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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Acidified sodium sulphate was used as 
the aggregating agent for colloidal 
SERS. 

• Enhancement of SERS signal from the 
analytes; rhodamine 6G, lysozyme and 
mucus. 

• Overlapping peaks in the SERS spectrum 
of lysozyme and grouper mucus were 
observed. 

• Lysozyme can be possibly detected in 
grouper epidermal mucus using SERS 
analysis.  

A R T I C L E  I N F O   

Keywords: 
Fish epidermal mucus 
Surface-enhanced Raman Spectroscopy 
Aggregating agent 
Lysozyme 
Gold nanoparticles 

A B S T R A C T   

Fish epidermal mucus is an important reservoir of antipathogenic compounds which serves as the first line of the 
immune defence. Despite its significant role in the physiology and health of fish, detailed profiling of fish 
epidermal mucus has yet to be explored. Therefore, this study investigates a label-free colloidal surface-enhanced 
Raman spectroscopic (SERS) method for profiling grouper mucus. Gold nanoparticles were first synthesised using 
the standard citrate reduction and characterised using ultraviolet–visible spectroscopy, transmission electron 
microscopy and dynamic light scattering. The influence of acidified sodium sulphate (Na2SO4) at pH 3 as the 
aggregating agent on the enhancement of the SERS spectrum of different analyte samples including rhodamine 
6G (R6G) dye, lysozyme solution and hybrid grouper (Epinephelus fuscoguttatus × Epinephelus lanceolatus) mucus 
was observed. Based on the results, an optimal Na2SO4 concentration of 1 M was recorded to achieve the highest 
enhancement of the SERS signal for R6G and grouper mucus, while the optimal concentration for lysozyme was 
0.1 M. The results indicated a higher degree of aggregation induced by lysozyme than R6G and grouper mucus. A 
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few overlapping peaks of the SERS spectra of lysozyme and grouper mucus made it possible to confirm the 
presence of lysozyme as potential biomarkers.   

1. Introduction 

Fish epidermal mucus is constantly in contact with the marine 
environment, making it a vital first line of defence against pathogens. 
The mucus is continually secreted by the goblet cells, sacciform cells and 
club cells in the epidermis throughout the body [1]. Interestingly, the 
epidermal mucus is rich in antimicrobial compounds, including lyso-
zyme, lectins and proteases, that provide innate immunity against 
numerous pathogenic species [2]. Although fish mucus profiling offers 
valuable insight into the physiology and health of fish, certain draw-
backs such as the necessity for rapid processing to avoid the breakdown 
of mucus components, issues in identifying and quantifying compounds 
in low concentration, difficulties in characterising complex compounds, 
and lack of standardised protocols for collection, preparation, and 
analysis could result in inconsistent findings between studies [3]. 

Surface-enhanced Raman spectroscopy (SERS) has become a reliable 
technique due to its rapid and sensitive nature in characterising samples 
prone to rapid degradation. SERS depends on the adsorption of analyte 
molecules on plasmonic nanostructures, where the Raman scattering of 
the target molecule is enhanced many times, up to 106 orders of 
magnitude [4]. The Raman reporter or label-free method is typically 
employed to target analyte biomolecules. On the one hand, Raman re-
porters involve functionalising the surface of nanoparticles with specific 
dye molecules and other ligands such as antibodies or oligonucleotides. 
Subsequently, the signal from the dye molecule is measured to indicate a 
binding event between the target molecule and ligand on the nano-
particle surface [5]. On the other hand, the label-free method detects the 
signal biomolecules directly adsorbed on the nanoparticle surface. 
Despite the ability of the latter to directly analyse the target bio-
molecules, some biomolecules exhibit a low scattering cross-section, 
making it difficult to obtain a reliable outcome [6]. 

