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Fish epidermal mucus is an important component in the innate immune 

defence against pathogens. Due to its significance in the fish physiology, 

detailed profiling of fish epidermal mucus will give valuable insight into fish 

health. However, conventional proteomics and metabolomics profiling of the 

biomolecules in fish epidermal mucus is time consuming. Therefore, realising 

the need for a rapid and minimally invasive method to profile fish epidermal 

mucus, this study explored a label-free colloidal surface-enhanced Raman 

spectroscopic (SERS) method to profile grouper epidermal mucus. The 

standard citrate reduction method was used to synthesise the gold 

nanoparticles. UV-Visible spectroscopy, dynamic light scattering, and 

transmission electron microscopy were used to characterise the gold 

nanoparticles. Acidified sodium sulphate (Na2SO4) at pH 3 was chosen as the 
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aggregating agent due to its low affinity to form bonds with gold nanoparticles. 

The gold nanoparticles were preconcentrated prior to SERS analysis and 9.5 

µL of the preconcentrated gold nanoparticles were mixed with 10 µL of the 

analyte solution followed by 0.5 µL of the aggregating agent. The SERS 

efficacy of the synthesised gold nanoparticles and Na2SO4 was tested with 

three different analyte solutions, namely, Rhodamine 6G (R6G), lysozyme and 

hybrid grouper (Epinephelus fuscoguttatus x Epinephelus lanceolatus) mucus. 

Based on the results, the optimal concentration of Na2SO4 to obtain the highest 

SERS enhancement for R6G and grouper mucus was 1 M, while the 

concentration for lysozyme was 0.1 M. This indicates that lysozyme induces a 

higher degree of aggregation of gold nanoparticles. There were a few 

overlapping peaks in the SERS spectrum of lysozyme and grouper mucus, 

namely, 818, 1283, 1454 and 1542 cm-1. The peaks at 818, 1283, and 1542  

cm-1 may be good candidates for the detection of lysozyme in grouper 

epidermal mucus. Overall, the SERS protocol proposed in this work offers 

great potential for rapid and minimally invasive analysis of fish epidermal 

mucus.  

 

 
Keywords: Gold nanoparticles, grouper epidermal mucus, Surface-

enhanced Raman spectroscopy (SERS)  
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Lendir epidermis ikan merupakan komponen penting dalam sistem pertahanan 

imunisasi semula jadi terhadap patogen. Oleh sebab kepentingannya dalam 

fisiologi ikan, profil terperinci lendir epidermis ikan dapat memberikan informasi 

bernilai mengenai kesihatan ikan. Namun begitu, kaedah pemprofilan 

proteomik dan metabolomik konvensional bagi biomolekul dalam lendir epidermis 

ikan mengambil masa yang lama. Oleh itu, bagi memenuhi keperluan kaedah 

pemprofilan  lendir epidermis ikan secarapantas dan kurang invasif, , kajian ini 

meneroka kaedah Spektroskopi Raman Dipertingkatkan Permukaan (SERS) 

koloid tanpa label untuk memprofil lendir epidermis ikan kerapu. Kaedah 

standard pengurangan sitrat digunakan untuk mensintesis nanozarah emas. 

Spektroskopi ultraungu tampak (UV-Visible), penyebaran cahaya dinamik dan 

mikroskopi elektron penghantaran digunakan untuk mencirikan nanozarah 

emas. Natrium sulfat (Na2SO4) yang diasidkan pada pH 3 dipilih sebagai 
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agen pengagregatan disebabkan sifatnya yang lemah untuk membentuk 

ikatan dengan nanozarah emas.. Larutan nanozarah emas dipekatkan terlebih 

dahulu sebelum menjalani analisis SERS.9.5 µL larutan nanozarah emas 

pekat tersebut dicampur dengan 10 µL larutan analit diikuti dengan 0.5 µL agen 

pengagregatan. Keberkesanan SERS terhadap nanozarah emas yang 

tersintesis dan Na2SO4telah diuji dengan tiga larutan analit iaitu, Rhodamina 

6G (R6G), lisozim dan lendir epidermis kerapu hibrid (Epinephelus fuscogattus 

× Epinephelus lanceolatus). Berdasarkan keputusan kajian, kepekatan optimal 

Na2SO4 untuk mendapatkan peningkatan SERS tertinggi bagi R6G dan lendir 

epidermis kerapu ialah 1 M, manakala kepekatan bagi lisozim ialah 0.1 M. Hal 

ini menunjukkan bahawa lisozim mencetuskan tahap pengagregatan yang lebih 

tinggi dalam nanozarah emas. Terdapat beberapa puncak yang bertindih dalam 

spektrum lisozim SERS dan lendir kerapu iaitu 818, 1283,1454 dan 1542 cm-1. 

Puncak yang dicatatkan  pada 818, 1283 dan 1542 cm-1 mungkin merupakan 

puncak yang baik bagi pengesanan lisozim dalam lendir epidermis kerapu. 

Kesimpulannya, protokol SERS yang dicadangkan dalam kajian ini menawarkan 

potensi untuk analisis pantas dan kurang invasif terhadap lendir  epidermis 

ikan. 

Kata Kunci: Lendir epidermis kerapu, nanozarah emas, 

Spektroskopi Raman Dipertingkatkan Permukaan (SERS) 
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CHAPTER 1 

INTRODUCTION 

 
1.1 Research Background  

 

Raman scattering is an inelastic scattering of photons when light impinges on 

a material. As a result of the scattering, both the energy and direction of the 

photons are changed. There are two types of Raman scattering: Stokes and 

anti-Stokes Raman scattering. The former refers to the phenomenon where 

the photons lose their energy to the molecules while the latter refers to the 

phenomenon where the photons gain energy from the molecules. The amount 

of energy lost, or gain is highly dependent on the vibrational energy of the 

molecular bonds, which are reflected in the change in wavelength of the 

incident photons. Therefore, the change in wavelength, measured as the 

Raman shift, allows for the fingerprinting of a material based on the Raman 

shift. In most application, the Stokes Raman scattering is used due to the low 

probability of anti-Stokes Raman scattering occurring. This is due to the 

Boltzmann distribution. Molecules will need to be in a higher energy state to 

transfer their energy to the incident photons and at low temperatures, the 

number of molecules in the excited state is low.  

 

Infrared spectroscopy is another vibrational spectroscopic method used to 

obtain the spectral fingerprint of a substance. However, infrared and Raman 

spectroscopy differ in fundamental ways. Infrared spectroscopy depends on 

the change in dipole moment while Raman spectroscopy depends on the 
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change in polarizability of the molecular bond (Exline, 2013). Raman 

spectroscopy has one unique advantage over infrared spectroscopy, namely, 

water is a weak Raman scatterer, therefore, interference from water in minimal 

in Raman spectroscopy (E. Smith & Dent, 2005). Therefore, Raman 

spectroscopy has a unique advantage in analysing biological samples where 

the most common solvent is water. Drying of biological samples often alter 

their properties, for example, proteins will undergo conformational change 

upon dehydration (Prestrelski et al., 1993). Therefore, Raman spectroscopy 

allows for the analysis of biological samples in their native state. However, 

fluorescence interference and weak sensitivity are significant disadvantages 

of Raman spectroscopy in analytical applications.  

 

Experimentally in the 1970s, the tremendous enhancement of Raman 

scattering of analyte adsorbed on the surface of roughened metal has been 

described. Thus, surface-enhanced Raman spectroscopy (SERS) has been 

developed to address the weak sensitivity of Raman spectroscopy. SERS also 

has the added advantage of quenching the fluorescence of fluorophores 

adsorbed on noble metal surface, leading to an improved Raman spectrum 

quality (Shan et al., 2017). Various types of SERS substrates has been 

developed, ranging from fabricated nanostructures on noble metal surface 

(Fujiwara et al., 2022; Lv et al., 2021), deposited metallic nanoparticles 

(Almehmadi et al., 2019; Zeiri et al., 2012), colloidal solution (Xue et al., 2018; 

Zhou et al., 2019) and cost-effective substrates such as nanoparticles-loaded 

paper-based substrate (Moram et al., 2018) and deposited nanoparticles on 

Blu-Ray DVD disc (Chamuah et al., 2019). Colloidal system remains is the 
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simplest method as it simply requires mixing the metal colloid with the analyte 

solution, making it ideal for analysing biofluid. However, aggregation plays an 

important role in the SERS efficiency (Cyrankiewicz et al., 2007). Common 

aggregating agents are halide salts. However, they pose the issue of 

competitive binding to the nanoparticle surface, diminishing the adsorption of 

analyte. Sulphate ions on the other hand, have low affinity towards metallic 

nanoparticles surface, thus, lower tendency to competitively bind to the 

nanoparticle surface. (X. X. Han et al., 2009). 

 

Fish epidermal mucus is an important first line of defence against pathogen as 

it is in constant contact with the environment. The mucus is composed primarily 

of mucin and a host of immunological compounds such as antimicrobial 

proteins, antibodies, peptides, lysozyme and lectins (Dash et al., 2018). 

Analysis of fish epidermal mucus offers a non-invasive method to determine 

fish health status. SERS is an ideal platform to analyse fish epidermal mucus 

due to the aforementioned weak Raman scattering of water and the minimal 

sample preparation required, allowing for the possibility to conduct in-situ 

analysis.  

 

1.2  Problem Statements  

 

Fish epidermal mucus contains a wide range of anti-microbial compounds and 

any changes in the fish physiology will be reflected in the change in epidermal 

mucus composition. Therefore, a detailed profiling of the epidermal mucus can 

provide great insight into fish health status. The conventional methods to 
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profile fish epidermal mucus includes Fourier-transform infrared (FTIR) 

spectroscopy, and the omics tools such as proteomic and metabolomic 

profiling. However, these methods have significant drawbacks; namely, water 

is a strong infrared absorber (Magalhães et al., 2021) and the omics tools are 

time consuming (Natnan et al., 2021) 

 

Therefore, SERS is proposed as a non-invasive, rapid, and cost-effective 

method to profile fish epidermal mucus. SERS of biological fluids can be 

conducted in two ways: using dried biofluid on a solid SERS substrate and in 

liquid form in a colloidal system. In the latter system, aggregating agents play 

an important role in forming the SERS hot-spots (Turzhitsky et al., 2018) and 

the suitable aggregating agent highly depends on the analyte (Xie et al., 2020; 

Ye et al., 2023). To date, the colloidal SERS of grouper epidermal mucus has 

yet to be studied in detail and the ideal choice of aggregating agent has yet to 

be determined.  

 

1.3  Research Objectives and Research Questions 

  

This study aims to determine the optimised aggregating agent and sample 

preparation methods to achieve the best SERS efficiency of grouper mucus. 

The specific objectives are as follows:  

 

1. To evaluate the viability of acidified (pH 3) sodium sulphate solution as 

aggregating agent for the colloidal SERS of grouper mucus.  
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2. To determine the ideal concentration of aggregating agent to obtain the 

highest SERS efficiency of desired biomolecules in grouper mucus, 

namely, proteins.  

 

3. To conduct characterisation and profiling of grouper epidermal mucus 

using SERS spectrum. 

 

The research questions are as follows:  

1. How does acidified (pH 3) sodium sulphate solution perform as 

aggregating agent for colloidal SERS of grouper epidermal mucus 

compared to halide salt such as sodium chloride?  

2. What is the optimal concentration of sodium sulphate solution to obtain the 

best SERS efficiency of grouper epidermal mucus?  

3. Is it possible to detect specific proteins such as lysozyme from the 

multiplexed SERS spectrum of grouper mucus by identifying the 

overlapping peaks?  

  

1.4 Significance of Study 

 

Colloidal system SERS is the most straight-forward method for the SERS 

analysis of fish epidermal mucus. This method does not require any fabrication 

of SERS substrates and is relatively quick and cost-efficient. However, due to 

the limited study of SERS analysis of fish epidermal mucus, this study aims to 

elucidate the optimised sample preparation and aggregating agent to obtain 

the best SERS efficiency from fish epidermal mucus.  
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This study aims to serve as the groundwork for future SERS analysis of fish 

epidermal mucus and to demonstrate the possibility of in-situ analysis of fish 

epidermal mucus using SERS using a portable Raman spectroscopy setup 

using commercially available equipment. 

