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Abstract

Surface-enhanced Raman spectroscopy (SERS) is an emerging analytical method for biological
analysis, leveraging the ‘lightning rod’ effect of metallic nanostructures to intensely amplify
signals. Gold nanostars, with their numerous sharp tips, are particularly effective SERS
substrates. In this work, biocompatible gold nanostars without harmful surfactants were
synthesised using silver ions to control spike formations. Gold nanostars were investigated as a
colloidal SERS substrate for the in-solution analysis of grouper epidermal mucus, a key
indicator of fish health. The morphology of the gold nanostars was tuned by varying the
concentration of silver nitrate (AgNO3) from 0.5 to 3 mM. It was found that an increase in
AgNO:s; led to higher spike density but shorter, lower aspect ratio spikes. Gold nanostars
synthesised with 1 mM AgNO; produced the highest aspect ratio (3.25) and were shown to
exhibit the strongest SERS enhancement. This was validated across various analytes, including
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rhodamine 6G (R6G), lysozyme and the grouper epidermal mucus itself. The enhancement
factor of 4.72 x 10° and 7.62 x 10> were obtained with R6G and lysozyme, respectively.
Ultimately, gold nanostars with long spikes were proven to be superior for in-solution SERS,
achieving an enhancement factor two orders of magnitude higher than that of spherical gold

nanoparticles in our previous work.

Supplementary material for this article is available online

Keywords: surface-enhanced Raman spectroscopy, gold nanostars, fish mucus

1. Introduction

Raman spectroscopy is an analytical method where the shift in
the wavelength of the scattered light from a material is used to
measure the vibrational energy of the material. Chemical and
structural information of a material can be obtained from the
Raman spectrum [1]. Advancements in detector technology,
optical filters, laser diodes and optical fibre coupling have
allowed routine Raman analysis [2]. Surface-enhanced Raman
spectroscopy (SERS) is developed to address two major chal-
lenges in Raman spectroscopy, namely; low signal intensity
and fluorescence interference [3].

Typically, SERS substrates are fabricated by immobilising
metallic nanostructures on solid substrates [4-6]. A recent
study has reported the application of solid SERS substrates
for the detection of breast cancer using blood plasma [7].
However, the fabrication process of solid SERS substrates
can be complex, expensive, labour and time consuming. On
the other hand, in-solution SERS using gold nanoparticle col-
loid is a relatively straightforward, cost-efficient, and rapid
method for biomaterial analysis. In a colloidal system, the
Raman scattering of the molecules in the vicinity of the metal-
lic nanoparticles [8] is enhanced through the generation of
strong localised surface plasmon resonance (LSPR) in the nar-
row interparticle gap of the nanoparticles [9], which can be
tuned using salt-induced aggregation [10].

Anisotropic gold nanoparticles, particularly gold nanostars,
have gained interest as colloidal SERS substrates due to their
intense electromagnetic field localised at the sharp edges
[11]. Due to their unique morphology, the SERS enhance-
ment factor of gold nanostars can outperform that of spherical
gold nanoparticles [12]. There are three approaches to syn-
thesise gold nanostars, namely; seed-mediated growth using
surfactant, seedless approach using surfactant and surfactant-
free approach [13]. Some examples of surfactants used
include cetyltrimethylammonium bromide (CTAB) or chlor-
ide, sodium dodecyl sulphate and polyvinylpyrrolidone [14].
The use of surfactants reduces the SERS performance of the
gold nanostars [15] and the cytotoxic nature of some sur-
factants such as CTAB [16] limits their use in biological
applications.

Therefore, surfactant-free gold nanostars are more biocom-
patible. The synthesis route begins with citrate-capped gold
nanoparticles seed as the core. Anisotropic growth is medi-
ated by silver ions which selectively binds to certain facets

of the core, inhibiting growth on that facet. Thus, leading
to the formation of spikes radiating outwards from the core.
Some biological applications of surfactant-free gold nanostars
include its use as a contrast agent for imaging [17], 3D model-
ling and two-photon luminescence imaging [18]. Surfactant-
free gold nanostars are promising in SERS applications due
to the high detection sensitivity down to single molecule
detection [19] and has been applied in the detection of uranyl
[20] and paraquat residue in green tea [21].