The application of label-free SERS of biofluid in biological analysis, 
particularly in the field of disease diagnosis has been explored by many 
researchers. Typically, the SERS spectra of biofluid are analysed using a 
combination of principal component analysis (PCA) and linear 
discriminant analysis (LDA). PCA reduces the dimensionality of the 
spectral data to a few principal components which are used for the 
classification of patient’s health status using LDA, that determines a 
linear boundary between the healthy and unhealthy patients [7]. For 
example, SERS of biofluid coupled with PCA and LDA has been 
demonstrated to diagnose Sjörgen’s syndrome using patient’s saliva 
samples [8] and prostate cancer from patient’s urine sample [9]. Addi-
tionally, this method has been applied in the classification of the severity 
of knee osteoarthritis [10] and the classification of the histological grade 
of oral squamous cell carcinoma using serum samples [11]. 

The electrostatic interaction between the analyte molecules and the 
surface charge of the metallic nanoparticles greatly influences SERS 
analysis in the colloidal system. Optimal scattering efficiency is 
enhanced when the analyte molecules are trapped in the nanogaps be-
tween the nanoparticles, forming the SERS hot spots [12]. Therefore, 
controlling the aggregation of the nanoparticles is key to obtaining the 
best SERS signal. As such, the use of the colloidal system makes it 
possible to study fish epidermal mucus in its native form without the 
need of drying, as opposed to SERS substrates fabricated using immo-
bilised metallic nanostructures on a solid substrate [13,14]. 

In view of this, the label-free SERS method is the most straightfor-
ward and cost-efficient method for exploring fish epidermal mucus. 
However, to the best of the author’s knowledge, no study has examined 
fish epidermal mucus using SERS so far. Besides the scarce information 
on disease markers in fish epidermal mucus, there is a limited supply of 
off-the-shelf ligands that bind with the biomolecules in fish epidermal 

mucus. Concurrently, it is costly and time-consuming to sequence these 
ligands (antibodies or oligonucleotides) for surface functionalisation of 
the plasmonic nanoparticles. 

There are a few published research works on the colloidal SERS of 
human biofluids using several types of aggregating agents. For example, 
SERS analysis of human serum and urine samples were conducted using 
silver nanoparticles and calcium nitrate as the aggregating agent [15]. In 
another work, propranolol was detected in human plasma, serum and 
urine using SERS analysis facilitated by silver nanoparticles and sodium 
chloride as the aggregating agent [16]. Acidified sodium sulphate 
(Na2SO4) solution at pH 3 was shown to be an effective aggregating 
agent for detecting low protein concentrations [6]. Therefore, this study 
addresses the gap in research for an optimised protocol for SERS analysis 
of grouper epidermal mucus and proposes an optimised label-free SERS 
protocol using acidified Na2SO4 as an aggregating agent to obtain the 
best signal enhancement from grouper epidermal mucus. 

2. Materials and methods 

2.1. Materials and reagents 

Gold (III) chloride solution (HAuCl4, 99.99 % trace metal basis, 30 % 
wt in diluted hydrochloric), sodium citrate dihydrate (Na3Ct, 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. All syntheses were carried out in 
deionised water. An appropriate amount of Na2SO4 was dissolved in 
deionised water to achieve a series of concentration of 2, 1, 0.5, 0.25 and 
0.1 M. The final pH level of the aggregating agents was adjusted to pH 3 
using 1 % sulphuric acid (H2SO4) solution. Similarly, 300 µg/mL and 1 
mM of lysozyme and R6G solutions were prepared by mixing an 
appropriate amount of lysozyme and R6G solution in deionised water, 
respectively. 

2.2. Instrumentation 

The characterisation of the gold nanoparticles was performed using 
ultraviolet–visible spectroscopy (UV–Vis, 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). In addition, 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). To analyse the detected signals, baseline correction 
and spectral pre-processing were performed using OriginLab Pro (ver. 
2018, OriginLab Corporation). 

2.3. Synthesis and characterisation of gold nanoparticles 

Gold nanoparticles were synthesised using the standard citrate 
reduction proposed by Turkevich et al. [17] with some modifications. 
Approximately, 50 mL of 0.25 mM HAuCl4 solution (pH ~ 3) was pre-
pared in an Erlenmeyer flask. The solution was placed on a hotplate, 
stirred rapidly at 500 rpm and heated until boiling at 100 ◦C. Once the 
solution reached its boiling point, 367.6 µL of 38.25 mM Na3Ct solution 
(1.12 M ratio for HAuCl4 to Na3Ct) was injected into the solution. The 
mixture was continuously stirred at 100 ◦C for an hour. The flask was 
covered with aluminium foil with a beaker of ice placed on top to 
minimise solvent loss by condensing the steam. The heat was turned off 
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after an hour and the gold colloid was left to cool to room temperature 
while constantly stirred. Deionised water was added to the cooled 
colloid up to a final volume of 50 mL. Finally, the colloid was then stored 
in a brown bottle in the refrigerator at 4 ◦C until further analysis. 

