyl) ethylene, and IR 820 

(new indocyanine green), labelled gold nano raspberries (AuNRBs) when they are 

treated with cells and spheroids. The term raspberry is used metaphorically to describe 

the surface structure of the gold NPs, which may exhibit multiple protruding branches 

or small appendages, resembling the surface texture of a raspberry. The unique 

morphology of Au raspberries can have specific properties and interactions that make 

them suitable for various applications, particularly in the context of SERS or other 

nanotechnology-related studies. The term is a creative way to describe a specific type 

of gold NPs with a distinctive and intricate surface structure. Furthermore, the critical 

examination of multiplexing of two Raman reporters, BPT and IR 820, treated with 4T1 

cells has also been presented.  

The uptake and distribution of NPs in cells involve complex interactions influenced by 

various factors, and several issues are related with these processes. For example, 

size, surface charge, shape, and cell type. For instance, NPs uptake is often size-

dependent. Small NPs may be taken up more readily, while larger ones may face 

barriers. Surface charge of NPs play a crucial role. Positively or negatively charged 

NPs may have different cellular interactions. Similarly, different cell types of exhibit 
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variations in their ability to internalise NPs. Factors such as cell membrane 

composition, receptor expression, and metabolic activity contribute to cellular 

heterogeneity in NPs uptake. The inherent toxicity of certain NPs or the release of 

toxic byproducts can affect cell viability and function. Assessing the biocompatibility of 

NPs is essential for their safe use in medical applications. These issues have been 

addressed using different microscopies such as confocal, electron microscopies. 

These issues require a multidisciplinary approach that integrates materials science, 

physics, biology, medicine, and regulatory science. Here, I use Raman scattering 

mechanisms to discuss the NPs uptake to further investigate their cellular uptake 

abilities. 

Herein, I present a comprehensive exploration of the potential of SE-CARS for 

detecting Raman signals emanating from BPT, BPE, and IR 820 labelled AuNRBs 

upon interaction with cells and spheroids. The selection of Raman reporters, namely 

BPT, BPE, and IR 820, was based on their well-established Raman characteristics, 

while AuNRBs were chosen for their plasmon resonance effects. In this chapter, I 

discuss the employment of 4T1 cells, 4T1 cell-based spheroids, and liver tissues as 

representative disease models for cancer studies. The primary focus was to 

investigate the capacity of SE-CARS signals to pinpoint the precise localisation of 

AuNPs and Raman reporter molecules within afflicted cells and tissues. Following are 

the key findings of this chapter, I discussed extensively in this thesis, illuminate the 

capabilities of SE-CARS as a dependable, efficient, and highly sensitive Raman 

spectroscopy tool. This technique proves its efficacy in selectively detecting 

biomolecules under physiologically relevant conditions, offering a promising avenue 

for advanced molecular analysis in various biomedical applications. 

The author’s contribution in this chapter: 
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1. I developed a new approach for imaging AuNPs in cells and spheroids in order 

to obtain precise spectroscopic signatures from reporter molecules (BPT, BPE, 

and IR 820) illuminated with low power intensity (<0.2 mW) infrared light using 

SE-CARS. 

2. Raman reporters labelled AuNRBs were prepared by Megha Mehta and 

measurements by the author. 

3. 4T1 cells treated with labelled AuNRBs with mixture (BPT and IR 820) were 

prepared by Chin Chun Wang and imaged and analysed by the author. 

4. Spheroids treated with labelled AuNRBs with (BPT, BPE, and IR 820) mixture 

(BPT and BPE), (BPT and IR 820), and (BPT, BPE, and IR 820) were prepared 

by William Skinner and imaged and analysed by the author. 

5. Tissue sample was imaged and analysed by Jessica Mansfield follow the 

author’s protocol. 

6. The Matlab code used the MCR-ALS algorithms to analyse the CARS and SRS 

images and spectra was written by Joaquim Jaumot and modified by Jessica 

Mansfield and the author. 