Fish epidermal mucus is secreted by the goblet and sac-
ciform cells on the epidermis [22] and is an important com-
ponent of the innate immune defence against pathogens.
Antimicrobial compounds such as proteases, lectins, lyso-
zyme, antimicrobial peptides, and proteins are found in fish
epidermal mucus [23]. Nurhikmah et al [24] found that the
proteomic profile of hybrid grouper (Epinephelus fuscogut-
tatus x Epinephelus lanceolatus) change in response to Vibro
alginolyticus infection. Therefore, a detailed understanding of
the epidermal mucus constituents can provide valuable insight
into fish health. We have previously studied hybrid grouper
epidermal mucus using SERS with spherical citrate-capped
gold nanoparticles with acidified sodium sulphate (Na,SOy)
as the aggregating agent [25]. Surfactant-free gold nanostars
are particularly attractive in the application of SERS ana-
lysis of grouper epidermal mucus due to its higher sensitiv-
ity. Therefore, in this work, we explore surfactant-free gold
nanostars as a potential colloidal substrate to enhance the
SERS analysis of grouper epidermal mucus.

2. Methodology

2.1. Materials and reagents

Gold (IIT) chloride trihydrate crystals (HAuCly, ACS reagent
grade) and silver nitrate (AgNO3, ACS reagent grade) were
purchased from Sigma-Aldrich. 0.5 g of the HAuCly crys-
tals were dissolved in 10 ml of deionised water to obtain
the stock solution. Similarly, a 100 mM stock solution of
AgNOs; was prepared by dissolving the appropriate amount
of the solid in 10 ml of deionised water. The stock solu-
tions were stored in a brown bottle in the refrigerator at 4 °C.
Sodium citrate dihydrate (Na;Ct-2H,0O, USP testing specific-
ations), L-ascorbic acid (ACS reagent grade), sodium sulph-
ate (NaySO4, ACS reagent grade), lysozyme from hen egg
white and rhodamine 6G (R6G, 99% pure) were purchased
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from Sigma-Aldrich. All syntheses were carried out in deion-
ised water. An appropriate amount of Na,SO4 was dissolved
in deionised water to achieve a series of concentrations of
2,1, 0.5, 0.25 and 0.1 M. The final pH level of the aggreg-
ating agents was adjusted to pH 3 using 1% sulphuric acid
(H,S04) solution. Similarly, 300 pg ml~! of lysozyme and
0.1 mM of R6G solution were prepared by mixing an appropri-
ate amount of lysozyme and R6G solution in deionised water,
respectively.

2.2. Characterisation of gold nanoparticles

The characterisation of gold nanoparticles and gold nanostars
was performed using UV-visible spectroscopy (Lambda 35,
Perkin Elmer) and transmission electron microscopy (TEM,
JEOL JEM-2100F Field Emission TEM). The UV-visible
absorption spectra of the gold nanoparticle seed and gold
nanostars were measured in a 1 cm x 1 cm quartz cuvette in
a dual-beam setup. About 10 pl of the gold nanoparticle seed
and gold nanostars colloid were dropped onto a carbon-coated
copper TEM mesh grid and allowed to dry overnight before
TEM imaging. A 400-mesh, 3 mm carbon- and formvar-coated
copper grid was used for TEM imaging. The dimensions of the
gold nanostars were measured from the TEM image using the
image processing software ImageJ (version 1.54). Dynamic
light scattering (DLS, Zetasizer Nano-S, 633 nm, Malvern
Panalytical) was performed to measure the hydrodynamic dia-
meter and size distribution of the gold nanostars.

2.3. Preparation of gold nanoparticles seed

Spherical citrate-capped gold nanoparticles were used as the
seed for the subsequent preparation of the gold nanostars. The
gold nanoparticle seeds were prepared using the citrate reduc-
tion method [26]. The stock HAuCl, solution was diluted to
1 mM in a volume of 20 ml, which was subsequently heated
to 100 °C under rapid stirring at 500 rpm. At 100 °C, 3 ml of
1% Na3Ct solution was quickly added to the gold precursor.
The colour of the solution changed from pale yellow to dark
purple and subsequently turned deep red, which indicates the
formation of gold nanoparticles. The heating was maintained
for 30 min to ensure the reaction was complete. This process
yielded 16 nm citrate-coated spherical nanoparticles. The res-
ulting colloid was allowed to cool to room temperature and
then deionised water was added until the final volume reached
20 ml to compensate for solvent loss during the synthesis pro-
cess. The colloid was subsequently stored in a brown bottle in
the refrigerator at 4 °C until needed.