2.4. Characterisation of gold nanoparticles 

The absorption spectra of the gold colloid were analysed using 
UV–vis spectroscopy [18], while the diameter of the gold nanoparticles 
was determined using TEM [19]. Approximately 10 µL of the colloid was 
dropped and dried on a copper mesh grid for TEM imaging. Addition-
ally, the particle size and polydispersity of the gold nanoparticles were 
measured using DLS in triplicate measurements [20]. The gold colloid 
was diluted five times using deionised water for UV–vis spectroscopy 
and DLS analysis. 

2.5. Mucus sampling 

Three 25-litre aquariums were initially cleansed and filled with 10 L 
of saltwater. These three aquariums were namely as the holding 
aquarium, anaesthetising aquarium and recovery aquarium. The 
anaesthetising aquarium was added with 100 ppm tricaine meth-
anesulfonate to anaesthetise the fish [21] for easier handling during 
mucus collection. Five groupers (length ~ 15 cm) were transferred to the 
holding aquarium from the main tank. Silicon scrappers were then 
sanitised with 70 % (v/v) isopropanol before scraping the mucus into a 
microcentrifuge tube. Next, one of the fishes was transferred from the 
holding aquarium and left in the anaesthetising aquarium for a few 
minutes until the fish showed minimal movements. Subsequently, the 
epidermal mucus was collected by scarping the mucus from the fish 
body from head to tail on both sides using the silicon scrappers into a 
1.5 mL microcentrifuge tube. After collecting the mucus, the fish was 
placed into the recovery aquarium for the anaesthesia to wear off before 
returning to the main tank. Next, scales and impurities were carefully 
removed from the mucus samples. The collected mucus samples were 
then pooled together and homogenised by briefly sonicating the mucus 
with an ultrasonicator probe. The homogenised mucus was divided into 
aliquots of 100 µL each in a microcentrifuge tube and stored in a freezer 
at − 20 ◦C until further analysis. 

2.6. Sample preparation 

The sample preparation method by Turzhitsky et al. [12] was used 
for Raman measurement with minor adjustments. Prior to SERS analysis, 
excess citrate and unreacted reactants were removed from the gold 
nanoparticles by centrifuging at 4000 rpm for 30 min and redispersed in 
deionised water. After the washing process was carried out for three 
cycles, the gold colloid recorded a pH level of ~ 7. Next, approximately 
4.5 mL of the gold colloid was centrifuged at 4000 rpm and 30 min, and 
then removing an appropriate amount of the supernatant to achieve a 
final volume of 50 µL. Subsequently, 9.5 µL of the gold nanoparticles 
were mixed with 10 µL of the analyte solution, followed by 0.5 µL of the 
aggregating agent or deionised water (for control). Instead of relying on 
the random Brownian motion of the molecules to form the aggregates, 
the mixture was vortexed at 1000 rpm for 1 min to introduce forced 
convection to promote a more uniform formation of aggregates [22]. 
The mixture was incubated for another minute before being transferred 
to a concave glass slide wrapped with aluminium foil for the SERS 
analysis. 