7. Unmixing app Matlab code was provided by Paul Ebersbach. 

7.1 Introduction 

Surface enhanced Raman scattering (SERS) is one of the most commonly used 

spectroscopic methods for the detection of biomolecules at low concentrations. The 

limited Raman effect observed in spontaneous Raman system, can significantly be 

improved using SERS through metallic nanostructures [54, 193, 194]. Such metallic 

nanostructures facilitate surface plasmon resonances for the specific detection of 

molecules of interest. Consequently, a strong signal may be collected in the far field 
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corresponding to nanostructures’ enhancement of the radiation of the induced Raman 

polarisation [195-197]. It has been found that well-designed nanostructures have the 

ability to effectively increase the sensitivity of SERS under different physiological 

environments. Despite of improvement in the weak Raman effect from SERS, it has a 

slow acquisition rate and limited specificity and sensitivity of target molecules 

alongside high detection limit [54, 172, 198, 199].  

To address the concerns raised in the field of SERS for the detection of biomolecules, 

coherent anti-Stokes Raman scattering (CARS) system has received huge attention 

for the sensing and imaging of molecules in a label-free manner [200, 201]. In contrast 

to spontaneous Raman system, CARS system typically comprises of the lasers 

scanning and signal collection via a point detector (usually a photomultiplier tube). 

CARS microscopy has extensively been used for the single frequency imaging of cells 

at a fast rate [202, 203]. Surface plasmon resonance mechanism has also been 

implemented to dramatically improve CARS signals in an efficient, sensitive, and 

specific fashion [19]. This is known as surface-enhanced CARS (SE-CARS). 

In the present work, I have utilised SE-CARS microscope for the measurement of 

Raman reporter, such as BPT, BPE, and IR 820 labelled AuNRBs, with and without 

4T1 cells and spheroids. The primary objective of this work is to investigate whether 

SE-CARS has the ability to improve the Raman signals of such Raman reporters once 

they are treated with cells and spheroids. They were treated with cells to further 

investigate their specific Raman signals under physiologically relevant conditions. It 

has been shown that 2.672 frames per second picosecond (ps) hyperspectral SE-

CARS imaging of multiplexing of two Raman reporters, BPT and IR 820 labelled 

AuNRBs with 4T1 cells and spheroids. Furthermore, SE-CARS demonstrate label-free 

identification of Raman reporters in a targeted manner.  
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This work was performed as a part of Engineering and Physical Sciences Research 

Council (EPSRC) funded programme grant, RaNT ‘developing the targeted 

diagnostics and therapeutics of the future by combining light and functionalised NPs. 

I developed a new protocol for the imaging of AuNPs in cells and spheroids to obtain 

specific spectroscopic signatures via SE-CARS from reporter molecules (BPT, BPE, 

IR 820) illuminated with low power intensity (<0.2 mW) infrared light. This protocol is 

now in routine use for RaNT team members working across multiple institutions 

(Exeter University, UCL, Cambridge university). The use of this protocol has already 

been extended towards tissues as well using the similar optimised conditions (as 

shown in the current chapter). It is hoped that this work has potential to open the way 

for real-time identification, measurements, and internalisation of drug free or drug 

carrying nanoparticles, of unique molecular representatives of the disease. 

7.2 Optical microscopy 

The detail description of instrumentation of CRS is given in chapter 4, section 4.7. In 

this section, I shall describe that how the instrument was used. The 899 nm pump 

laser was used to generate a SE-CARS spectrum throughout the range of 1500-1700 

cm-1. To focus the light on the specimen, an Olympus oil condenser with NA 1.4 was 

utilised, and a 60x water immersion objective with NA 1.2 was incorporated into a 

custom-built laser scanning microscope (Olympus, FV3000) in the lab. A 

galvanometric scanner enables for 8 μs per pixel dwell time. For a 512 x 512 frame, 

this translates to an acquisition rate of 2.672 frames per second. With a constant dwell 

duration of 8 μs per pixel, the strength of each incident beam is modulated from (0.11 

mW) to (0.18 mW) of pump and Stokes at the sample plane for SE-CARS 

measurements of AuNRBs tagged mixture BPT and IR 820.To prevent molecular and 
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nanostructure photodamage, the laser strengths used were kept below 0.2 mW. An 

electro-optic modulator was used to modulate the Stokes beam at 20 MHz, yielding 

the SRS signal. The Stokes laser was muted by two 1000 nm short pass filters before 

entering a photodiode coupled to a lock-in amplifier module (APE). CARS mapping is 

performed using a large-area photodiode and lock-in amplifier, with the Stokes beam 

blocked by two filters (775 band-pass and 950 nm short-pass filters) [138, 139]. The 

ability to customise the Raman shift of interest is a key benefit of the spectral focusing 