 

1.5  Scope and Limitations  

 

This work will be focusing on grouper mucus due to the limited availability of 

mucus from other fish species. It is assumed that the findings of this work will 

apply to the SERS analysis of mucus from marine fish. The chosen 

aggregating agent is sodium sulphate solution with concentration ranging from 

2 M to 0.1 M with the pH value adjusted to 3 using dilute sulphuric acid. The 

performance of the aggregating agent will be evaluated using the following 

analytes:  

 

1. A fluorescent dye, Rhodamine 6G (R6G) with concentration of 0.1 mM.  

2. 300 µg/ml lysozyme solution in water. 

3. Epidermal mucus from grouper. 

 

This study will only perform basic characterisation of grouper mucus based on 

the peaks present and correlated to the functional groups and then correlated 

to the possible biomolecules present based on the functional groups. The 

spectrum from the mucus will be matched with the spectrum of lysozyme to 

identify the overlapping peaks to determine if lysozyme is one of the 
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biomolecules present in the mucus. A diagnosis of the fish health status will 

not be performed due to the limited samples available for a statistically 

significant number of samples to build a statistical and predictive model. 

Specificity to a specified biomolecule is beyond the scope of this study.  

 

1.6 Outline of Thesis  

 

This thesis is divided into five chapters: introduction, literature review, 

methodology, results and discussion, and conclusion. The research 

background and objectives are discussed in this chapter. The research 

questions that will be addressed in this work is also discussed in this chapter. 

This chapter also clearly defines the significance of this work and the scope 

and limitations of this study.  

 

The theoretical background for Raman spectroscopy and SERS is discussed 

in Chapter 2. In addition, some examples of SERS substrates and SERS in a 

colloidal system is discussed in this chapter. Subsequently, applications of 

SERS in bioanalysis and aquaculture are also discussed in this chapter. Thus, 

this chapter concludes with the identified gap in the available research.  

 

Chapter 3 covers the materials and reagents, synthesis of gold nanoparticles, 

mucus sample collection, sample preparation for SERS analysis, experimental 

setup, and spectral processing. 

 

In Chapter 4, the experimental results are discussed. The result covers the 
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evaluation of two different salt solution as the aggregating agent for colloidal 

SERS and the appropriate aggregating agent was chosen for subsequent 

experimental work. This chapter discusses the efficacy of the synthesised gold 

nanoparticles and chosen aggregating agent to perform colloidal SERS using 

three different analytes: R6G, lysozyme and grouper epidermal mucus.  

 

The characterisation of grouper mucus using SERS spectrum is also 

discussed in this chapter.  

 

Chapter 5 summarises the research findings and highlights the important 

experimental results and provides some recommendations for future research.  
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CHAPTER 2 

 

LITERATURE REVIEW 

2.1 Raman Spectroscopy  

 

Raman scattering is first observed by Chandrasekhara Venkata Raman and 

Kariamanikam Srinivasa Krishnan in 1928 when they showed that frequency 

of light changes after it is being scattered by benzene as shown in Figure 2.1 

(Singh, 2002).  

 

Figure 2.1: Spectrum of quartz mercury lamp with wavelength above 4358 
Å being filtered off (left) and spectrum of the lamp after passing through 
benzene (right). 
(Singh, 2002) 
 

When photons impinge on a material, the photons are absorbed and re-emitted 

in various directions. This phenomenon is known as scattering. Elastic 

scattering events are known as Rayleigh scattering, where the energy of the 

photons does not change. Raman scattering are inelastic scattering events 

where both the energy and direction of the photon changes. The energy 

change in the photons may be lost of energy to the molecule when it relaxes 

to an excited state, or the photon may gain energy from molecules in the 
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excited state. The former is known as Stokes Raman scattering while the latter 

is known as anti-Stokes Raman scattering (E. Smith & Dent, 2005). The 

vibrational energy level transition of a molecule in each scattering events is 

shown in Figure 2.2. 

 

Figure 2.2: Vibrational energy level transition in Rayleigh scattering, 
Stokes and anti-Stokes Raman scattering. 
(Ferraro et al., 2003) 
 

Typically, Raman scattering occurs in one every 107 photons. Stokes Raman 

scattering is more probable due to the low number of molecules in the excited 

state at room temperature due to the Boltzmann distribution. Due to the low 

probability of Raman scattering, a laser source is often necessary to obtain a 

meaningful spectrum (E. Smith & Dent, 2005). Advancements in detector 

technology, optical filters, laser diodes, and optical fibre coupling has improved 

the feasibility of routine analysis using Raman spectroscopy (Crocombe, 

2018). Figure 2.3(a) shows an example of the experimental setup to collect the 

Raman signal in the perpendicular direction.  
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The change in energy is measured as the Raman shift expressed in  

 

𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡 [𝑐𝑚−1] =
107

𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛[𝑛𝑚]
−

107

𝜆𝑅𝑎𝑚𝑎𝑛[𝑛𝑚]
       ( 1 ) 

 

where  𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 and 𝜆𝑅𝑎𝑚𝑎𝑛 are the excitation and Raman signal wavelength 

respectively. The Raman spectrum of CCl4 is shown in Figure 2.3(b). The 

energy shift in Raman scattering depends on the vibrational energy of the 

molecular bonds in the molecule. Therefore, the Raman spectrum can 

elucidate information about the molecular structure of a material. 
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Figure 2.3: (a) Example of Raman scattering experimental setup (Wan et 
al., 2017) and (b) Raman spectrum of CCl4. 
(Campanella et al., 2021) 
 

 

 

(a) 

(b) 
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Due to the non-invasive and sensitive nature of Raman spectroscopy, the 

technique has been used in clinical, chemical and biological analysis. Tissue 

analysis and diagnosis (Hanna et al., 2021), blood analyte detection (Q. Wang 

et al., 2021) and cellular examination (Elumalai et al., 2020) has been 

performed using Raman spectroscopy. In mice, Raman spectroscopy enables 

non-destructive quantification of atherosclerotic plaque composition with good 

agreement with histological results (van de Poll et al., 2001). In addition, 

Raman spectroscopy has demonstrated good results in diagnosing benign and 

malignant skin tumours (Bratchenko et al., 2021). In most cases, Raman 

spectroscopy alone is sufficient to identify biological samples, but it is often 

complementary to IR spectroscopy (Kalasinsky & Kalasinsky, 2005). 

Fluorescence and low sensitivity (especially for aqueous samples) are the 

main hurdles in Raman spectroscopy (Baena & Lendl, 2004).  

 

2.2 Surface-Enhanced Raman Spectroscopy (SERS) 

 

2.2.1 Mechanism of Surface-Enhanced Raman Spectroscopy 

 

As stated in the previous section, due to fluorescence and poor sensitivity of 

Raman spectroscopy for aqueous samples, Raman spectroscopy is rarely 

used. With the aid of noble metal nanoparticles, the hurdles of Raman 

spectroscopy can be overcome using the surface enhancement effect.  

 

In pursuit for a minimally invasive, highly reliable and sensitive analysis 

methods for biological samples, surface-enhanced Raman spectroscopy has 
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been shown to be a promising approach (Zong et al., 2018). SERS is first 

observed experimentally in 1973, where the Raman signal from pyridine 

adsorbed on roughed silver is enhanced by 6000 times (Fleischmann et al., 

1974). 

 

Localised surface plasmon resonance (LSPR) plays an important role in 

understanding the mechanism behind SERS. Figure 2.4(a) illustrates the 

LSPR on metallic nanoparticles. In the presence of electromagnetic field, 

electrons on the metallic nanoparticle will oscillate. This is possible due to the 

delocalised electrons on the metal surface. The collective oscillation of the 

electrons is known as surface plasmon. When the frequency of the surface 

plasmon is equal to the incoming electromagnetic wave, resonance occurs. 

This phenomenon is known as LSPR. During LSPR, the electromagnetic field 

at the nanoparticle surface is greatly enhanced and the optical extinction is 

maximum (Ke et al., 2021). These two factors play an important role in SERS.  

 

 

 

 

 

 

Figure 2.4: (a) Local surface plasmon resonance (LSPR) and (b) SERS of 
a molecule adsorbed on the metal nanoparticle surface.  
(Zong et al., 2018) 
 

 

 

(a) (b) 
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The analyte molecule must be very close to the metal nanoparticle surface for 

SERS to occur as shown in Figure 2.4(b). This is due the electromagnetic field 

strength being proportional to the inverse of the cube of distance from the 

surface of the metal nanoparticle. The mechanism behind SERS can be 

understood in two ways: electronic and chemical enhancement. In electronic 

enhancement, the enhancement arises from the intense near-field 

electromagnetic field on the metal nanoparticle surface, leading the greater 

interaction between the electromagnetic field and molecular bonds. While in 

chemical enhancement, the enhancement arises from the formation of bonds 

between the metal and molecule, leading to formation of surface species with 

increased polarizability. These surface species are believed to be resonant 

intermediates for Raman scattering. There is evidence for both electronic and 

chemical enhancement, but electronic enhancement is believed to play a 

major role (E. Smith & Dent, 2005). 

 

2.2.2 Surface-Enhanced Raman Spectroscopy Substrates  

 

The key to a SERS substrates functionality is the large surface area for the 

adsorption of molecules. Typically, SERS substrates are fabricated from 

roughed noble metals, nanoparticles colloid and lithographic and non-

lithographic methods to form nanostructures on a solid substrate (Betz et al., 

2014). Metal surfaces can be roughened using electrochemical method or 

chemical etching. A silver or gold electrode can be roughed using an oxidation-

reduction cycle (Tuschel et al., 1986). This process involves immersing the 

electrode into a redox media such as sodium chloride solution and connecting 
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it to a power source and signal generator. By applying an alternating voltage 

to the electrode, redox reaction will roughen the surface. The redox media and 

voltage play an important role in the surface morphology of the electrode. After 

the roughening process, the electrode is immersed in the analyte solution and 

allowed to dry before spectral acquisition. The chemical etching method is a 

wet etching method where the metal electrode, such as silver electrode, is 

etched using an acid such as nitric acid (Wijesuriya et al., 2016). This method 

has fallen out of favour due to the emergence of more efficient and reliable 

SERS substrates (Sauer et al., 2000).  

 

Solid SERS substrates can be fabricated immobilising metal nanoparticles on 

a solid substrate and by fabricating nanostructures on a solid substrates using 

nanomachining and lithographic methods (Mosier-Boss, 2017). Gold or silver 

nanoparticles can be immobilised on a quartz or glass surface using a silane 

linker such as (3-mercaptopropyl)trimethoxysilane (MPTMS) and (3-

aminopropyl)trimethoxysilane (APTMS) (Péron et al., 2009). Nanostructures 

directly fabricated on a solid substrate can also be used for SERS substrate. 

Silicon or glass substrate is ablated using femtosecond pulsed laser in air 

followed by a deposition of silver (Y. Han et al., 2009; Lin et al., 2009). 

Nanosphere lithography is another method of fabricating SERS substrates. 

This method is cheap, has high-throughput and produces a uniform two-

dimensional, highly ordered metallic nanoparticles array. The process begins 

with deposition of a suspension of polystyrene or silica nanospheres on a 

conductive surface. The spheres self-assemble to form a mask for deposition 

of gold or silver. Physical vapour deposition of gold or silver can form a 
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nanoparticle over film array. Alternatively, the mask can be lifted off to form an 

array of uniform array of triangular nanoparticles.  

The gold or silver may also be electrodeposited, followed by a removal the 

mask to form a hexagonal array of circular voids. The process is summarised 

in Figure 2.5 (Wu et al., 2008). 

 

 

Figure 2.5: Schematic of the nanosphere lithography to form SERS 
substrate. The process can be used to form three types of substrates: a 
gold or silver film over nanospheres (FON), an array of triangular 
nanoparticles and an array of circular voids. 
(Wu et al., 2008). 
 

Electron beam lithography is a well-established technique in semiconductor 

fabrication and can be used to fabricate metallic nanostructures on a substrate. 

The process to fabricate SERS substrate is not too dissimilar compared to the 

semiconductor fabrication. Where they differ is the deposition of noble metal 

after the writing on the resist and development of the resist. After the deposition 

of the metallic film, the resist is then removed using a solvent or plasma 

etching, leaving behind the metallic nanostructure. This process is 
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summarised in Figure 2.6 (Yue et al., 2012). 