2.7. Raman measurement 

The immersion probe method was used for the Raman measurement, 
in which the liquid droplet was brought in contact with the ball lens of 
the immersion probe (see Figure S1 in the supplementary material). In 
this method, uncertainties caused by the position of the beam waist 

within the liquid droplet, which depends on the geometry of the liquid 
droplet were removed. The laser power (measured at the output fibre 
ferrule) was 50 mW for R6G and 150 mW for lysozyme and grouper 
mucus with an integration time of 10 s. It was necessary to use a lower 
laser power for R6G to avoid the detector’s saturation effect. The spectra 
were smoothed using the Savitzky-Golay algorithm with a 13-point 
window and cubic polynomial to remove shot noises. These parame-
ters were applied given their ability to produce an ideal signal-to-noise 
ratio and maintain most spectral characteristics [23]. A baseline 
correction was performed using the asymmetric least square smoothing 
algorithm in OriginLab Pro (asymmetric factor of 0.001, threshold of 
0.1, smoothing factor of 4, and 10 iterations). The spectra were 
smoothed again using the Savitzky-Golay algorithm with the same pa-
rameters to further denoise the spectra before being subjected to a 
constant subtraction to set the baseline at zero. 

3. Results and discussion 

3.1. Characterisation of gold nanoparticles 

Fig. 1(a) shows the absorbance peak of the gold nanoparticles was 
recorded at 537 nm wavelength. Haiss et al. determined that the rela-
tionship between the wavelength of the absorbance peak (λabs) and the 
diameter of gold nanoparticles, specifically for nanoparticles with 
diameter larger than 25 nm, follows the exponential function in Equa-
tion (1) [18]: 

λabs = λo +L1eL2d (1)  

where λo, L1, and L2 are arbitrary constants of the exponential function 
and d is the diameter of the gold nanoparticles measured in nanometres. 
By fitting the graph, the values of λo, L1, and L2 are determined to be 
512, 6.53 and 0.0216 respectively [18]. 

The diameter can be expressed in Equation (2) as follows; 

d(nm) =
1
L2

(
ln(λabs − λo)

L1

)

(2)  

Based on Equation (2) and the wavelength of the absorbance peak 
shown in Fig. 1(a), the diameter of the gold nanoparticles was 62.2 nm, 
slightly smaller than the diameter obtained from the DLS analysis which 
measured a nominal diameter of 68.1 nm with a relatively narrow dis-
tribution as depicted in Fig. 1(b). The peak detected at sub-10 nm was 
also associated with the multiple scattering effects [20]. Equations (3) 
and (4) were applied to measure the concentration of the gold colloid. 
Assuming that the gold nanoparticles are spherical and have a face- 
centred cubic structure, the number of gold atoms per nanoparticle is 
calculated as follows: 

nAu =

(
πρAud3

)

6MAu
(3)  

where ρAu and MAu are the density and molecular weight of gold nano-
particles, respectively. Meanwhile, the number density of gold nano-
particles in the solution is expressed as: 

C =
NAu

nAu × NA × V
(4)  

where NAu denotes the total number of gold atoms in the precursor so-
lution, NA is the Avogadro constant, and V represents the total volume of 
the solution. 

The TEM image in Fig. 1(c) shows the morphology of the gold 
nanoparticles which are in spherical shapes while Fig. 1(d) depicts the 
size distribution of the gold nanoparticles that exhibits a nominal 
diameter of 44 nm and a standard deviation of 6.5 nm. The discrepancy 
of size measurements between the TEM and UV–vis absorbance and DLS 
could be due to the capping effect of the citrate layer on the gold 
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nanoparticles in DLS, which is highly sensitive to the gold nanoparticle 
ligands. Furthermore, Equations (3) and (4) and the nominal diameter of 
44 nm were applied to estimate the colloid concentration, which was 
5.72 × 1013 particles/mL. However, the particle density was 5.15 × 1015 

particles/mL after being concentrated, assuming all nanoparticles were 

retained during centrifuging. 

3.2. Evaluation of Na2SO4 as the aggregating agent 

Citrate ions are typically weakly-bonded and negatively charged 

Fig. 1. Gold nanoparticles characterisations; (a) UV–vis absorbance spectrum, (b) size distribution obtained from the DLS analysis, (c) TEM image, and (d) size 
distribution attained from the TEM image. The scale bar in the TEM image represents 50 nm. 