CARS technique over picosecond laser-based systems. This method enables the 

rapid probing of Raman shifts across a wide-ranging wavenumber without altering the 

pump and Stokes wavelengths, thereby resulting in substantially fast hyperspectral 

imaging. 

7.3 Sample preparation 

A stock solution of 1 mM of Raman reporters, BPT, BPE and IR 820 in ethanol, was 

prepared. 5 μM of each of the Raman reporter molecules solutions were prepared by 

the addition of 5 μL of the Raman reporter solution to 995 μL of deionised water. 100 

μL of 5 μM BPT, BPE and 70 μL of 5μM IR 820 Raman reporter solutions was added 

to 900 μL of gold nano raspberries solution by vortexing at 4500 rpm for 15 minutes, 

discarded the supernatant and redispersed the pellet in water. The centrifuge process 

was repeated twice to get rid of any free label and final redispersed in milli-q water to 

the final volume of 1 mL. The final reporter labelled NPs solution was used for further 

characterisation. 
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7.4 Cell culture protocols 

4T1 mouse mammary carcinoma cells were cultured in RPMI-1640 (ATCC 

modification) supplemented with 10% FBS. Medium was changed every two days and 

cells were passaged at 70-80% confluence. Passages 2 to 10 were used throughout 

the course of the experiments described here. For imaging experiments, 100,000 cells 

were seeded in lbidi glass-bottom dishes and incubated for 24 hours at 37 °C, 5% CO2. 

Then, cells were washed with pre-warmed Dulbecco’s phosphate-buffered saline 

(DPBS) (ThermoFisher) and incubated with gold nanomaterials (1: 100 dilutions in full 

medium, stock concentration [Au] = 170 ug/mL, [GCPQ] = 12.5 mg/mL in sterile water) 

for 4 hours. Prior to imaging, cells were washed with ice-cold DPBS and fixed with 4% 

paraformaldehyde in PBS for 15 minutes at room temperature. The fixed cells were 

dried at room temperature and were further used for imaging. 

7.5 Spheroids protocols 

To prepare the spheroids, firstly, 4T1 cells were cultured in RPMI (10% foetal bovine 

serum, 1% Pen-Strep). Then 4T1 cells were trypsinised and suspend cells at 5x105 

cells/ml and seeded into Nunclon Sphera U-Shaped-Bottom 96 well Microplate 

(15227905) at 500 cells/well in 100 μL of culture medium. Surrounding wells were filled 

with PBS to avoid evaporation. The plate was centrifuged at 290 RCF for 3 minutes 

and placed in the incubator at 5% CO2 and 37oC. 50 μL of media was removed and 

replenished on the following day. Followed by the cell seeding over 48 hours. The 

culture medium was replaced with medium containing gold nanoparticles. And then 

they were used for SERS and CARS imaging, the details methods are described in 

the next sections.  
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7.6 Raman spectroscopy measurements 

The detailed procedures of Raman and SERS measurements were also given in the 

chapter 6 section 6.2.2. Briefly, Raman and SERS measurements were taken using a 

Renishaw InVia Raman microscope (Renishaw Plc, Gloucestershire, UK) and NIR 

diode with 785 nm laser excitation. The spectral data was then collected using 

Renishaw's WiRE v.5.5 software. Prior to measuring the samples, the system was 

calibrated using a source silicon (Si) peak at 520 cm-1. A diffraction grating in 1200 

l/mm and 50x microscope objective was used in the experiment at the centre 1300 cm-

1 of the Raman shift under exposure duration 10 s and 1A; the samples were scanned 

at 10 mW laser power. In the experiments, I measured 6 samples include 3 samples 

as 2 μL of BPT, BPE, and IR 820 on aluminium substrates and 3 samples include all 

three Raman reporters tagged with gold nano-raspberries (AuNRBs) on coverslips. 