 

 

Figure 2.6: Schematic of electron beam lithography to fabricate SERS 
substrate. 
(Yue et al., 2012) 
 

The lithographic methods are often time-consuming, requiring multiple steps 

to fabricate SERS substrates. Cost-effective and quick methods to fabricate 

SERS substrates such as embedding nanoparticles in filter paper (Moram et 

al., 2018) and deposition of gold on a Blu-Ray DVD disc (Chamuah et al., 

2019). These methods rely on the already present nanostructures in the 

substrate prior to the deposition of nanoparticles such as the network cellulose 

fibres in filter paper and the nano-islands and nanogaps on the Blu-Ray DVD 

discs. These solid substrates often require the drying of the analyte solution 

on the substrate before spectral acquisition of the analyte (Chamuah et al., 

2019; Lin et al., 2009; Moram et al., 2018; Yue et al., 2012). The drying process 

facilitates the movement of the molecule on the substrate to achieve the 

optimum orientation for chemical enhancement (Fang et al., 2009). For a 

biological sample, the drying process often changes the properties of the 

sample. In addition, for a complex molecule with a three-dimensional structure 
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like protein, the orientation of the molecule on the substrate affects its SERS 

spectrum. On a solid substrate, the orientation of the molecule adsorbed on 

the metallic nanostructures will be random, leading to issues with repeatability 

due to the orientation dependent enhancement of the functional groups in the 

protein molecule (X. Yu et al., 2020). These two factors result in the poor 

repeatability of SERS of biological specimens.  

 

2.2.3 Surface-Enhanced Raman Spectroscopy in Colloidal System  

 

Metallic nanoparticle colloid is a useful SERS substrate particularly in chemical 

sensing. Metal nanoparticles can be synthesised using physical method, 

typically using laser ablation with a femtosecond laser (C. Li et al., 2020), and 

chemical reduction method using reducing agent such as sodium citrate and 

sodium borohydride as described by (P. C. Lee & Meisel, 1982). The gold and 

silver nanoparticles can also be conjugated with various capping agents to 

alter their surface chemistry. The ligands on the surface of the nanoparticles 

can improve selectivity and sensitivity (Israelsen et al., 2015). These noble 

metal colloids allow for the SERS analysis of biofluids simply by mixing the 

colloid with the analyte. This is advantageous for SERS analysis of samples 

that may be altered during the drying process which is often necessary for solid 

substrates. In addition, in a colloidal system, the orientation dependence of the 

SERS spectra may be eliminated because the formation of aggregates in the 

colloid traps the molecules in the nanogaps between the nanoparticles, leading 

to a uniform enhancement across the molecule as illustrated in Figure 2.7.  
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Figure 2.7: Schematic of molecules trapped in the nanogaps between 
aggregated nanoparticles.  
 

SERS hot spots are the region of intense localised magnetic field produced by 

the coupling of LSPR of nanoparticles in the vicinity. These hot spots are 

present in the nanogaps between the nanoparticles and are fundamental to 

the surface-enhanced Raman scattering phenomena (H. Li et al., 2022). 

Evidently, a single nanoparticle is insufficient to produce a significant 

enhancement (Tay et al., 2010) and aggregation of nanoparticles play an 

important role in colloidal SERS (Dou et al., 1999; Siiman & Feilchenfeld, 

1988). For optimal enhancement, the aggregates need to be small to trap the 

molecules between the nanogaps between the aggregates. Large aggregates 

will shield the hot spots. The formation of aggregates is dependent on the 

concentration, amount and the type of aggregating salts used (Turzhitsky et 

al., 2018).  

 

The aggregation of metallic nanoparticles occurs due to the displacement of 

the surface stabilising agent (such as citrate) by the aggregating salts, 

depletion of the surface charge which allows the Van der Waals attraction to 

overcome the electromagnetic repulsion (Shi et al., 2018). In addition to 

aggregation, the size, shape and morphology of the nanoparticles also play a 

Gold nanoparticles 
aggregate 

SERS hot-spot 

SERS signal 
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role in the enhancement efficiency. Gold nanoparticles with diameter of 46 nm 

is shown to have the highest SERS enhancement but 74 nm gold nanoparticles 

exhibit the highest factor per unit surface area when the data is corrected for 

surface area (Bell & McCourt, 2009). Faceted nanoparticles such as gold 

nanocubes (Ding et al., 2017) and nanostars (Mahmoud et al., 2020) exhibit 

higher enhancement due to the larger hot-spots and larger surface area for 

adsorption. The simulated SERS hot spots between gold nanospheres and 

nanocubes is shown in Figure 2.8. 

 

Figure 2.8: Simulation of SERS hot spots between nanospheres 
aggregate (a) and nanocubes aggregate (b).  
(Ding et al., 2017) 
 

One major drawback of SERS in colloidal system is the lack of reproducibility. 

The variation of nanoparticles between batches and the random formation of 

aggregates governed by the random Brownian motion of the molecules in the 

mixture. Moreover, different analytes require different optimised protocol for 

the optimum enhancement (Schneider et al., 1996). Incubation for the 

formation of aggregates also play a role in the reproducibility (Turzhitsky et al., 
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2018). Several strategies were developed to improve the reproducibility of 

colloidal SERS such as improving the monodispersivity of the metallic 

nanoparticle colloid, filtration, sonication, vortexing and proper storage 

conditions of the metallic colloid (Tantra et al., 2007). 

 

2.2.4 Surface-Enhanced Raman Spectroscopy for Bioanalysis 

 

SERS is an emerging tool to perform diagnosis to inform prognosis and 

formulate treatment. In contrast to conventional omics methods for biopsy 

(Chen & Zhao, 2019; Chinello et al., 2019; B. Lee et al., 2020), SERS is cheap, 

fast and can be performed in a point-of-care setting. The methodologies 

employed in SERS is a diagnostic process are label-free SERS and indirect 

sensing using SERS tags as shown in Figure 2.9. 

 

Figure 2.9: Label-free SERS and indirect sensing using SERS tags. 
(Y. Zhang et al., 2019) 
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Label-free SERS analyses unique spectral fingerprint of the biomolecules, 

cells or microorganisms directly adsorbed on the metal surface. Due to the 

complexity of the spectra, statistical analysis such as PCA or LDA is often 

required to draw the necessary conclusion about the patient’s health, 

discriminate biomolecules and cells or microorganisms of different species. 

Label-free SERS also has poor multiplexing capabilities due to the overlapping 

spectral fingerprints of the various biomolecules in the biofluid. Purification 

steps such as chromatography or assay are often necessary prior to SERS 

analysis (Y. Zhang et al., 2019).  

 

SERS tags are created by conjugating molecules with strong Raman 

scattering, known as Raman reporters, on plasmonic nanoparticles surface, 

followed by conjugation with specific biorecognition molecules such as 

antibodies and aptamers. The SERS tags are used as labelling molecule for 

indirect sensing of target biomolecules (Gong et al., 2022). SERS tagging 

offers the unique advantages of being highly sensitive, extreme multiplexing 

ability and the short lifetime of Raman scattering reduces the risk of 

photobleaching and minimises the interference from fluorescence (Y. Wang et 

al., 2013). However, SERS tag labelling is extremely specific and does not give 

any qualitative information on the biomolecules detected (X.-S. Zheng et al., 

2018). 

 

Some disease biomarkers of interest are purines, proteins and carotenoids. 

The SERS protocols are tuned to be more specific to the different classes of 

biomarkers. Purine metabolites and proteins can be detected in liquid form 
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using colloidal SERS and dried on a solid SERS substrate; however, surface 

modification of the nanoparticles is necessary for protein detection. Surface-

enhanced resonant Raman spectroscopy (SERRS) is used for the detection of 

carotenoids (Moisoiu et al., 2021) 

 

Colloidal SERS is a relatively simple procedure where the analyte is simply 

mixed with a SERS active colloid with a certain ratio. However, simply mixing 

silver colloid with uric acid and albumin does not produce any signal as shown 

in Figure 2.10. The absence of the SERS signal from uric acid and albumin 

from unmodified silver nanoparticles in Figure 2.10 highlights the importance 

of the surface modification to promote the chemisorption of biomolecules to 

silver nanoparticles. 

 

Figure 2.10: SERS spectra of uric acid and human serum albumin using 
silver nanoparticle colloid. The adsorption of specific adions “turns on” 
the SERS active sites for uric acid and albumin. Without the adions, uric 
acid and albumin do not produce any SERS signal. 
(Moisoiu et al., 2021). 
 

© C
OPYRIG

HT U
PM



25  

The adsorption of different species on the silver nanoparticles surface occurs 

competitively through electrostatic interactions. Therefore, the modification of 

the silver surface via adsorption of cationic or anionic species will select for a 

certain species of biomolecules based on their electrostatic interactions. 

Generally, surface modification with cationic species will detect anionic 

molecules while surface modification with anionic species will detect cationic 

molecules (Iancu et al., 2019). In addition, Xu et al (2014) demonstrated the 

adsorption of iodide on silver nanoparticles allowed for the detection of 

proteins. This method offers two distinct advantages for protein detection, 

namely, improved adsorption of proteins with positive charge and improved 

reproducibility by preventing conformational changes of proteins on the 

nanoparticle surface. The iodide layer serves as a buffer layer to prevent the 

strong chemical interaction between the silver surface and proteins.  

 

SERRS is a combination of the surface-enhanced Raman scattering effect and 

the resonance of chromophore with electronic transition close to the excitation 

wavelength (W. E. Smith, 2008). Carotenoids have peak absorbance around 

440 nm. Therefore, by utilising SERS techniques coupled with a blue and 

green laser, the detection of carotenoids using SERRS is possible. Most 

carotenoids are hydrophobic with limited affinity to silver nanoparticles. 

Therefore, some modifications to the SERS substrate or carotenoids are 

required. Thiol functionalisation of β-carotene leads to an amplification of the 

bands around 1005, 1155 and 1520 cm-1 via SERRS (Gühlke et al., 2016). 
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In dried SERS, the mixture of colloid and analyte is allowed to dry before 

spectra acquisition. This has two notable advantages: the signal from both 

purines and proteins is visible and the biomolecules are separated by their 

solubility through the coffee ring effect. However, the inhomogeneity of the 

dried film diminishes the repeatability and reproducibility of the SERS signal 

(Moisoiu et al., 2021). On the other hand, liquid SERS has been used to 

diagnose prostate cancer from urine sample using gold nanoparticles. Figure 

2.11(a) shows the normalised spectra of urine from healthy patients and 

patients with prostate cancer. Using PCA and LDA, the selectivity and 

specificity is 100% and 89% respectively with diagnostic accuracy of 95%. The 

PCA plot and loading score are shown in Figure 2.11(b). 
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Figure 2.11: (a) Normalised average SERS spectra of urine from healthy 
patients (blue) and cancer patients (red). The Raman intensity difference 
is given at the bottom.  (b) PCA plot of the SERS spectra from healthy 
patients (blue) and cancer patients (red). The loading scores of PC1 is 
given on the right.  
(Mistro et al., 2015)  
 

Label-free liquid SERS coupled with PCA and LDA has been demonstrated to 

determine histological grade of oral squamous cell carcinoma with 85% 

accuracy using a mixture of serum samples and gold nanoparticles (Xue et al., 

2018) and Sjörgren’s syndrome with 94% accuracy from saliva samples and 

98% accuracy from serum samples using gold nanoparticles as the substrate 

(Stefancu et al., 2019). Iodide-modified silver nanoparticles are demonstrated 

to selectively amplify signal from proteins (L. J. Xu et al., 2014). Using iodide-

(a) 

(b) 
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modified silver nanoparticles as the SERS substrate, (Bocsa et al., 2019) 

demonstrated the discrimination of knee osteoarthritis grade from synovial fluid 

samples.  

 

Xiao et al (2016) conducted a large study of discriminating healthy patients 

from patients with hepatocellular carcinoma, breast cancer and lung cancer 

using silver coated gold nanorods as the SERS substrates. The SERS protocol 

employed is the dried SERS, where the mixture of serum sample and the 

nanorod colloid are mixed and dropped on a silicon wafer and dried. The 

diagnostic accuracy is above 75% for each group. Figure 2.12(a) shows the 

PCA plot of the SERS spectra from normal, hepatocellular carcinoma, lung, 

and breast cancer patients. The PCA plot shows good clustering between the 

groups. Figure 2.12(b) to (d) shows good separation between normal and 

cancer patients with PC1 being responsible for the separation of the groups.  
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Figure 2.12: PCA plot of SERS spectra from (a) normal, lung cancer, 
breast cancer and hepatocellular carcinoma patients, (b) normal and 
lung cancer patients, (c) normal and lung cancer patients and (d) normal 
and breast cancer patients. LC: lung cancer, HCC: hepatocellular 
carcinoma and BC: breast cancer. 
(Xiao et al., 2016) 
 

Dried SERS of saliva on silver coated nanopillars substrate and oropharyngeal 

cell fixed on the SERS substrate has been used to diagnose oral squamous 

cell carcinoma with accuracy of 73% from saliva samples and 60% from oral 

cell samples (Connolly et al., 2016). Silver colloid deposited on a calcium 

fluoride (CaF2) slide can also serve as a substrate for dried SERS. Using blood 

plasma dried on the silver deposited CaF2 slide, breast cancer can be 

diagnosed with 89% accuracy (Știufiuc et al., 2020). Using a similar SERS 

substrate (Colceriu-Șimon et al., 2019) investigated the effect of low-dose 

irradiation from saliva samples dried on the SERS substrate. The increase in 

the intensity of the band related to salivary thiocyanate shows that this band is 

an indication of low-dose radiation exposure.  