Fig. 2. The schematic of the interaction between analyte molecules and gold nanoparticles and the formation of aggregates in the presence of sulphate ion.  
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ligands. When added with analyte molecules, the citrate ions are dis-
placed, and the analyte molecules are adsorbed onto the surface of the 
gold nanoparticles. The depleted surface charge results in a poor elec-
tromagnetic repulsion between the nanoparticles, leading to the for-
mation of aggregates due to the influence of Van der Waals forces. The 
addition of sulphate ions (SO4

2− ) further reduces the surface of the 
nanoparticles, hence producing larger aggregates. The analyte mole-
cules are entrapped in the nanogaps between the nanoparticles, gener-
ating the SERS hot spots, thus, highlighting of the interaction between 
analyte molecules, gold nanoparticles and SO4

2− ions, as shown in Fig. 2. 
The selection of aggregating agents is critical since certain ionic 

species exhibit a strong binding affinity to the nanoparticles and can 
block the analyte from adsorbing on the nanoparticle surface. For 
instance, the binding affinity of halide and SO4

2− ions to gold nano-
particles are hypothetically similar to that of silver nanoparticles. 
Namely, halide ions possess a stronger bonding affinity to the surface of 
silver nanoparticles compared to SO4

2− ions and can repel anionic ana-
lyte molecules from binding to the nanoparticle surface [6]. The acidity 
of the aggregating agents was adjusted to pH 3 to reduce the overall pH 
of the mixture. By assuming the gold nanoparticles and analyte mixture 
had a pH value of 7, the resulting pH of the mixture was 4.6. Lysozyme 
(isoelectric point at pH 11) has a positive charge at neutral pH while 
R6G recorded a stronger bonding to anionic gold nanoparticles [24]. 
Therefore, detecting R6G and lysozyme citrate capped gold nano-
particles were performed without any issue. Given that specific proteins 
exhibit isoelectric point lower than pH 7, it is necessary for a solution 
sample with complex matrices, such as grouper mucus, to become 
positively charged. The generation of the aggregates serves a vital role in 
forming the hot spots for the colloidal SERS. Ideally, small nanoclusters 
trap the analytes in the hot spots for the best SERS signal enhancement. 
In contrast, larger aggregates tend to shield the hot spots, decreasing the 
signal intensity [12]. Given that the initial aggregates formation 
significantly depends on the analyte, the effect of varying concentrations 
of the aggregating agent was explored with different analytes, which 
include lysozyme, R6G, and a complex matrix, grouper mucus. 

The impact of adding Na2SO4 to the gold nanoparticles was assessed 

by comparing the SERS spectra of the mixture of gold nanoparticles and 
Na2SO4 solution without the presence of the analyte. In general, the gold 
nanoparticles contribute to a relatively blank background spectrum. A 
minor peak at 1537 cm− 1 could be attributed to the asymmetric stretch 
of the citrate ligand’s carboxylic (COO) group. The peak assignment for 
the citrate ligand on the gold nanoparticles surface is summarised in 
Table S1 of the supplementary material. The peak at 227 cm− 1 is 
attributed to the Au-Cl bond [25]. The residual Cl− ions from the gold 
(III) chloride (HAuCl4) solution that was used in synthesising the gold 
nanoparticles, the peak was undetected in the non-aggregated gold 
nanoparticles. However, the peak appeared after adding the aggregating 
agent, which trapped the Cl− ions in the SERS hot spots. Other peaks 
relating to the SO4

2− ions were detected include 447 and 617 cm− 1 

(bending of SO4
2− ), 980 cm− 1 (symmetric stretching) and 1100 cm− 1 

(anti-symmetric stretching) [26]. Remarkably, the SO4
2− peaks were 

absent following the addition of Na2SO4 to the gold nanoparticles, as 
presented in Fig. 3. The Raman spectra remained relatively blank in this 
region, implying that the SO4

2− ions were poorly adsorbed to the gold 
nanoparticle surface. Thus, Na2SO4 is considered a suitable aggregating 
agent, given its poor adsorption on the gold nanoparticle surface. 