7.7 SE-CARS measurements 

The detailed procedures of CARS measurements were also given in the chapter 6 

section 6.8.2. briefly, a pulse shaper has been placed in each beam to regulate the 

spectrum output.  To cover the needed vibrational area, the Stokes beam was tuned 

to 1045 nm and the pump beam was changed to 800 nm. The Spectral Focusing 

Timing and Recombination Unit (SF-TRU) overlaps the two beams in space and time 

to prepare them for coupling into the microscope in dual-beam studies. CARS 

microscopy was used to measure the spectra in 4T1 mouse mammary carcinoma cells 

tagged with two Raman reporters BPT (Biphenyl-4thiol) and IR 820 (new Indocyanine 

Green) substrate. The laser powers for the pump and Stokes laser beams before 

entering the microscope were ˂0.2 mW, respectively. To acquire a hyperspectral data 
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set, an SRL image was taken at each step of the translation stage. This made an XY-

Ω stack of images, where Ω = ωP - ωS is the Raman shift. The hyperspectral imaging 

stack was obtained for the sample scan size imaging at 512 x 512 pixels with a 1500-

1700 cm-1 (fingerprint region) coverage area at a 8 μs per pixel dwell time. 

7.8 SE-CARS imaging of labelled NPs in tissue 

The protocols established in this thesis were applied to detecting BPT labelled gold 

particles in tissue as part of the EPSRC funded programme grant ‘Raman 

nanotheranostics’ (RaNT) project. Liver sections were prepared from a mouse which 

had been dosed with 60 nm gold nucleus and daylight 488 stain for lectin added. SE-

CARS was performed on the samples, followed by TPF imaging of fluorescent labels 

and SRS imaging of the CH3 vibrations at 2930 cm-1. 

7.9 Results and discussion 

The absorbance spectra of AuNRBs tagged with BPT, BPE, and IR 820 labels were 

taken with UV-vis spectrophotometer as shown in figure 7.1 (a). In each experiment, 

the light beam that incident on the sample was set to be perpendicular to it. Between 

400 nm and 1100 nm, the spectra were recorded. The Raman spectra were obtained 

by utilising a confocal Raman microscope (inVia Renishaw) that was supplied with a 

diode laser source (785 nm, 100 mW). The total laser power that was used to 

investigate the sample's surface was less than 2.5 mW, and the exposure period was 

10 seconds as shown in figure 7.1 (b). To determine how well BPT, BPE, and IR 820 

performed for SERS measurements on AuNRBs monolayers, 1 μL BPT, BPE, IR 

820/ethanol was drop casted over the monolayer, allowed to dry at room temperature, 
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and were then measured as shown in figure 7.1 (c). Regular Raman spectra were 

obtained by dropping 1 μL of a 1:1 BPT, BPE, and IR 820 solutions onto the silicon 

wafer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. (a) Shows the absorbance of AuNRBs tagged with BPT, BPE, and IR 820 

using UV-vis spectrophotometry. (b) Shows spectra of bulk Raman (BPT, BPE, and 

IR 820) and (c) SERS of (BPT, BPE, and IR 820) tagged AuNRBs using 785 nm laser 

excitation. SERS spectra combination of different Raman reporters (BPT, BPE, and 

(c) 

(b) 

(a) 

(d) 
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IR 820) labelled AuNRBs. (d) SERS spectra of different Raman reporters (BPT, BPE, 

and IR 820) labelled AuNRBs from 1500 to 1700 cm-1. 