(a) (b) 

(c) (d) 

© C
OPYRIG

HT U
PM



30  

2.2.5 Surface-Enhanced Raman Spectroscopy in Aquaculture 

 

Surface-enhanced Raman spectroscopy has a few notable advantages over 

conventional Raman spectroscopy, namely, very low limit of detection, down 

to a single molecule detection. Signal acquisition is quick, therefore, 

photodegradation and photobleaching can be avoided during the analysis 

process. Tuning the properties of the nanomaterial allows for better selectivity 

of biomolecule and SERS allows for multiplexing (Zong et al., 2018).  

 

Utilising these advantages, SERS is used in aquaculture to detect trace 

amounts of illegal or harmful substances in fish products or the environment 

for monitoring purposes. Dyes like malachite green and crystal violet are used 

as a fungicide in aquaculture. Malachite green and crystal violet are quickly 

absorbed by fish and metabolised into leucomalachite green and leucocrystal 

violet (Hurtaud-Pessel et al., 2013). These compounds are toxic to humans, 

especially leucomalachite green which is shown to be a carcinogen (Curieux 

et al., 2021). Therefore, it is important to detect these compounds in 

aquaculture ponds and fish before they make it to the consumer. Another 

important molecule to monitor in aquaculture is nitrite. Nitrite in the 

environment is important for fish metabolism but excessive nitrite causes algal 

bloom (Z. Li et al., 2019).  

 

Figure 2.13 and Figure 2.14 shows the TEM images of gold nanoparticles and 

the absorption spectrum of the gold nanoparticles. As seen in Figure 2.14, gold 

nanoparticles typically have absorption peak around 500 nm with the peak 
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being red-shifted with increasing particle size (Zhou et al., 2019). The 

absorption peak plays an important role in surface enhancement. The surface 

enhancement effect is greatest where there is an overlap between the 

excitation wavelength, absorption peak of the nanomaterial and the absorption 

of the analyte molecule. 

 

 

Figure 2.13: Transmission electron microscope (TEM) of (a) and (b) 16 
nm gold nanoparticles, (c) 45 nm gold nanoparticles and (d) 100 nm gold 
nanoparticles. 
(Zhou et al., 2019) 
 

(a) (b) 

(c)
)A 

(d) 
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Figure 2.14: UV-visible absorption of gold nanoparticles of different 
sizes: (a) 16 nm, (b) 45 nm and (c) 100 nm.  
(Zhou et al., 2019) 
 

Figure 2.15 shows the Raman spectra of malachite green adsorbed on 

different gold nanoparticles and the Raman spectrum of malachite green 

without gold nanoparticles. The Raman peaks of malachite green is barely 

discernible. The Raman signal is greatly enhanced with the presence of gold 

nanoparticles. The characteristic peaks of malachite green in the 450 -1750 

cm-1 can be clearly seen in all three spectra with the presence of gold 

nanoparticles. 
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Figure 2.15. Raman spectra of 5 µM of malachite green on different gold 
nanoparticles and Raman spectrum of 0.5 M malachite green as a 
reference.  
(Zhou et al., 2019) 
 

The enhancement factor using 100 nm gold nanoparticles is the greatest. This 

is due to the higher surface area of the 100 nm gold nanoparticle, therefore, 

higher number of bumps on the particle surface leading to higher density of 

electromagnetic “hot spots”. The enhancement factor, EF is calculated as 

follows: 

 

𝐸𝐹 =
𝐼𝑆𝐸𝑅𝑆𝐶𝑅𝑎𝑚𝑎𝑛

𝐼𝑅𝑎𝑚𝑎𝑛𝐶𝑆𝐸𝑅𝑆
     ( 2 ) 

 

where 𝐼𝑆𝐸𝑅𝑆 and 𝐼𝑅𝑎𝑚𝑎𝑛 are the peak intensities in the presence and absence 

of SERS substrate respectively. 𝐶𝑆𝐸𝑅𝑆 and 𝐶𝑅𝑎𝑚𝑎𝑛 are the analyte 

concentration in the presence and absence of SERS substrate respectively. 
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The EF at 1615 cm-1 is 2.06 × 106 for the 100 nm gold nanoparticles. There is 

a strong linear relationship between the peak intensity and concentration of 

malachite green in solution. Therefore, partial least square regression model 

can be used to predict the concentration of malachite green in aquaculture 

water with a limit of detection of 2.7 nM (Zhou et al., 2019).  

 

In addition of detecting malachite green in aquaculture water, detection of 

malachite green and methylene blue in fish tissue using SERS with gold 

nanorods has been demonstrated by (T. Xu, Wang, Huang, Lai, & Fan, 2019). 

AgNO3 is a shaping agent in the synthesis of gold nanorods. The aspect ratio 

of gold nanorods produced is determined by the amount of AgNO3 solution 

used.  

 

Figure 2.16 shows the TEM images of gold nanorods synthesized with different 

amount of AgNO3 solution and their respective UV-Visible absorption spectrum 

is shown in Figure 2.17. The gold nanorods have two distinct absorption bands 

corresponding to the transverse and longitudinal plasmon resonance. The 

transverse plasmon band occurs at around 520 nm while the longitudinal 

plasmon band occurs at around 680 nm with the band being red-shifted with 

increasing aspect ratio. The intensity of the longitudinal plasmon band is due 

to the higher absorption in the longitudinal direction due to the higher electron 

density along the longitudinal direction. 
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Figure 2.16: TEM images of gold nanorods synthesized with 50 µl (a), (b) 
240 µl and 480 µl of AgNO3 solution. The aspect ratio of (a), (b) and (c) are 
2.2, 3.5 and 2 respectively. 
(Xu et al., 2019) 
 

 

Figure 2.17: UV-Visible absorption spectrum of gold nanorods 
synthesized with different volume of AgNO3 solution. 
 (T. Xu et al., 2019) 
 

(a) 

(c) 

(b) 
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Figure 2.18 shows the Raman spectrum of methylene blue and malachite 

green. The fish tissue sample is spiked with malachite green and methylene 

blue and then homogenized and mixed with acetonitrile. Anhydrous 

magnesium and alumina were added to remove lipids and the mixture is 

centrifuged. The supernatant was dried under nitrogen gas at 50°C. This 

process converts most of the drugs into their reduced form in the fish tissue. 

An additional oxidation step is required for leucomalachite green as it is difficult 

to obtain the spectrum of leucomalachite green directly. The gold nanorods 

colloid is dropped onto a clean slide and dried at 50°C and the analyte solution 

is subsequently dropped and dried on the dried gold nanorods.  

 

 

Figure 2.18: Raman spectrum of (a) methylene blue and (b) malachite 
green. 
(T. Xu et al., 2019) 
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Four different fish species were analysed (snakehead fish, yellow catfish, 

tilapia fish and black carp) with the characteristic peaks of methylene blue and 

malachite green clearly identifiable. The limit of detection is 0.3 to 1 ng of dye 

per gram of fish tissue depending on fish species. The limit of detection in fish 

tissue is higher than the standard solution due to the interference from the fish 

matrix but this indicates that SERS is a possible route for analysing illicit drugs 

in fish tissue (T. Xu et al., 2019).  

 

Traditional confocal Raman spectrometers are bulky and therefore, it has 

limited applications for in-situ monitoring in aquaculture. Optofluidics is the 

integration of microfluidics and photonics and is an emerging field and is 

promising for in-situ SERS analysis.  

 

Figure 2.19 shows the pump free optofluidics device for SERS analysis 

developed by (Yazdi & White, 2013). The device is fabricated with 

polydimethylsiloxane (PDMS) using photolithography. Negative pressure is 

produced by the micropipette. The excitation laser is delivered using an optical 

fibre and the Raman scattered photons are collected with a multimode fibre. 

The analyte solution and the silver nanoparticles will be concentrated in the 

silica microspheres matrix. This device is able to detect three fungicides, 

namely, malachite green, methyl parathion and thiram, simultaneously. 

Utilizing optical fibres, the need for a microscope is eliminated, thus allowing 

for in-situ analysis of water in aquaculture ponds (Yazdi & White, 2013).  
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Figure 2.19: Pump free optofluidics device for SERS analysis. 
(Yazdi & White, 2013).  
 

In addition to optofluidics, modification of the nanoparticles can also improve 

the sensitivity of the SERS analysis. One such modification is the addition of 

halide salt into the metallic nanoparticle colloid. This is mainly due to the halide 

ions inducing aggregation of the nanoparticles, creating more “hot spots”. 

Potassium bromide (KBr) modified silver nanoparticles has been shown to 

greatly improved the SERS signal of furazolidone (FUZD) and 3-amino-2-

oxazolidinone (AOZ). Figure 2.20 shows the SERS spectrum of FUZD using 

silver nanoparticles and KBr modified silver nanoparticles. The characteristic 

peaks of FUZD are not observed when using silver nanoparticles alone. When 

compared to other halide ions, the enhancement from bromide ions is the 

greatest as shown in Figure 2.21 (Fan et al., 2021). 

 

 

© C
OPYRIG

HT U
PM



39  

 

Figure 2.20: SERS of FUZD using silver nanoparticles (a) and SERS of 
FUZD using KBr modified silver nanoparticles (b). 
(Fan et al., 2021) 
 

 

Figure 2.21: SERS spectrum of FUZD in the presence of iodide ions (a), 
bromide ions (b) and chloride ions (c). 
(Fan et al., 2021). 
 

Magnetic hybrid Fe3O4/Ag hybrid nanoparticles allows for self-assembled and 

tunable SERS substrate. Figure 2.22 shows the scanning electron microscopy 

(SEM) image of the hybrid nanoparticles. To attach the Fe3O4 nanoparticles to 

Ag nanoparticles, 3-Aminopropyltriethoxysilane is used as a linker. The 

surface plasmon resonance is tunable by adjusting the ratio of Fe3O4 and Ag 

nanoparticles. The nanoparticles colloid solution is dropped onto a slide on top 

of a magnet and dried under ambient condition. The magnetic field induces 

aggregation of the nanoparticles. Using the hybrid nanoparticles, the detection 

of FUZD is possible down to 500 ng per gram of fish feed 

(a) (b) 
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Figure 2.22: SEM image of Fe3O4/Ag hybrid nanoparticle. 
(W. Yu et al., 2014) 
 

In most cases SERS utilizes metallic nanoparticle colloid. However, this is not 

a necessity. Mechanical power-driven solid phase microextraction (MPD-

SPME) onto a SERS active substrate allows for rapid and efficient SERS 

analysis without the need for organic solvent. Electrochemically etched silver 

wire can also serve as a SERS active substrate. Instead of nanoparticle colloid, 

the nanopores on the porous silver wire forms the electromagnetic hot spots. 
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Figure 2.23 shows the SEM images of the silver wire etched at different 

potential scan rates. The nanopores formed using 10 mVs-1 etch rate is the 

most uniform. The schematic diagram of the MPD-SPME-SERS process is 

showed in Figure 2.24. The stirring process is crucial in promoting the 

adsorption of analyte molecules on the wire. Using SERS trace amount of 

malachite green and crystal violet in water. The silver wire can be cleaned by 

immersing the wire in NaBH4 solution for 5 minutes. Therefore, the porous 

silver wire is a recyclable SERS active and using MPE-SPME, the rapid 

detection of illegal substances in water. 