2.4. Surfactant-free synthesis of gold nanostars

The surfactant-free synthesis of gold nanostars in this work
followed the procedure outlined by Yuan ef al [18]. The stock
HAuCly solution (pH 3) was diluted to 0.25 mM in a total
volume of 10 ml. Next 100 pl of the seed solution was added.
The vial containing the gold precursor was placed into an ice
bath, and stirring was initiated at 750 rpm. The synthesis was

carried out at 5 °C to improve the reproducibility [27]. When
the temperature of the solution reached 5 °C, 100 ul of AgNO;3
solution and 50 pl of 100 mM ascorbic acid solution were
added simultaneously. To obtain gold nanostars with various
shapes, several batches were synthesised using AgNOj3 solu-
tion with concentrations of 3, 2, 1 and 0.5 mM. The simultan-
eous addition of AgNOj3 and ascorbic acid was crucial to form
the gold nanostars. If AgNO; is added to silver chloride (AgCl)
at an early stage causes further precipitation, if it is added too
late, spherical gold nanoparticles will form in the presence of
ascorbic acid [18]. Immediately after the addition of AgNO3
and ascorbic acid, the colour of the solution changed from pale
pink to dark blue. The stirring was maintained for 30 s, and the
resulting colloid was centrifuged immediately at 3500 rpm for
15 min to quench the reaction. The resultant pellet contain-
ing the gold nanostars was redispersed in 10 ml of deionised
water. The final pH of all synthesised gold nanostars was kept
at6.5.

2.5. Mucus sample collection

The procedure for grouper epidermal mucus was performed
as previously described [25]. Briefly, juvenile hybrid grouper
(Epinephelus fuscoguttatus X Epinephelus lanceolatus) meas-
uring about 5 inches in length was transferred to a 25-
litre aquarium filled with seawater. In this work, 100 ppm
of tricaine methanesulfonate was added to the aquarium as
an anaesthesia for easier handling of the fish during mucus
sample collection. The fish was left in the aquarium for a few
minutes until it showed minimal movement. The epidermal
mucus was scraped from head to tail on both sides into a
1.5 ml centrifuge tube, carefully avoiding any blood or urogen-
ital secretion. After mucus sampling, the fish was transferred
to another aquarium until the effects of the anaesthesia wore
off and then returned to the culture tank. The mucus samples
were homogenised briefly using an ultrasonic sonotrode and
then centrifuged at 5000 rpm for 5 min to separate the debris.
The debris-free mucus samples were aliquoted into new 1.5 ml
centrifuge tubes and stored at —20 °C until further analysis.

2.6. SERS sample preparation

In this work, the SERS sample preparation followed that of
our previous work [25]. Prior to SERS analysis, 4.5 ml of
the gold nanostar colloid was centrifuged at 3500 rpm for
15 min, and the pellet was redispersed in deionised water to
remove any excess reactants. The colloid was pre-concentrated
by spinning it in a centrifuge and taking out the supernatant
until only 100 ul of the colloid was left. The pre-concentrated
gold nanostar colloid was briefly sonicated using an ultrasonic
sonotrode to homogenise it. Next, 10 ul of the resultant gold
colloid was mixed with 9.5 pl of the analyte solution. The
mixture was then combined with either 0.5 ul of acidified
Na, SOy solution (concentrations ranging from 2 to 0.1 M) as
the aggregating agent or 0.5 u1 of deionised water as the con-
trol. The mixture was vortexed for 2 min at 100 rpm to improve
the reproducibility of the SERS spectra [28]. Immediately after



Nanotechnology 36 (2025) 435501

N Leong et al

vortexing, the mixture was dropped onto a glass slide wrapped
in aluminium foil to reduce interference from the glass slide
[29]. Finally, the immersion probe was brought into contact
with the liquid droplet, and the SERS spectrum was acquired.