7.9.1 Multiplex hyperspectral imaging of Raman tagged AuNRBs in 4T1 cells 

using SE-CARS 

In order to demonstrate hyperspectral multiplex detection of Raman tagged AuNRBs 

imaging of treated 4T1 cancer cells via SE-CARS, I show the results obtained from 

the AuNRBs tagged with mixture BPT and IR 820. Figure 7.2(a) demonstrates the 

typical mixture BPT and IR 820 spectra and SERS IR 820 and BPT spectra in figure 

7.2(b). The MCR-ALS algorithms was utilised to analyse the SE-CARS images and 

spectra. There are two obvious peaks in SE-CARS spectra appearing at 1584 cm-1 

and 1521 cm-1 corresponding to BPT and IR 820, respectively shown in figure 7.2 (d 

and e). These two distinct peaks have a correlation to the BPT and IR 820 adsorption 

conditions on AuNRBs [202, 204]. Although both compounds have distinct spectra 

between 1500-1700 cm-1 along with different intensities which clearly show the 

sensitive and specific detection of the Raman tag molecules in cells. Such localised 

and specific detection of the Raman molecules opens a new way of multiplexed 

detection of specific markers or biomolecules using SE-CARS. Unmixing images show 

the mixture of labelled AuNRBs which have been indicated by colours; green shows 

BPT and red shows IR 820 as shown in figure 7.2 (a-d). 
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Figure 7.2. 4T1 cancer cells treated with labelled AuNRBs with mixture (BPT and IR 

820) in SE-CARS. (a) component 1 of 5x image for 4T1 cells with BPT from MCR for 

SE-CARS. (b) component 2 of 5x images for 4T1 cells with IR 820 from MCR of SE-

CARS. (c) Merged images of 4T1 cells with mixture BPT and IR 820. (d) The SE-CARS 

spectra of component 1 of 4T1 cells of AuNRBs labelled BPT at 1584 cm-1 comparing 

to the SERS spectra as below. (e) The SE-CARS spectra of component 2 of 4T1 cells 

treated with AuNRBs labelled IR 820 at 1521 cm-1 comparing to the SERS spectra. 

7.9.2 Raman reporter labelled AuNRBs  added  to spheroids 

Figure 7.3 shows the spheroid treatment with different Raman reporters labelled gold 

nano raspberries. (a) samples of S1. BPT, S2. BPE, S3. IR 820, S4. BPT & BPE, S5. 

1521 𝑐𝑚−1 
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BPT & IR 820, and S6. BPT, BPE, & IR 820 on the coverslips using imaging spacers. 

(b) spheroid images at 5x as shown in images (a, c, e, g, I, and k) and 50x as shown 

in images (b, d, f, h, j, and I). (c) SERS spectra of samples S1, S2, S3, S4, S5, and 

S6 assignment acquired using a 785 nm laser excitation, 10 s acquisition time, 10% 

laser power and a spectra centre of 1300 cm-1. The spectra indicate the peaks of BPT, 

BPE, and IR 820 as well as the mixture of all the samples (BPT and BPE, BPT and IR 

820, BPT, BPE and IR 820). 
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Figure 7.3. Spheroid with different Raman reporters labelled AuNRBs. (a) samples of 

S1. BPT, S2. BPE, S3. IR 820, S4. BPT & BPE, S5. BPT & IR 820, and S6. BPT, BPE, 

& IR 820 on the coverslips using imaging spacers. (b) spheroid images at 5x as shown 

in images (a, c, e, g, i, and k) and 50x as shown in images (b, d, f, h, j, and l).  (c) 

SERS spectra of samples S1, S2, S3, S4, S5, and S6 assignment acquired using a 

785 nm laser excitation, 1 s acquisition time, 10% laser power and a spectral centre 

of 1300 cm-1. 
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7.9.3 Multiplex hyperspectral imaging of Raman tagged AuNRBs in spheroids 

using SE-CARS 

Figure 7.4 shows the spheroid cancer cell treated with mixture of two different Raman 

reporters (BPT and BPE) labelled AuNRBs. (a) component 1 of AuNRBs with BPT and 

BPE image from MCR of SE-CARS. (b) component 2 of AuNRBs with BPT and BPE 

images from MCR of SE-CARS. (c) shows the three different Raman reporters spectra 

measured in SERS at 785 nm laser excitation. (d) shows the two mixture spectra of 

BPT and BPE Raman reporters labelled AuNRBs measured in SE-CARS. 
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Figure 7.4 Spheroid cancer cell mixture of two different Raman reporters (BPT and 

BPE) labelled AuNRBs. (a) component 1 of AuNRBs with BPT and BPE image from 

MCR for SE-CARS. (b) component 2 of AuNRBs with BPT and BPE images from MCR 

of SE-CARS. (c) shows the three different Raman reporters spectra measured in 

SERS at 785 nm laser excitation. (d) shows the two mixture spectra of BPT and BPE 

Raman reporters labelled AuNRBs measured in SE-CARS. 