 

Figure 2.23: SEM image of the porous wire etched at different potential 
scan rates. (a) 5, (b) 10, (c) 15 and (d) 25 mVs-1.  
(Lv et al., 2021) 
 
 
 
 
 

(a) (b) 

(c) (d) 
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Figure 2.24: Schematic diagram of the MPD-SPME-SERS. 
(Lv et al., 2021) 
 

Direct detection is possible for molecules with characteristic peaks however, 

some molecules do not exhibit any characteristic peaks. One such molecule is 

nitrite. Figure 2.25 shows the SERS spectra of nitrite and nitrate in solution at 

different concentration. The nitrite peak is broad and therefore, quantification 

of nitrite is difficult from the spectral features. Thus, direct detection of nitrite is 

difficult. 

 

Figure 2.25: SERS spectra of nitrate and nitrite at different 
concentrations using gold nanoparticles as the SERS substrate. 
(Gajaraj et al., 2013) 
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Figure 2.26 shows schematic of the detection of nitrite coupled with the diazo 

reaction. Under acidic condition, 4-aminothiophenol is added to the nitrite 

containing solution. This initiates the diazo reaction. Adding N-(1-naphthyl) 

ethylenediamine dihydrochloride (NED) to the mixture forms the azo dye and 

the solution turns carnation red. The reaction takes place in two minutes. The 

silver nanoparticle colloid is to the mixture and SERS is performed using a 532 

nm laser. In this application, surface-enhanced resonance Raman scattering 

(SERRS) occurs due to the excitation laser energy is similar to the electronic 

transition of the azo dye. This leads to a higher sensitivity and selectivity of the 

detection to the azo dye. 

 

Figure 2.26: Schematic diagram of SERS detection of nitrite with diazo 
reaction to produce azo dye. 
 (Z. Li et al., 2019) 
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Figure 2.27 shows the SERRS spectra of azo dye with different concentration 

of silver nanoparticles. The characteristic peaks are highlighted. The limit of 

detection is as low as 9 nM for the peak at 1380 

cm-1. The intensity of the peaks increases with the concentration of silver 

nanoparticles and there is a linear relationship between the intensity of the 

Raman peaks and nitrite concentration. Therefore, the nitrite concentration in 

aquaculture water can be directly quantified using the intensity of the Raman 

peaks of the azo dye (Z. Li et al., 2019). 

 

Figure 2.27: SERRS spectra of azo dye with different concentration of 
silver nanoparticles. (a-k): 0, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 10.0 and 
15.0 µM.  
(Z. Li et al., 2019) 

 

2.3 Conclusion and Outlook 

 

Label-free SERS is a powerful and non-invasive tool for bioanalysis, with a 

remarkable diagnostic capability for a variety of diseases, including cancers. 

SERS of biofluid can be done in liquid and dried form. The SERS analysis in 

liquid form often requires tuning of the surface chemistry of the silver 
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nanoparticles for improved specificity to a class of biomolecules, however, this 

is not reported to be necessary for bioanalysis using gold nanoparticles. SERS 

efficiency in colloidal system highly depends on the aggregation of 

nanoparticles. The choice of aggregating agent, amount and concentration 

affects the SERS efficiency. By introducing forced convection to the colloid, 

the formation of aggregates will be less random, leading to a better 

reproducibility.  

 

SERS applications in aquaculture are focused on detecting illicit substances 

and pollutants in fish tissue samples and aquaculture water. While fish 

epidermal mucus is a major component in fish immune defence and a reservoir 

of anti-microbial compounds, no reports on the SERS analysis of fish 

epidermal mucus has been reported.  

 

Therefore, the SERS analysis of fish epidermal mucus is a promising area of 

research. A non-invasive, quick, and cost-effective in-situ analysis of fish 

epidermal mucus musing SERS may prove to be an indispensable tool for 

determining fish health status in fish farms. The breadth of diagnostic 

capabilities using label-free SERS and statistical analysis discussed in this 

section using biofluids can be extended to determine fish health status using 

SERS analysis of fish epidermal mucus samples. This work presents a new 

methodology to perform colloidal SERS of grouper epidermal mucus. 
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CHAPTER 3 

 

MATERIALS AND METHODOLGY 

 

3.1 Introduction 

 

Gold nanoparticles were synthesised using the standard citrate reduction 

method outlined by (Turkevich, Stevenson, & Hillier, 1951). Sodium citrate acts 

as the reducing agent to reduce the Au3+ ions in the gold salt and the capping 

agent to shape the gold atoms into spherical nanoparticles. In addition, the 

citrate layer also acts as a stabilising agent for the gold nanoparticles colloid. 

The prepared gold nanoparticles were characterised using UV-Visible 

spectroscopy, dynamic light scattering (DLS) and transmission electron 

microscopy (TEM).  

 

Both sodium sulphate (Na2SO4) and sodium chloride (NaCl) were tested as 

the aggregating agent. The appropriate aggregating agent was chosen based 

on its tendency to competitively bind with analyte molecules on the gold 

nanoparticle surface and the background SERS spectrum generated upon the 

addition of the aggregating agent, which should be featureless.  

 

The colloidal SERS efficacy using the synthesised gold nanoparticles and the 

chosen aggregating agent were tested using two test molecules with a fixed 

concentration, namely, 0.1 mM Rhodamine 6G (R6G) and 300 µg/ml 

lysozyme. The SERS enhancement for R6G and lysozyme was observed at 
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different concentrations of the aggregating agent to obtain the ideal 

concentration of the aggregating agent to produce the best SERS spectrum. 

Subsequently, the gold nanoparticles and aggregating agent were used to 

conduct colloidal SERS analysis of grouper epidermal mucus and the ideal 

concentration of the aggregating agent to obtain the best spectrum SERS 

spectrum of grouper epidermal mucus was determined. Savitsky-Golay 

algorithm was used to remove noise from the spectra and asymmetric least 

square smoothing algorithm was used to calculate the baseline and its 

removal. 

 

3.2 Chemicals and Reagents  

 

Gold (III) chloride solution (HAuCl4, 99.99% trace metal basis, 30% wt in dilute 

HCl), sodium citrate dihydrate (Na3Ct.2H2O, USP testing specifications), 

sodium sulphate (Na2SO4, ACS reagent grade), lysozyme from hen egg white 

and Rhodamine 6G (R6G, 99% pure) were purchased from Sigma-Aldrich. 

Sodium chloride (NaCl, 99.5% assay basis) was purchased from R&M 

chemicals. All syntheses were carried out in deionised water. The lysozyme 

and R6G solution were prepared by dissolving an appropriate amount in 

deionised water. The concentration of the lysozyme and R6G solution were 

300 µg/mL and 0.1 mM respectively. 
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3.3 Instrumentation  

 

Gold nanoparticles were characterised using UV-Visible spectroscopy 

(Lambda 35, Perkin Elmer), dynamic light scattering (DLS, Zetasizer Nano-S, 

633 nm, Malvern Panalytical) and transmission electron microscopy (TEM, 

JEOL JEM 2100F Field Emission TEM). The Raman spectroscopy setup 

consisted of a 785 nm narrow linewidth source (XIM-6206-785-500-2, Yixi 

Intelligent Technology), high sensitivity spectrometer (YIM-6703-01-

S03L01F05G02, Yixi Intelligent Technology), a 785 nm Raman probe 

(Wasatch Photonics) and a Raman immersion probe with a sapphire ball lens 

(MarqMetrix). Baseline correction and spectral pre-processing were conducted 

using OriginLab Pro (ver. 2018, OriginLab Corporation). 

 

3.4 Synthesis of Gold Nanoparticles 

 

Gold nanoparticles were synthesised using the standard citrate reduction 

proposed by Turkevich (Daruich De Souza et al., 2019) with some 

modifications to the duration of synthesis. 50 mL of 0.25 mM HAuCl4 solution 

(pH ~3) is prepared in an Erlenmeyer flask. The solution was placed on a 

hotplate and stirred rapidly (500 rpm) and heated until boiling (100oC). When 

the solution was boiling, 367.6 µL of 38.25 mM Na3Ct solution (1:12 molar ratio 

for HAuCl4 to Na3Ct) was quickly injected into the solution. The diameter of the 

gold nanoparticles was controlled by adjusting the molar ratio of HAuCl4 to 

Na3Ct and the target diameter was 50 nm since 50 nm gold nanoparticles 

exhibited optimal SERS enhancement (Hong & Li, 2013). The mixture was kept 
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at 100°C for an hour with constant stirring. The flask was covered with 

aluminium foil with a beaker of ice placed on top to minimise solvent loss by 

condensing the steam. After an hour, the heat was shut off and the gold colloid 

was allowed to cool down to room temperature with constant stirring. When 

the colloid was cooled to room temperature, deionised water was added until 

the final volume was 50 mL. The colloid was stored in a brown bottle in the 

refrigerator (4°C) until it was used for analysis. The schematic of the gold 

nanoparticles synthesis is shown in Figure 3.1. 

 

Figure 3.1: Schematic of the gold nanoparticles synthesis.  
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The colour change of the reagent during the gold nanoparticles synthesis is 

shown in Figure 3.2. The HAuCl4 solution is initially light yellow as depicted in 

Figure 3.2(a). Upon reaching 100°C, sodium citrate was added to the solution. 

The colour immediately changed to dark purple (refer to Figure 3.2(b)) which 

indicates nucleation of the gold atoms have been initiated. Finally, the colour 

changed to purplish red as the gold nanoparticles are formed as portrayed in 

Figure 3.2(c). The colour change from dark purple (refer to Figure 3.2(b)) to 

purplish-red (refer to Figure 3.2(c)) occurred within 15 minutes.  

 

                    

Figure 3.2: Colour change of the reagent during the gold nanoparticles 
synthesis. (a) shows the initial colour of the HAuCl4 solution, (b) shows 
the colour of the solution upon the addition of sodium citrate and (c) 
shows the colour of the solution when the gold nanoparticles are formed.  
 

3.5 Characterisation of Gold Nanoparticles  

 

UV-Visible spectroscopy was performed to obtain the absorption spectrum of 

the gold colloid and TEM was used to obtain the diameter of the synthesised 

gold nanoparticles. Dynamic light scattering was conducted on the colloid to 

measure the hydrodynamic diameter and to obtain the size distribution of the 

gold nanoparticles. About 10 µL of the colloid was dropped and dried on a 

(a) (b) (c) 
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copper mesh grid for TEM. In addition to UV-Visible spectroscopy and TEM, 

dynamic light scattering was performed to validate the particle size 

measurements and to investigate the polydispersity of the gold nanoparticles. 

For UV-Visible spectroscopy and dynamic light scattering, the gold colloid was 

diluted 5 times using deionised water.  

 

3.6 Mucus Sampling  
 

Hybrid groupers (Epinephelus fuscoguttatus x Epinephelus lanceolatus) were 

used in this experiment.  Institutional Animal Care and Use Committee, UPM 

has reviewed and approved the utilisation of grouper fish in this research work. 

The ethics approval number was UPM/IACUC/AUP-R054/2022. 

 

Prior to the mucus sampling three 5-litre tanks were washed and filled with 

seawater. In one tank, tricaine methanesulfonate (100 ppm) was added. One 

grouper (~15 cm in length) was transferred to one tank from the main tank. 

Silicon scrappers were used for scraping the mucus into a microcentrifuge 

tube. Prior to scraping, all tools were sanitised with 70% isopropanol. The 

mucus sampling flow is shown in Figure 3.3 (a). The fish was transferred to the 

anaesthesia tank and left in the tank for a few minutes until the movement of 

the fish was minimal. The fish was scraped from head to tail on both sides to 

collect the epidermal mucus as shown in Figure 3.3 (b). The mucus was stored 

in a freezer at -20oC until it was analysed. The fish was transferred to the 

recovery tank after sampling and returned to the main tank after the effects of 

the anaesthesia had worn off.  
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Figure 3.3: (a) Sampling flow to collect grouper epidermal mucus and the 
sampling method is shown in (b). 
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3.7 Sample Preparation  

 

The sample preparation for Raman measurement was based on the protocol 

proposed by Turzhitsky et al (2018) with some modifications. Initially, the gold 

nanoparticles were washed by centrifuging (4000 rpm, 30 minutes) and 

redispersed in deionised water for three cycles to remove excess citrate and 

unreacted reactants. After the washing process, the gold colloid had a pH of 

~7. Prior to the SERS analysis, 4.5 mL of the gold colloid was concentrated to 

50 µL by centrifuging (4000 rpm, 30 minutes) and the appropriate amount of 

the supernatant was removed. Subsequently, 9.5 µL of gold nanoparticles 

were mixed with 10 µL of the analyte, followed by adding 0.5 µL of the 

aggregating agent or deionised water (for control) into the mixture. The mixture 

was vortexed (1000 rpm) for one minute and allowed to further incubate for 

another minute before being dropped on the aluminium foil for SERS analysis. 