3.3. SERS of R6G using acidified Na2SO4 as the aggregating agent 

In general, R6G is a fluorescent dye with characteristic Raman peaks 
in the region between 600 and 1700 cm− 1. Fig. 4(a) shows the effect of 
the aggregating agent on the SERS intensity of R6G was evaluated by 
adding acidified Na2SO4 solution at varying concentrations in the range 
of 0.1 and 2.0 M to the R6G and gold nanoparticles mixture. As shown in 
Fig. 4(b), adding gold nanoparticles greatly enhances the Raman peaks 
of R6G at a concentration of 0.1 mM, which were barely visible without 
gold nanoparticles. 

Referring to Fig. 4(a), adding 0.1 M Na2SO4 initially decreased the 
signal intensity as the adsorbed R6G molecules were displaced from the 
gold nanoparticles’ surface. The adsorbed R6G molecules can be dis-
placed by mercury ions [27], thus, it can be inferred that the same 
phenomenon occurred with sulphate ions. However, beyond 0.1 M, the 

Fig. 3. SERS spectra of gold nanoparticles with different concentration of Na2SO4 without the presence of analyte. The insets show the region between 50 and 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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aggregate size increased with an increment concentration of Na2SO4. 
Fig. 4(c) shows the intensity of the peaks identified in Fig. 4(a) plotted 
against the concentration of Na2SO4 solution. The graphs were offset for 
visual clarity and to better observe the trend of the intensity of the peaks 
as the concentration of Na2SO4 increases. According to Fig. 4(c), adding 
1 M Na2SO4 achieved an optimum degree of aggregation, which recor-
ded the highest signal enhancement. Beyond 1 M concentration, the 
addition of the Na2SO4 formed larger aggregates that blocked the SERS 
hot spots, ultimately reducing the signal intensity. The peak assignment 
of R6G is listed in Table 1. 

To discuss on the signal improvement by the colloidal gold, the 
enhancement factor (EF) is normally chosen as expressed in Equation 
(4): 

EF =
ISERSCRaman

IRamanCSERS
(4)  

where ISERS and CSERS are the peak intensity obtained using SERS and the 

concentration of analyte molecules adsorbed on the surface of the gold 
nanoparticles, respectively. Meanwhile, IRaman and CRaman are the peak 
intensity obtained using Raman spectroscopy and the concentration of 
the analyte molecules exposed to the excitation laser beam, respectively. 
It is difficult to determine the exact region of the liquid droplet which is 
exposed to the laser beam [29]. However, since the ball lens was in 
contact with the liquid droplet during spectra acquisition, it could be 
reasonably assumed that the entire liquid droplet was exposed to the 
excitation laser. Using nominal diameter of 44 nm, and Equations (2) 
and (3), the concentration of gold nanoparticles is calculated to be 8.55 
µM. Assuming that the number of R6G molecules adsorbed on the gold 
nanoparticles surface is equal to the number of gold nanoparticles pre-
sent in the colloid, and using the intensities of the C–C bond peak located 
at 1505 cm− 1 obtained using SERS and Raman spectroscopy in Fig. 4(b), 
the enhancement factor is estimated to be 1.027 × 104. Therefore, this 
result verifies that the synthesised gold nanoparticles are an effective 
colloidal SERS substrate. 

3.4. SERS of lysozyme using acidified Na2SO4 as the aggregating agent 

Fig. 5 depicts the experimental results and analyses using lysozyme 
as the target molecule in colloidal gold nanoparticles with acidified 
Na2SO4 as the aggregating agent. Proteins exhibit three characteristic 
vibrations resulting from the vibration of the polypeptide backbone. 
Specifically, the amide I band (1600 to 1700 cm− 1) is primarily asso-
ciated with the C = O stretch of the amide carbonyl [30], while the 
amide III vibration (1200–1300 cm− 1) represents the out-of-phase 
combination of the N–H in-plane bend and C-N stretch with a minor 
contribution from the C=O in-plane bend and C–C stretch. Furthermore, 

Fig. 4. (a) SERS spectra of R6G with addition different concentrations of acidified Na2SO4 as the aggregating agent. The significant peaks are labelled. (b) Raman 
spectra of 0.1 mM R6G with and without gold nanoparticles. The black line is the Raman spectrum of 0.1 mM R6G while the red line is the SERS spectrum of 0.1 mM 
R6G with the addition of gold nanoparticles. The spectra are shifted for clarity. Both spectra were acquired using 50 mW laser power and 10 s integration time. The 
intensity of the peaks labelled in (a) are plotted against the concentration of Na2SO4 in (c). The graphs in (c) represent the offset value for visual clarity. (For 
interpretation of the reference to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Peak assignment of R6G [28].  