Particles detected in both SRS and CARS was combind for the same procedure to 

invstigate the difference between different treatment conditions. Figure 7.5 shows 

spheroid cancer cells treated with mixture of three different Raman reporters (BPT, 

BPE, and IR 820) labelled AuNRBs. (a) SE-CARS of 3x from ImageJ. (b) SE-SRS of 

3x from ImageJ. (c) component 1 of 3x image from MCR for both CARS and SRS. (d) 

component 2 of 3x images from MCR of both CARS and SRS. (e) component 3 of 3x 

images from MCR of both CARS and SRS. (f) shows three different Raman reporters 

spectra measured in SERS. (g) shows three mixture 3x Raman reporters labelled 

AuNRBs measured in CARS. (h) shows three mixture 3x Raman reporters labelled 

AuNRBs measured in SRS. 
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Figure 7.5 Spheroid cancer cell mixture of three different Raman reporters (BPT, BPE, 

and IR 820) labelled AuNRBs. (a) SE-CARS of 3x. (b) SE-SRS of 3x. (c) component 

1 of 3x image from MCR for both CARS and SRS. (d) component 2 of 3x images from 

MCR of both CARS and SRS. (e) component 3 of 3x images from MCR of both CARS 

(d) (e) 

(d) (e) 
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and SRS. (f) shows three different Raman reporters spectra measured in SERS. (g) 

shows three mixture 3x Raman reporters labelled AuNRBs measured in CARS. (h) 

shows three mixture 3x Raman reporters labelled AuNRBs measured in SRS. 

7.9.4 SE-CARS imaging of labelled AuNRBs in tissue 

As previously mentioned, the protocols were established in this thesis to apply for 

detecting BPT labelled AuNPs in tissue as part of the EPSRC funded programme grant 

‘Raman nanotheranostics’ (RaNT) project. In these samples the BPT spectrum from 

the NPs was detected from particles located within the liver cells. Figure 7.6 (a) shows 

the multimodal false colour image of the liver tissue, where white is SE-CARS from 

nanoparticles, red is SRS from CH3 bond vibrations at 2930 cm-1, Green is TPF from 

lectin stain and Blue is TPF from hoechst stain for nuclei. Figure 7.6 (b) and (c) 

illustrates the k-means cluster 1 are the regions of the image which are below the 

intensity threshold. This figure clearly indicates that nanoparticles and Raman 

reporters are localised with liver tissues and the Raman regions have also been 

presented. The high intensity of the green peak clearly shows that SE-CARS signals 

are higher, which was the key hypothesis of this work that gold nanoparticles along 

with Raman reporter molecules together can be utilised for the purpose of SE-CARS 

in biological systems.  
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Figure 7.6. SE-CARS detection of BPT labelled nanoparticles in liver tissue. (a) 

multimodal false colour image of the tissue, where white = SE-CARS from nano-

partilces, red = SRS from CH3 bond vibrations at 2930cm-1, Green = TPF from lectin 

stain and Blue = TPF from hoescht stain for nuclei. (b and c) k-means cluster analysis 

of the SE-CARS hypersepctral data, cluster 2 shows BPT peak, cluster 1 are the 

regions of the image which are below the intensity threshold. 