The vortexing step introduces forced convection to promote a more uniform 

formation of aggregates instead of relying on the random Brownian motion of 

the molecules to form the aggregates (Tantra et al., 2007). Figure 3.4 shows 

the schematic of the sample preparation.  
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Figure 3.4: Schematic of the sample preparation.  
 

3.8 Surface-Enhanced Raman Spectroscopy  

 

3.8.1 Experimental Setup  

 

Figure 3.5 (a) shows the schematic of experimental setup for SERS of grouper 

mucus with the individual components labelled. The liquid sample was 

dropped onto a concave glass slide lined with aluminium foil. The aluminium 

foil blocks the fluorescent emission from the glass slide, reducing the substrate 

interference in the SERS spectra acquired (Cui et al., 2016). The aluminium 

foil covered slide was wiped thoroughly with isopropanol prior to spectra 

acquisition. The ball lens of the immersion probe was lowered until it was in 

contact with the liquid droplet. The position of the sample was further adjusted 

using the translation stage until the signal intensity was optimal. The 

experimental setup is shown in Figure 3.5 (b). 
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Figure 3.5: The SERS experimental set up; (a) schematic diagram and (b) 
the ball lens of the immersion probe in contact with the liquid sample. 
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3.8.2 Aggregating Agent 

 

The aggregating agent used in the SERS experiment was acidified sodium 

sulphate (Na2SO4) and sodium chloride (NaCl). The concentrations were 

prepared in the range of 2 M, 1 M, 0.5 M, 0.25 M and 0.1 M. During the 

preparation of the sodium sulphate solutions, the pH was adjusted to 3 using 

dilute sulphuric acid. The sodium chloride was used without any pH 

adjustments. 

 

The selection of aggregating agent plays a crucial role in the formation of 

aggregates. Certain ionic species exhibit a strong binding affinity to the gold 

nanoparticle surface. This is detrimental to the enhancement of the Raman 

scattering of the analyte molecules as the ionic species will competitively bind 

to the gold nanoparticle surface, leading to a diminished SERS intensity. 

Ideally, the aggregates formed trap the analyte molecules in the hot spots 

formed by the nanogaps between the nanoparticles but not large enough to 

shield the hot spots from the laser radiation (Turzhitsky et al., 2018). Han et al 

(2009) successfully obtained the SERS spectra from proteins without 

chromophore using silver nanoparticles colloid and acidified Na2SO4 as the 

aggregating agent due to its poor binding affinity to silver nanoparticles. The 

acidic condition ensures that the solution is below the isoelectric point of 

proteins where proteins exhibit a positive charge and are effectively attracted 

to the negatively charged citrate ions capping the silver nanoparticles. Sodium 

chloride is a typical aggregating agent used in colloidal SERS (Cyrankiewicz 

et al., 2007). Both acidified sodium sulphate and sodium sulphate will be 
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compared as the aggregating agent for colloidal SERS.  

 

3.8.3 Spectral Acquisition, Pre-processing and Data Analysis  

 

The laser power (measured at the fibre ferrule) was 50 mW. The integration 

time was 10 s. The spectra were smoothed using the Savitzky-Golay algorithm 

with 13 points window and cubic polynomial to remove shot noise. These 

parameters were chosen because they were found to preserve most of the 

spectral characteristics with the best signal-to-noise ratio (Radzol et al., 2014). 

Baseline correction was done using the asymmetric least square smoothing 

algorithm in OriginLab Pro (asymmetric factor of 0.001, threshold of 0.1, 

smoothing factor of 4 and using 10 iterations). After the baseline correction, 

the spectra were smoothed again using the Savitzky-Golay algorithm using the 

same parameters for further denoising followed by a constant subtraction to 

set the baseline at zero.  

 

3.8.4 Flowchart of SERS Experiment  

 

Figure 3.6 (next page) shows the flowchart of the SERS experiments. First, the 

suitable choice of aggregating agent was determined based on the 

background spectra obtained when the aggregating agent is added and the 

tendency to competitively bind with the analyte molecules. Next, the efficacy 

of the prepared gold nanoparticles and the chosen aggregating agent was 

evaluated using 0.1 mM R6G solution and lysozyme solution. Once good 

results were obtained with R6G and lysozyme, the SERS of grouper epidermal 

mucus was studied.  
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Figure 3.6: Flowchart of the SERS experiment. 
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CHAPTER 4 

 

RESULTS AND DIDCUSSION 

 

4.1 Introduction  

 

The synthesised gold nanoparticles were characterised using UV-Visible 

spectroscopy, dynamic light scattering to measure the hydrodynamic diameter 

and transmission electron microscopy to measure the actual diameter which 

was measured to be 44 nm. The measured diameter of the gold nanoparticles 

was used to estimate the concentration of the gold nanoparticles.  

 

The efficacy of the acidified Na2SO4 and NaCl solution as the aggregating 

agent was evaluated based on the background spectrum obtained upon the 

addition of the aggregating agent. Acidified sodium sulphate was chosen as 

the appropriate aggregating agent in subsequent SERS experiment due to its 

low affinity to bind to the gold nanoparticle surface and the featureless 

background spectrum.  

 

The colloidal SERS performance synthesised gold nanoparticles and acidified 

sodium sulphate was tested with two test molecules, namely, 0.1 mM R6G 

solution and 300 µg/mL. The addition of gold nanoparticles and Na2SO4 greatly 

enhanced the peaks of both analytes. The optimal concentration of Na2SO4 for 

the best enhancement of the SERS spectrum of R6G and lysozyme was 1 M 

and 0.1 M respectively. This result indicates that lysozyme induces a higher 
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degree of aggregation compared to R6G.  

The optimal concentration of Na2SO4 for the enhancement for the peaks 

corresponding to protein in grouper mucus was 1 M. The enhancement was 

not uniform across all peaks because grouper mucus is a complex matrix 

containing a wide range of biomolecules that have different affinities to gold 

nanoparticles surface. There were some overlapping peaks in the SERS 

spectrum of lysozyme and grouper mucus. This shows that it is possible to 

detect lysozyme in grouper mucus. 

 

4.2 Characterisation of Gold Nanoparticles  

 

4.2.1 UV-Visible Absorption Spectroscopy  

 

The absorption of the gold nanoparticles was scanned from 400 nm to 800 nm. 

As shown in Figure 4.1, the surface plasmon resonance (SPR) peak of the 

synthesised gold nanoparticles was located at 537 nm. Using the SPR peak, 

the diameter of the gold nanoparticles can be estimated using the equation: 

 

𝑑 (𝑛𝑚) =
1

𝐿2
(

ln(𝜆𝑆𝑃𝑅−𝜆𝑜)

𝐿1
)     (3) 

 

where 𝜆0 = 512, 𝐿1= 6.53 and 𝐿2= 0.0216 (Haiss et al., 2007). The diameter of 

the gold nanoparticles estimated using Equation (3) is 62.2 nm.  
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Figure 4.1: UV-Visible absorption spectroscopy of the synthesised gold 
nanoparticles.  
 

4.2.2 Dynamic Light Scattering  

 

Dynamic light scattering measures the intensity of the scattered light caused 

by the gold nanoparticles. The fluctuation of the light intensity is analysed using 

an autocorrelation function to determine the diffusion constant and the 

hydrodynamic diameter (T. Zheng, Bott, et al., 2016). The hydrodynamic 

diameter is the sum of the diameter of the gold nanoparticles and the 

contribution of the ligand (T. Zheng, Cherubin, et al., 2016). Figure 4.2 shows 

the hydrodynamic measurement of citrate-capped gold nanoparticles.  
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Figure 4.2: Illustration of hydrodynamic diameter of a citrate capped gold 
nanoparticle.  
 

Three measurements were conducted on the colloid for dynamic light 

scattering. The nominal diameter of the gold nanoparticles obtained from 

dynamic light scattering was 68.1 nm as depicted in Figure 4.3. Average 

polydispersity index was 0.356 which indicates that the nanoparticles were 

fairly polydisperse. The polydispersity index value ranges from 0 for highly 

monodisperse sample to 1 to for heterogenous sample. The fairly polydisperse 

nature of the colloid was reflected in the standard deviation of the nominal 

peaks of the three measurements which have the values of 37.14 nm, 24.54 

nm and 29.78 nm. The peaks at the sub 10 nm range were due to the multiple 

scattering effects. This effect occurs when a photon of light is scattered more 

than once by a particle in the scattering volume before reaching the detector, 

altering the time scale of light fluctuations, causing error in performing the 

autocorrelation function in the instrument. The multiple scattering effect is 

directly proportional to the mean free path of the photon in the colloid. Both the 

concentration and nanoparticle size influence the mean free path of the 

photons in the colloid (T. Zheng, Bott, et al., 2016). The presence of the 

multiple scattering effect in Figure 4.3 shows the colloid needs to be further 

diluted. However, this does not influence the hydrodynamic diameter and size 

distribution measurement as the peak in the sub 10 nm region can be ignored.  

Hydrodynamic diameter 
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Figure 4.3. Size distribution measured by dynamic light scattering. 
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4.2.3 Transmission Electron Microscopy 

 

The actual diameter of the gold nanoparticles can be determined from the TEM 

image as shown in Figure 4.4. The size distribution was obtained by measuring 

the size of the 86 particles in the TEM image using an image processing 

software (ImageJ 1.53K). From Figure 4.4(a), the mean diameter was 44 nm. 

Naturally, diameter of the gold nanoparticles obtained using UV-Visible 

absorbance spectra and dynamic light scattering will be larger than the actual 

diameter due to the influence of the citrate ligand.  

 

The number of gold atom per nanoparticle is given by Equation (4), assuming 

the gold nanoparticles have a face-centred cubic structure. 

 

N =
π(19.3 D3) 

6(197)
     (4) 

 

where D is the diameter of the gold nanoparticle in nm. The density of gold is 

19.3 g/cm3 and the molecular mass is 197 g/mol. The concentration of the gold 

colloid is given by Equation (5).  

 

𝐶 =
𝑁𝐴𝑢

𝑁×𝑁𝐴×𝑉
      (5) 

 

where NAu is the total number of gold atoms used in the synthesis and V is the 

volume of the solution. 
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Figure 4.4: (a) TEM image of the synthesised gold nanoparticles and (b) 
size distribution of the gold nanoparticles measured from the TEM image.  
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Using the mean diameter of 44 nm and Equations (4) and (5), the 

concentration of gold nanoparticles was 5.72×1013 particles/mL. After 

concentrating from 4.5 mL to 50 µL, the concentration of the gold colloid used 

in the SERS analysis was 5.15×1015 particles/mL, assuming no particles were 

lost during the centrifugation process. The concentrating process increases 

the concentration of SERS hot-spots that will be formed when aggregation is 

induced. 

 

4.3 Surface-enhanced Raman Spectroscopy 

 

4.3.1 Evaluation of Na2SO4 as the Aggregating Agent 

 

Figure 4.5 illustrates the interaction between citrate-capped gold nanoparticles 

and analyte molecules and the formation of aggregates in the presence of 

sulphate ions. Citrate ions are weakly-bonded ligands that can be easily 

displaced by the analyte molecules. The displacement of citrate ions allows 

the analyte molecules to be adsorbed onto the surface of the gold 

nanoparticles, reducing the surface charge of the gold nanoparticles. As a 

result, aggregates are formed due to the Van der Waals attraction overcoming 

the weaker electromagnetic repulsion. The addition of salt further depletes the 

surface charge and form larger aggregates.  
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Figure 4.5: Schematic of the interaction between the analyte molecules 
and citrate-capped gold nanoparticles and formation of aggregates in 
saline media. 