Peak centre (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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the amide II (1480–1580 cm− 1) is the combination of N–H bend, C-N 
stretch and significant overlap with C–C stretch and C=O bend [31]. As 
depicted in Fig. 5(b), the lysozyme solution generates a relatively poor 
Raman spectrum, with the amide II at 1542 cm− 1 as the most dominant 
band, while none of those from the amino acid side chains were detec-
ted. However, additional bands from the S-S and C-S stretch were also 
detected at 416 and 750 cm− 1 respectively, indicating the presence of 
sulphur-containing amino acid residues and disulphide bonds, 
respectively. 

Comparatively, the SERS spectrum of lysozyme with gold nano-
particles exhibits all the characteristic vibrations of the polypeptide 
backbone and the amino acid side chains as shown in Fig. 5(a). The peak 
assignment of the Raman and SERS spectra of lysozyme is summarised in 

Table 2. Considering instrumentation differences, the functional groups 
were assigned to within ± 10 cm− 1 of the literature value [32,33,34]. 

The main difference between the Raman spectroscopy and SERS is 
the selection rules of the amide bands. In SERS, the large amino acid side 
chains block the peptide bond from the plasmonic nanostructures, 
suppressing the amide I vibration [35]. Thus, the signal intensity of the 
amide I band in the SERS spectrum was reduced, as viewed in Fig. 5(c), 
compared to the signal intensity of the lysozyme solution achieved in the 
Raman spectrum. Moreover, the blue-shifting of the amide I from the 
peak of 1629 to 1611 cm− 1 suggests the structural conversion of the 
lysozyme from α-helical into β-sheets and random coil formation [36]. In 
addition, the tyrosine doublet was observed at 818 and 850 cm− 1 which 
corresponds to the phenol ring breathing, and the Fermi resonance 

Fig. 5. (a) SERS spectra of 300 µg/mL lysozyme with the addition of different concentration of Na2SO4 as aggregating agent. (b) The Raman spectrum (black) and 
SERS spectrum (red) of lysozyme solution. Both spectra were obtained using 50 mW laser power and 10 s integration time. (c) The normalised Raman and SERS 
spectra of lysozyme in the region between 1500 and 1800 cm− 1. (d) The SERS spectra of lysozyme in the region between 760 and 900 cm− 1. The tyrosine doublet is 
labelled in the graph. The intensity of the peaks labelled in (a) plotted against the concentration of Na2SO4 in (e). The graphs in (e) represent the offset value for 
visual clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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between the phenol ring breathing and the out-of-plane mode of the 
phenol ring as shown in Fig. 5(d) [37]. As evident in Fig. 5(d), the ratio 
of the intensity of the peak at 818 and 855 cm− 1 is low. This may be 
explained by the lack of π-π electrons interaction in liquid phase [37] or 
the nitration of the phenol ring in tyrosine due to the exposure of the 
laser light [38]. The higher degree of aggregation induced by lysozyme 
is also evident in Fig. 5(e), given that the highest signal enhancement 
was achieved at an optimal Na2SO4 concentration of 0.1 M. On the 
surface of the gold nanoparticles, lysozyme unfolds and forms protein- 
gold nanoparticles complexes that eventually coalesce to form aggre-
gates [39]. Based on this finding, the optimal concentration value of 
Na2SO4 was much lower than the value of 1 M Na2SO4 for the optimal 
enhancement for R6G. 