7.10 Conclusion 

In the current work, I performed a proof of concept study to evaluate the ability of SE-

CARS to detect Raman signals from BPT, BPE, and IR 820 labelled AuNRBs trated 
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with cells and spheroids. Raman reporters were chosen based on their well-known 

Raman features, and AuNRBs were chosen based on their plasmon resonance 

effects. 4T1 cell, 4T1 cells based spheroids and liver tissues was chosen as disease 

models of cancer for this work. It has been shown that SE-CARS signals reveales the 

ability of gold nanoparticles and Raman reporter molecules to be localised within 

diseased cells and tissues. Taken together, this work shows that SE-CARS can be 

used as a reliable, efficient, and sensitive Raman tool to selectivity detect 

biomolecules  under physiologically relevant conditions. 
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Chapter 8:  Conclusion and Future Work 

This thesis described new insights into surface plasmon resonance phenomena 

arising from metallic nanostructures and their utilisation in nonlinear inelastic 

scattering systems such as surface enhanced Raman scattering (SERS), coherent 

Raman scattering (CRS), and surface-enhanced coherent Raman scattering (SE-

CRS). The main motivation for developing a laser-based imaging technique for 

medical diagnostics based on SERS and the goal is to successfully develop novel 

CRS schemes to heighten the discrimination of molecular signals for cancer 

diagnostics. The concluding remark for each experimental chapter is given below. 

❖ Chapter 5. I developed a repeatable substrate that resembles AuNPs and enables 

forward detection, which is essential for CRS. I investigated 2D SERS substrates 

for characterising. The procedures that are employed to fabricate and characterise 

SERS substrates at different size of thicknesses 3 nm to 15 nm using Au adhesion 

with Cr that has been thermally evaporated onto glass substrates and annealed at 

various temperatures 350 °C and 450 °C on hot plate for three hours to enhance 

Raman signals. The SERS potentiality of the samples were determined by 

detecting BPT, BPE, and IR 820 as a model analyte solution on 10 nm Au film 

substrates using 785 nm laser excitation. This enhanced signal has potential 

applications in biomedical fields, such as cancer detection of specific biomarkers 

at low concentrations. 

❖ Chapter 6. I developed a protocol for SE-CARS using the fingerprint region with 

low intensity infrared light, with both the pump and Stokes beams operating at 
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intensities below 0.2 mW. I investigated the SE-CRS signals of a BPT molecule on 

a 10 nm Au thin layer on substrates (coverslips) and bulk BPT, which included SE-

SRS, SE-CARS, and BCARS techniques. According to the results, SE-CARS 

signals can be observed at 1584 cm-1 in the range of 1560 to 1630 cm-1. SE-CARS 

images and spectra were analysed using MCR-ALS algorithms. Moreover, SE-

SRS spectra obtained from the BPT-tagged 10 nm Au film tagged were weaker 

than SE-CARS. 

❖ Chapter 7. I developed a new method for visualising gold nanoparticles (AuNPs) 

inside cells and spheroids, with the aim of collecting accurate spectroscopic data 

from reporter molecules (BPT, BPE, IR 820). This is achieved by using low-power 

intensity (<0.2 mW) infrared light and utilising stimulated emission coherent anti-

Stokes Raman scattering (SE-CARS) imaging technique. Furthermore, SE-CARS 

demonstrate label-free identification of Raman reporters in a targeted manner. 

8.1 Future recommendations 

There are still knowledge gaps in the field of SERS and SE-CARS using the 

combination of nanoparticles and Raman tags. I have therefore recommended the 

future directions of this work below. 

❖ Other metallic NPs for example, silver, copper and non-metallic such as carbon 

based like carbon nanotubes should be studied. For instance, silver NPs have 

strong plasmonic features. 

❖ The biocompatibility of such structures towards non-diseased cells should also be 

investigated. Because it is very important aspect to minimise the toxic levels of 
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such particles in the body. If they seem toxic, they must be conjugated with different 

biomolecules to improve their compatibility for this work. 

❖ PEG, and silica, could be studied to improve its biocompatibility. 

❖ These structures should be explored as theragnostic approach where they should 

be explored as a therapeutic probe too. 

❖ Pre-clinical investigation is highly important. Therefore, future work should be 

focussed on the use of animal tissues and the hemocompatibility of such particles 

with the body. Additionally, human tissues should be investigated. 

Exploration of diverse nanoparticle materials: 

While AuNPs have been extensively studied for their plasmonic properties, future 

research can focus on the use of other metallic nanoparticles such as silver and 

copper. These metals exhibit unique plasmonic features that could potentially enhance 

Raman signals even further. Additionally, non-metallic NPs, like carbon-based 

structures such as carbon nanotubes, and graphene present intriguing opportunities 

for investigation in the context of SERS and SE-CARS.  