 

Figure 4.6: SERS spectra of gold nanoparticles with different 
concentration of Na2SO4 without the presence of analyte. The insets 
show the region between 50 to 300 cm-1 (left), 400 to 700 cm-1 (centre) and 
900 to 1100 cm-1 (right). The Au-Cl peak was located at 227 cm-1 while the 
SO4

2- peaks were located at 447, 617, 980 and 1100 cm-1. 
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The efficacy of acidified Na2SO4 as aggregating agent for SERS analysis using 

gold nanoparticles was evaluated by adding acidified Na2SO4 solution with 

concentrations ranging from 0.1 M to 2 M to gold nanoparticles colloid and 

acquiring the Raman spectra as shown in Figure 4.6. The peaks corresponding 

to sulphate ions at 447, 617, 980 and 1100 cm-1 were not visible in the SERS 

spectra, giving a relatively featureless background. The peak located at 227 

cm-1 can be attributed to the Au-Cl bond (Liu et al., 2018) was contributed by 

the residual chloride ions from the gold precursor used in the synthesis. This 

peak is not detectable prior to aggregation, thus, showing that the addition of 

sulphate ion to the colloid can induce aggregation which traps molecules in the 

nanogaps between the gold nanoparticles, leading to the enhancement of the 

SERS signal of that molecule. Therefore, these observations showed that 

acidified Na2SO4 is a good candidate for colloidal SERS due to its ability to 

generate SERS hot-spots via aggregation by the enhancement of the Au-Cl 

peak at 227 cm-1 and the low affinity to the gold nanoparticle surface indicated 

by the relatively clean background spectrum as shown in Figure 4.6.  

© C
OPYRIG

HT U
PM



69  

 

Figure 4.7: SERS spectra of gold nanoparticles with the addition of 
different concentrations of NaCl. The inset shows the region between 100 
to 300 cm-1.  
 

As shown in Figure 4.7, the background spectra obtained using NaCl and 

acidified Na2SO4 (refer to Figure 4.6) as the aggregating agent were similar. 

Similar to Na2SO4, NaCl was able to induce the aggregation of gold 

nanoparticles to generate the SERS hot-spots, indicated by the enhancement 

of the Au-Cl peak at 227 cm-1 (Liu et al., 2018). The background spectra 

obtained using both aggregating agents were relatively featureless.  
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Figure 4.8: SERS spectra of gold nanoparticles in the region between 100 
to 300 cm-1 upon the addition of 2 M NaCl and 2 M Na2SO4.  
 

Figure 4.8 shows the comparison between NaCl and Na2SO4 as the 

aggregating agent. The addition of 2 M NaCl showed a higher intensity of the 

Au-Cl peak at 227 cm-1 which can be explained by the adsorption of additional 

Cl- ions onto the surface of the gold nanoparticles. This result shows that NaCl 

can potentially competitively bind with the analyte molecules which may impair 

the SERS efficiency.  

 

Figure 4.9: SERS spectra of R6G obtained using 2 M NaCl and 2 M 
Na2SO4.  
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Using R6G as a test molecule, the SERS efficiency of NaCl and Na2SO4 was 

evaluated. As shown in Figure 4.9, the peak intensity at 1181, 1307, 1360 and 

1505 cm-1 were higher using Na2SO4 as the aggregating agent. This shows 

that Cl- ions will competitively bind with the analyte molecules on the surface 

of gold nanoparticles. Therefore, as shown in Figure 4.8 and Figure 4.9, the 

performance of Na2SO4 as the aggregating agent was better due to the low 

affinity of SO4
2- ions to bind to gold nanoparticles, thus, competitive binding is 

less likely. These observations indicate that Na2SO4 was an appropriate 

aggregating agent to perform colloidal SERS. Consequently, acidified Na2SO4 

will be used as the aggregating agent in the subsequent experimental works.  

 

Given that different molecules interact with the surface charge on the gold 

nanoparticle surface differently, the formation of the initial aggregate is highly 

dependent on the analyte solution added to the gold nanoparticles colloid. 

Thus, the impact of adding acidified Na2SO4 to colloid was investigated in the 

presence of three different analyte solutions as follows: 

a) R6G to investigate the SERS performance of the protocol proposed on an 

analyte molecule known to have strong bonding affinity to anionic gold 

nanoparticles (Ganbold et al., 2011), 

b) Lysozyme to test the SERS efficacy on a protein molecule. 

c) Grouper epidermal mucus which is a complex matrix containing a wide 

range of biomolecules. 
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4.3.2 Surface-Enhanced Raman Spectroscopy of R6G Using Acidified 
Sodium Sulphate as the Aggregating Agent 

 
 

 

Figure 4.10: SERS spectrum of 0.1 mM R6G (red) and Raman spectrum 
of R6G (black). Both spectra were obtained using laser power of 50 mW 
and 10 s integration time. The graphs were shifted for clarity.  
 

R6G is a fluorescent dye with characteristic peaks in the region between 600 

to 1700 cm-1. The SERS spectrum and Raman spectrum of R6G is shown in 

Figure 4.10. The characteristic peaks of R6G were not visible in the Raman 

spectrum. However, the addition of gold nanoparticles greatly increases the 

Raman peaks of R6G. This shows that the synthesised gold nanoparticles 

were able to perform colloidal SERS. 

 
 
As shown in Figure 4.11 (a) and (b), the optimal concentration of Na2SO4 for 

the highest SERS signal of R6G is 1 M. The peak assignment for R6G is 

summarised in Table 4.1. As shown in Figure 4.11 (b), the intensity of the 
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peaks initially decreases upon the addition of 0.1 M Na2SO4. This is possibly 

due to the displacement of R6G molecules by the sulphate ions and at a low 

concentration, insufficient aggregation is induced. This observation is 

consistent with the findings by Hu et al (2020) where aggregation of gold 

nanoparticles was observed when salt concentration is above 0.1 M. As the 

concentration of Na2SO4 increases, larger aggregates are formed, forming 

more SERS hot-spots which resulted in the increasing intensity of the peaks 

as evident in Figure 4.11 (b). At 2 M, the intensity reduces due to the shielding 

of the SERS hot-spots (Turzhitsky et al., 2018). Therefore, this result shows 

that the synthesised gold nanoparticles and the chosen aggregating agent 

were able to perform colloidal SERS using a typical Raman reporter molecule, 

R6G. 
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Figure 4.11: (a) The SERS spectra of R6G obtained using different 
concentrations of Na2SO4. The peaks identified in Figure 4.10 were 
plotted against the concentration of Na2SO4 in (b). The graphs were 
shifted for clarity.  
 

Table 4.1. Peak assignment for the SERS spectrum of R6G. 

Peak center (cm-1) Peak assignment 

606 C-C-C ring in plane vibration 

711 C-H out of plane vibration 

1181 C-H in plane vibration 

1307 N-H in plane bend 

1360 C-C stretching 

1505 C-C stretching 

1647 C-C stretching 
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4.3.3  Surface-Enhanced Raman Spectroscopy of Lysozyme Using 
Acidified Sodium Sulphate as the Aggregating Agent  

 

Subsequently, SERS of lysozyme using the synthesised gold nanoparticles 

and chosen aggregating agent was performed to test its efficacy in detection 

of biological molecules which have complex surface charge compared to the 

uncharged R6G molecules. Proteins have three characteristic vibrations 

resulting from the polypeptide backbone. Namely, the amide I region (1600 to 

1700 cm-1) which is associated with the C=O stretch of the carbonyl group in 

the amide backbone (Sadat & Joye, 2020), the amide III region (1200 to 1300 

cm-1) is the combination of the N-H in plane vibration and the C-N stretch with 

some overlap with the C=O in plane bend and C-C stetch and finally, the amide 

II region (1480 to 1580 cm-1) is the combination of N-H bend, C-N stretch with 

significant overlap from the C-C stretch and C=O bend (Kuhar et al., 2021). 

The SERS spectrum of proteins will be comprised of these three amide 

vibrations and the peaks from the amino acid side chains.  

 

As evident in Figure 4.12 (a), the Raman spectrum of lysozyme was relatively 

poor. Only the amide I vibration and minor peaks from S-S and C-S stretch at 

416 and 750 cm-1 respectively. In contrast, the SERS spectrum of lysozyme 

exhibited all the characteristic peaks of protein and peaks from the amino acid 

side chains. Both the Raman spectrum and SERS spectrum were obtained 

using laser power of 50 mW and 10 s integration time. The peaks assignment 

of lysozyme is summarised in Table 4.2. The peaks were assigned within ± 10 

cm-1 of the literature values to account for instrumentation differences (J. Hu 

et al., 1995; Szekeres & Kneipp, 2019; Yvon, 2017). 
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The difference between the Raman spectrum and SERS spectrum in the 

amide I region depicted Figure 4.12 (b). Due to the nature of the localised 

surface plasmon resonance of nanoparticles, the electromagnetic field quickly 

diminishes with distance from the surface of the nanoparticle. The bulky amino 

acid side chains will shield the polypeptide backbone from the plasmonic 

nanostructure, resulting in the suppression of the amide I band. This effect 

prominent for SERS of globular proteins such lysozyme (Kurouski et al., 2013). 

In addition, the blue-shift of the amide I band in the SERS spectrum in 

comparison with the Raman spectrum from 1629 cm-1 to 1611 cm-1 indicates 

a structural change from α-helical structure to β-sheets and random coils 

(Sethuraman & Belfort, 2005). 

 

 

Figure 4.12. (a) SERS spectrum (red) and Raman spectrum (black) of 300 
µg/ml lysozyme solution. The graphs were shifted for clarity. The 
normalised SERS and Raman spectrum in the amide I region is shown in 
(b). 
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Table 4.2: Peak assignment of lysozyme. 

 

This structural change and protein unfolding on the gold nanoparticle surface 

plays a crucial role in aggregation of gold nanoparticles (D. Zhang et al., 2009). 

Due to the coalescing of protein-gold nanoparticles complex, the higher degree 

of aggregation induced by lysozyme is evident in Figure 4.12(a) and (b) as only 

0.1 M of Na2SO4 was required for the optimal aggregation of gold nanoparticles 

to obtain the highest peak intensities across most peaks compared to the 1 M 

required for R6G. However, the enhancement factor at 0.1 M is not consistent 

across all peaks, namely the peak associated with CH3 at 1374 cm-1.  Due to 

the three-dimensional structure of lysozyme, certain peaks may be selectively 

enhanced due to the orientation of lysozyme on the gold nanoparticle surface 

as the aggregates are formed.  

 

Peak (cm-1) Raman SERS Peak assignment 

406  ✓ 
S-S stretch 

416 ✓  

713  ✓ 
C-S stretch (aliphatic) 

750 ✓  

818  ✓ Tyr 

926  ✓ C-C-N deformation 

1017  ✓ Phe 

1249  ✓ 
Amide III 

1293  ✓ 

1374  ✓ CH3 deformation 

1440  ✓ CH2 deformation 

1542  ✓ Trp, amide II 

1565 ✓  Amide II 

1611  ✓ 

Amide I 1629 ✓  

1693 ✓  
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Figure 4.13: (a) The SERS spectra of 300 µg/ml lysozyme solution 
obtained using different concentrations of Na2SO4. The peaks identified 
in Figure 4.12 were plotted against the concentration of Na2SO4 in (b).  
 

The increase in intensity of the peaks of the SERS spectrum of lysozyme 

beyond 0.5 M of Na2SO4 may be contributed by the adsorption of lysozyme on 

the outer layers of the aggregates as larger aggregates have higher surface 

area for adsorption of lysozyme and at 2 M, no more gold nanoparticles were 

available to form the aggregates. The number of lysozyme molecules in 10 µl 

of a 300 µg/ml solution was 1.254×1014 while the calculated number of gold 

nanoparticles was 4.89×1013 in 9.5 µl. 
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4.3.4 Surface-enhanced Raman Spectroscopy of Grouper Mucus Using 
Acidified Sodium Sulphate as the Aggregating Agent  

 

Grouper mucus is a complex matrix composed of saccharides, lipids, proteins 

and a wide range of small metabolites. The SERS spectra will show the 

multiplexing of multiple peaks contributed by the various biomolecules present 

in the mucus, thus, making the identification of the constituents challenging 

without accompanying metabolomics and proteomics study. (Nurhikmah et al., 

2022) identified potential biomarkers in mucus for Vibrio-resistant juvenile 

hybrid groupers (Epinephelus fuscoguttatus × Epinephelus lanceolatus) using 

proteomic study, however, the identified proteins were not available off-the-

shelf, rendering SERS characterisation of the identified proteins difficult. Some 

metabolomics studies were conducted on grouper. For example, the published 

work focused on metabolomic profiling of volatile compounds constituting to 

the flavour of grouper fish (Epinephelus coioides) using muscle tissue extract 

(Chu et al., 2023) and identifying metabolome changes in intestinal tissue 

caused by castor-meal induced enteritis in juvenile hybrid groupers 

(Epinephelus fuscoguttatus × Epinephelus lanceolatus). At present, there is a 

lack of published metabolomic and proteomic profiling of grouper mucus that 

is applicable to this study. Nevertheless, the SERS spectra of grouper mucus 

can serve as a rapid and cost-effective method to characterise grouper 

epidermal mucus.  