3.5. SERS of grouper mucus using acidified Na2SO4 as the aggregating 
agent 

The complex matrix in grouper mucus comprises saccharides, lipids, 
proteins, and many other metabolites, as reflected in the SERS spectra. 
In this case, the SERS spectrum is the collective molecular vibrational 
mode of all the biomolecules in the mucus. The SERS spectra in Fig. 6(a) 
show the significant peaks of the grouper mucus, while Table 3 sum-
marises the corresponding tentative peak assignments within ± 10 cm− 1 

of the literature values [32,33,34] to account for the instrumental dif-
ferences. The characteristic tyrosine doublet was observed in Fig. 6(a), 
however, similar to the case observed in the SERS spectra of lysozyme in 
Fig. 5(d), the shape of the tyrosine doublet observed in the SERS spectra 
of grouper epidermal mucus may be due to the lower interaction be-
tween the phenol ring in aqueous state [37] or nitration of the tyrosine 
induced by the laser light [38]. Although Fig. 6(b) shows that an optimal 
concentration of 1 M recorded the most enhanced SERS signal of grouper 
mucus, the signal intensity was inconsistent between peaks. As such, 
increasing the size of the aggregating agent beyond 0.1 M reduced the 
peak intensity at 839 cm− 1, which corresponds to tyrosine residues. 
Similarly, the addition of the aggregating agent decreased the peak in-
tensity at 542 cm− 1, which is linked to the disulphide bridge. 

Comparatively, the peaks corresponding to the polypeptide back-
bone showed the highest enhancement at 1 M. In contrast, the peak at 
997 cm− 1, which refers to the phenylalanine residue and aromatic rings, 
recorded a higher maximum enhancement at 2 M. Following the addi-
tion of 0.1 M Na2SO4, the analyte molecules were displaced from the 
surface of the gold nanoparticles in the presence of SO4

2− ions. Consid-
ering lysozyme as a critical immune constituent in fish epidermal mucus 
[2], the normalised SERS spectra of lysozyme were compared to those of 
grouper mucus, as presented in Fig. 6(c). The spectra were normalised 
using standard normal variate. 

Based on the results, overlapping peaks were located at 818, 859, 
1283, 1454 and 1542 cm− 1 corresponding to tyrosine residues, amide 
III, CH2 and CH3 stretch and, amide II, respectively. The observation of 
the characteristic tyrosine doublet in Fig. 6(c) confirms the presence of 
tyrosine [38]. However, the peak at 1454 cm− 1 may not necessarily 
imply the presence of lysozyme in the grouper mucus since CH2 and CH3 
bonds are typically found in various biomolecules. Furthermore, the 
amide III envelope in the 1200–1300 cm− 1 range of lysozyme signifi-
cantly differed from that of grouper mucus, signifying the multiplexing 
of numerous proteins and other biomolecules. Apart from that, the peak 
position of the tyrosine residue and amide II peak were similar. Overall, 
this study demonstrates a preliminary outlook at the possible detection 
of lysozyme in grouper mucus using SERS. Nevertheless, using the SERS 
spectra solely to characterise the biomolecules in the grouper mucus is 
challenging without supporting analysis from proteomics and metab-
olomics studies [3]. 

4. Conclusion and recommendations 

This work demonstrates the potential of SERS technique in identi-
fying grouper epidermal mucus using acidified Na2SO4 solution as an 
aggregating agent. This research work assessed the association between 
the concentration of the acidified Na2SO4 solution and the SERS in-
tensity of various analytes. The ideal Na2SO4 concentration of 1.0 and 
0.1 M recorded the highest signal enhancement for 1 mM R6G dye and 
300 µg/mL lysozyme, respectively. A lower concentration of Na2SO4 was 
sufficient to achieve the highest signal enhancement for the lysozyme 
solution, given the strong influence of lysozyme on the gold nanoparticle 
aggregation. Although Na2SO4 also recorded an optimal concentration 
of 1 M for the SERS of grouper mucus, the results were inconsistent 
across all peaks, with only the peaks corresponding to proteins showing 
the highest enhancement. The few overlapping peaks of the SERS 
spectra of lysozyme and grouper mucus open up the potential for SERS- 
based analysis of grouper epidermal mucus for fish health using 
advanced data analysis. 
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Table 2 
Peak assignment of lysozyme.  

Peak (cm− 1) Raman SERS Peak assignment 

406  ✓ S-S stretch 
416 ✓  
713  ✓ C-S stretch (aliphatic) 
750 ✓  
818  ✓ Tyr 
850  ✓ 
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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