Assessment of biocompatibility: 

Biocompatibility is a crucial aspect when considering the use of NPs in biomedical 

applications. To fill knowledge gaps, future studies should focus on assessing the 

biocompatibility of these nanomaterials with non-diseased cells. It is imperative to 

minimise any potential toxicity of these particles within the body. If concerns arise 

regarding their biocompatibility, strategies involving the conjugation of NPs with 

different biomolecules should be explored to enhance their biocompatibility. 

Utilisation of biocompatible coatings: 
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To further improve biocompatibility, the incorporation of biocompatible coatings, such 

as polyethylene glycol (PEG) and silica, should be investigated. These coatings can 

modify the surface properties of NPs, making them more compatible with biological 

systems. Research in this direction could lead to the development of safer and more 

effective nanomaterials for SERS and SE-CARS applications. 

Theragnostic applications: 

NPs with their unique properties can serve dual roles as diagnostic and therapeutic 

agents. Future research can explore the theragnostic potential of these structures. By 

incorporating therapeutic agents or exploring how these NPs can be used for localised 

drug delivery, they can contribute to both disease diagnosis and treatment, offering a 

holistic approach to healthcare.  

Pre-clinical Investigations: 

To bridge the gap between laboratory studies and clinical applications; future work 

should include pre-clinical investigations. This entails the use of animal tissues to 

assess the efficacy and safety of nanoparticle-based techniques. It’s crucial to study 

the hemocompatibility of these particles within the body. Furthermore, human tissue 

studies should be conducted to validate the translational potential of these techniques, 

bringing us closer to real-world applications in diagnostics and therapy. 

These future directions offer a comprehensive roadmap for researchers in the field, 

emphasising the need for diverse NPs, rigorous biocompatibility assessments, the 

development of biocompatible coatings, exploration of theragnostic applications, and 

extensive pre-clinical investigations to advance the capabilities of SERS and SE-

CARS for biomedical and clinical use. 
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SE-SRS vs. SERS 

Upon analysing the experimental results, it becomes evident that SE-SRS exhibits 

distinct advantages over SERS in terms of sensitivity, specificity, and signal-to-noise 

ratio compared. The enhanced Raman signals achieved through stimulated Raman 

scattering in SE-SRS have the potential to significantly improve the detection limits 

and overall performance of the technique. Moreover, the incorporation of stimulated 

processes in SE-SRS may offer greater flexibility in experimental design and 

optimisation, leading to more reliable and reproducible results.  

However, it is crucial to acknowledge the limitations inherent in SE-SRS. The 

technique poses challenges, outlined within this thesis, which could potentially limit its 

widespread adoption. Additionally, certain experimental conditions may influence the 

effectiveness of SE-SRS, and further research is needed to address these variables 

and ensure the robustness of the method across different applications. Despite the 

promising advancements offered by SE-SRS, researchers should be cautious about 

its practicality and accessibility in real-world scenarios. By providing this critical 

evaluation, I aim to contribute to a more nuanced understanding of the comparative 

strengths and limitations of SE-SRS and SERS in the field of surface enhanced 

Raman spectroscopy.  
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Surface-Enhanced Coherent Raman Scattering (SE-CRS) 

for Application in Cancer Diagnosis 

Mohammed Sharahili* 1, Nick Stone1, Julian Moger1  

1College of Engineering Mathematics and Physical Sciences, University of Exeter, UK 

The aim is to develop a laser-based imaging technique for medical diagnostics based 

on surface-enhanced Raman scattering (SERS). I will investigate the feasibility of 

using nonlinear excitation of surface plasmons (SP) to enhance weak optical effects 

from molecules at nanostructured metallic surfaces. Hence nanoparticles can be 

tethered to the metal surface where the local fields are several orders of magnitude 

higher than the driving field. The long-term goal is to successfully develop novel 
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coherent Raman Scattering (CRS) tools to heighten the discrimination of molecular 

signals for application in cancer diagnostics. 

KEY WORDS: Surface-enhanced Raman scattering, gold thin films, coherent Raman 

scattering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  