 

Figure 4.14 (a) shows the SERS spectra of grouper epidermal mucus obtained 

using different concentrations of Na2SO4. The significant peaks were labelled, 

however, only the functional groups and the probable biomolecules were able 
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to be assigned to the peaks based on the literature (J. Hu et al., 1995; 

Szekeres & Kneipp, 2019; Yvon, 2017). The peak assignment of grouper 

epidermal mucus is summarised in Table 4.3. The values were assigned within 

± 10 cm-1 of the literature values to account for instrumentation differences. 

 

Table 4.3. Tentative peak assignment of grouper epidermal mucus. 

Peak (cm-1) Tentative peak assignment 

542 S-S stretch 

729 C-S stretch 

839 Tyr, C-O-C, saccharides 

997 Phe, aromatic ring 

1171 Tyr, C-N stretch 

1254 
Amide III 

1298 

1454 CH2 stretch, CH3 stretch 

1547 Amide II 

 

As shown in Figure 4.14(b), the optimal concentration of Na2SO4 to obtain the 

highest peak intensity across most peaks was 1 M. However, the enhancement 

was not uniform across all peaks at 542 and 839 cm-1 being diminished upon 

the addition of 1 M Na2SO4. While the peak at 997 cm-1 associated with 

aromatic ring which may be indicative of phenylalanine residue recorded the 

highest intensity at 2 M Na2SO4. This is indicative of complex interactions 

between the biomolecules present in grouper epidermal mucus and gold 

nanoparticles where different biomolecules have different binding affinity 

towards gold nanoparticles based on the nature of their bond with the gold 

nanoparticle surface (covalent or electrostatic attraction). Despite this, majority 

of the peaks and the peaks associated with protein were shown to have the 

highest intensity at 1 M Na2SO4.  
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Figure 4.14: (a) The SERS spectra of grouper epidermal mucus obtained 
using different concentrations of Na2SO4. The intensities of the peaks 
identified in (a) were plotted in (b). The graphs were shifted for clarity.  
  

Due to the fact that lysozyme is an important antipathogenic protein found in 

fish epidermal mucus (Dash et al., 2018), the normalised SERS spectra of 

lysozyme and grouper mucus were compared in Figure 4.15. The spectra were 

normalised using standard normal variate followed by baseline correction to 

set the baseline of each spectrum at zero. Several overlapping peaks were 

found, namely at 818, 1283, 1454 and 1542 cm-1.  Both spectra were obtained 

using 50 mW laser power and 10 s integration time. The concentration of 
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Na2SO4 used was the optimal concentration for lysozyme and grouper mucus 

as identified in Figure 4.13(a) and (b) and Figure 4.14(a) and (b) which were 

0.1 M and 1 M for lysozyme and grouper mucus respectively.  

 

The peak located at 1454 cm-1 is associated with CH2 and CH3 stretch which 

is universal for all organic molecules, therefore, this peak may not be a good 

candidate for the detection of lysozyme in grouper epidermal mucus. The other 

peaks at 818, 1283, and 1542 cm-1 may be good candidates for the detection 

of lysozyme in grouper mucus if multiplexing with other proteins can be ruled 

out using specific ligands to select for lysozyme or lysozyme extraction from 

grouper mucus. However, due to the limited availability of off-the-shelf ligand 

to target fish biomolecules, difficulties in synthesising specific ligands to select 

for lysozyme in fish and in the interest of performing in-situ analysis, steps to 

extract lysozyme or functionalisation of gold nanoparticles with ligands to 

target the lysozyme in grouper epidermal mucus is beyond the scope of this 

work.  
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Figure 4.15: Normalised SERS spectrum of lysozyme and grouper 
mucus. The spectra were normalised using standard normal variate 
followed by baseline correction to set the baseline to zero. 
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4.4 Summary  

 

To summarise, Na2SO4 was determined to be the suitable aggregating agent 

due to the clean background spectrum generated and the higher intensity of 

the SERS of R6G as compared to NaCl. The efficacy of the synthesised gold 

nanoparticles and Na2SO4 was tested with 0.1 mM R6G and 300 µg/mL 

lysozyme solution. The ideal concentration of Na2SO4 for the SERS of R6G 

and lysozyme was 1 M and 0.1 M, respectively. For grouper epidermal mucus, 

the enhancement was not uniform across all peaks, but 1 M Na2SO4 was 

determined to be the ideal concentration to obtain the highest enhancement 

for the peaks corresponding to proteins. The peaks at 818, 1283, and 1542 

cm-1 were found to be overlapped in the SERS spectra of lysozyme and 

grouper epidermal mucus. This result shows that lysozyme may be detected 

in the grouper epidermal mucus using the aforementioned overlapping peaks.  
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CHAPTER 5 

 

CONCLUSION AND RECCOMENDATIONS 

 

5.1 Conclusion  

 

Label-free SERS analysis for human biofluids have been well studied with 

many available published works on methodology to obtain SERS spectra 

various biofluids such as blood, saliva, urine, and synovial fluid. However, 

grouper epidermal mucus is significantly different compared to human biofluids 

and the SERS techniques used in analysis of human biofluids may not be 

applicable to grouper mucus. Therefore, this work addresses the gap in 

research in colloidal label-free SERS of grouper epidermal mucus.  

 

This work presents a methodology for the colloidal SERS of grouper mucus. 

Aggregation plays an important role for SERS in colloidal system. Acidified 

Na2SO4 was chosen as the aggregating agent due to its ability to induce the 

aggregation of gold nanoparticles while having low affinity to form bonds on 

the surface of the gold nanoparticles. The sulphate ions do not competitively 

bind with the analyte molecules on the surface of the gold nanoparticles; thus, 

the SERS efficiency was not impaired upon the addition of aggregating agent. 

When using 2 M NaCl and Na2SO4, as the aggregating agent, the SERS 

spectrum of R6G obtained using NaCl exhibited a lower intensity compared to 

the spectrum obtained using Na2SO4 as the aggregating agent, which showed 

that NaCl has the tendency to competitively bind with analyte molecule on the 
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gold nanoparticle surface. 

 

The gold nanoparticles were synthesised using the standard citrate reduction. 

The prepared gold nanoparticles and acidified Na2SO4 were used to perform 

colloidal SERS. Using TEM, the gold nanoparticles had a mean diameter of 44 

nm. The SPR peak of the synthesised gold nanoparticles was located at 537 

nm and the hydrodynamic diameter was measured to be 68.1 nm using DLS 

with a good monodispersivity. The diameter measured from DLS and obtained 

using the calculation based on the SPR peak was larger than the TEM 

measurements due to the presence of the citrate ligand.  

 

Using R6G and lysozyme as the test molecules, the results showed that the 

prepared gold nanoparticles and the acidified Na2SO4 can be used to perform 

colloidal SERS. However, due to protein structural change on the surface of 

gold nanoparticles, lysozyme was able to induce a greater degree of 

aggregation. The concentration of aggregating agent required to obtain the 

highest overall enhancement of the peaks of lysozyme was 0.1 M which was 

10 times lower than that of R6G which was found to be 1 M. Thus, the 

concentration of aggregating agent required to obtain the best enhancement 

highly depends on the nature of the analyte.  

 

The lower pH of aggregating agent ensures that the pH of the overall mixture 

is acidic. The acidic environment ensures that most proteins in grouper 

epidermal mucus exhibit a positive charge and will be electrostatically attracted 

to the negatively charged citrate capping on the gold nanoparticles surface. 
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The optimal concentration of Na2SO4 for the enhancement across most peaks 

in the SERS spectrum of grouper mucus was 1 M. However, the enhancement 

was not uniform across all peaks due to the various biomolecules present 

having different affinities to the gold nanoparticle surface.  

 

From the SERS spectrum of grouper epidermal mucus, the peaks located at 

542 and 729 cm-1 corresponds to S-S stretch and C-S stretch which were 

indicative of amino acids. The peaks corresponding to amino acid residues 

were also identified at 839 and 1171 cm-1 which corresponds to tyrosine and 

997 cm-1 which corresponds to phenylalanine. Additionally, the peak at 839 

cm-1 can also be attributed to the C-O-C group found in saccharides. The 

polypeptide backbone vibration from proteins can also be identified by the 

peaks at 1254, 1298 and 1547 cm-1. The SERS spectrum of grouper epidermal 

mucus offers a rapid, minimally invasive, and cost-effective method to profile 

grouper mucus, however, without additional profiling data, the individual 

biomolecules present in the mucus was difficult to elucidate due to the 

multiplexing of the peaks contributed from a wide range of biomolecules. 

 

Nevertheless, there were several overlapping peaks between the SERS 

spectrum of lysozyme and grouper epidermal mucus, namely, 818, 1283, 1454 

and 1542 cm-1. However, peak at 1454 cm-1 corresponds to C-H group, which 

is universal to all organic compounds, thus, this peak is not indicative of 

lysozyme. Therefore, the peaks at 818, 1283, and 1542 cm-1 are good 

candidates for the detection of lysozyme in grouper epidermal mucus using 

SERS analysis.  
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5.2 Recommendations  

 

This work addresses the gap in the available research on the methodology for 

the SERS of fish epidermal mucus and establishes a baseline for future 

research of grouper epidermal mucus profiling for various fish health 

conditions using SERS. The constituent biomolecules in grouper epidermal 

mucus can be identified using SERS spectral data accompanied with 

metabolomics or proteomics profiling of grouper epidermal mucus. 

Consequently, the selectivity and specificity of the SERS detection of 

biomolecules of interest can be improved once they were identified using 

metabolomics or proteomics data. As previously mentioned in section 5.1, 

(Nurhikmah et al., 2022) identified 13 proteins in grouper epidermal mucus that 

are significantly perturbed upon infection with Vibrio alginolyticus bacteria with 

immune related proteins being upregulated for resistant fish. Antibodies, 

specifically monoclonal antibodies which are highly specific, or aptamers need 

to be synthesised to target the proteins of interest found in grouper epidermal 

mucus. SERS immunoassay can be utilised to detect specific proteins as 

shown in Figure 5.1. SERS tags can be designed by functionalising gold 

nanoparticles with ligands (antibody is shown in Figure 5.1) and Raman 

reporter molecules. Raman reporters are molecules with characteristic Raman 

spectrum. If multiplexing is desired, Raman reporters with minimal overlapping 

peaks must be selected. The antibodies are immobilised on a substrate. Upon 

the addition of samples, the biomolecules will be captured by the immobilised 

antibodies. Subsequently, the SERS tags are added. After washing away 

unbonded biomolecules and free SERS tags, the SERS spectrum of the 
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Raman reporter can be measured and the intensity of the SERS signal is 

directly correlated to the amount of captured biomolecules (Y. Wang et al., 

2013). Therefore, specificity and selectivity can be improved significantly by 

designing SERS tags that can target biomolecules of interest. However, SERS 

immunoassay is limited by the availability of the ligands that target specific 

biomolecules as the design and production of new ligands is a laborious 

process.  

 

 

Figure 5.1: Schematic of SERS immunoassay.  
(Y. Wang et al., 2013).  
 

Protein precipitation is a simple method to minimise the multiplexing of the 

peaks of the amino acid residue in the protein chain and free amino acid 

molecules. Subsequently, the protein fraction and the protein-free mucus can 

be analysed separately using SERS. Several protein precipitation methods 

can be used. For example, precipitation using trichloroacetic acid, ammonium 

sulphate, acetone and a mixture of methanol and chloroform and ultrafiltration 

(Jiang et al., 2004). However, the peaks from the reagents used to precipitate 

the proteins can contribute to interference in the SERS spectrum. Therefore, 

ultrafiltration is the most suitable method to precipitate proteins. 

 

A reusable SERS substrate can also be fabricated to reduce the long-term cost 

of performing SERS analysis of grouper mucus. Typically, reusable SERS 
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substrates are fabricated using plasmonic nanostructures immobilised on a 

substrate such as gold nanoparticles deposited on a zinc nanorod array on a 

quartz substrate  (Pal et al., 2019). Additionally, gold nanoparticles can be 

immobilised on flexible substrate to fabricate a flexible and reusable SERS 

substrate. For example, gold nanoparticles can ne immobilised on a cotton 

fabric coated with reduced graphene oxide (Yang et al., 2021). 
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