2.7 SERS spectra acquisition and data processing

The Raman spectroscopy setup consisted of a 785 nm nar-
row linewidth source (XIM-6206-785-500-2, Yixi Intelligent
Technology), a high sensitivity spectrometer (YIM-6703-
01-SO3L01F05G02, Yixi Intelligent Technology), a 785 nm
Raman probe (Wasatch Photonics) and a Raman immersion
probe with a sapphire ball lens (MarqMetrix). To analyse the
SERS spectra, baseline correction and spectral pre-processing
were performed using OriginLab Pro (ver. 2022, OriginLab
Corporation). The Raman shifts were calibrated to the crystal-
line silicon peak at 520 cm~' by obtaining the Raman spec-
trum of silicon wafer and offsetting the Raman shift with the
difference between the experimentally obtained crystalline sil-
icon peak and 520 cm~'. All SERS spectra were acquired
using a laser power of 100 mW measured at the ball lens of the
immersion probe. The integration time for R6G was 5 s, while
it was 10 s for lysozyme and grouper epidermal mucus. The
lower integration time for R6G was necessary to avoid satura-
tion of the detector. This laser power and integration time did
not cause any photodegradation, particularly to the lysozyme
protein, as evidenced by the stability of the SERS spectra taken
over the course of 90 min shown in figure S3 of the supple-
mentary material. The SERS spectra were smoothened using
a wavelet transform with the Debauchies wavelet of order 8 as
the mother wavelet and a threshold of 50%. These parameters
were chosen because it was observed to reduce noise without
merging nearby peaks. Baseline subtraction was conducted
using asymmetric least squares smoothing with an asymmet-
ric factor of 0.001, a smoothing factor of 2, a threshold of 0.05
and 10 iterations. The spectra were normalised to the laser
emission peak at 0 cm~! and cropped to focus on the finger-
print region between 400 and 1800 cm~!. Subsequently, the
baseline for all the spectra was adjusted to zero by subtracting
a constant value, determined from the minimum value of each
spectrum.

3. Results and discussion

3.1. Characterisation of gold nanostars

The TEM image of the gold nanoparticle seed in figure 1(a)
shows that the citrate-capped gold nanoparticles used as the
seed for the surfactant-free gold nanostars are fairly homogen-
ous with an average diameter of 16 nm and standard deviation
of 1.5 nm, as depicted in figure 1(b).

As shown in figures 2(a) and (b), the formation of gold
nanostars was incomplete using 0.5 mM AgNO; as the
shaping agent and when the addition of ascorbic acid was
delayed, yielding only anisotropic gold nanoparticles with
incompletely formed spikes. Therefore, only gold nanostars
synthesised using 1, 2, and 3 mM AgNO; were used in the

subsequent analysis. For ease of discussion, the gold nanostars
synthesised using 1, 2, and, 3 mM AgNO; were labelled S1—
S3, respectively.

As evident from the absorbance spectra shown in figure 3,
the surface plasmon resonance of the gold nanostars was tune-
able by altering the concentration of AgNO3 in the synthesis.
The observed red shift of the absorbance peak corresponds to
the increase in spike density. S1 has several long and sharp
protrusions, while the spikes seen on S3 are dense and short
and appear to be more rounded. The hybridisation theory [30]
suggests that the broadening of the plasmon peaks is due to
the superposition of the core and the tips [31]. From the TEM
measurements, the average spike length was measured to be
32, 29, and 27 nm for S1-S3, respectively. Meanwhile, the
average aspect ratio of the spikes was measured to be 3.25,
2.42, and 2.2 for S1-S3, respectively.

3.2. SERS of R6G using surfactant-free gold nanostars

The SERS efficiency of the prepared gold nanostars (S1-S3)
was first tested with 1 M R6G solution which is a fluores-
cent dye with distinct characteristic peaks. Evidently, accord-
ing to figure 4, S1 yielded the highest enhancement factor.
This result indicates that the SERS enhancement favoured
gold nanostars with longer spike lengths and higher aspect
ratios. Using the peak intensity at 1510 cm™!, the calcu-
lated enhancement factor was 4.72 x 10°. This value was
two orders of magnitude higher compared to the enhancement
factor of 1.027 x 10* obtained in our previous work using
44 nm spherical gold nanoparticles (AuNP) [25]. The calcu-
lation of the enhancement factor is given in the supplementary
material.

The SERS enhancement factor depends on two factors:
the coupling of the incident light with the plasmon reson-
ance of the metallic nanostructure and the scattering efficiency
[32]. Thus, the total extinction cross-section is the sum of
the absorption and scattering cross-section. For smaller nan-
oparticles and aggregates (<50 nm), the system is accurately
characterised by Rayleigh scattering theory. In this regime,
the absorption cross-section is dominant, and the enhancement
factor is mostly determined by the coupling of the excitation
source and the metallic nanostructures’s plasmon resonance
[33, 34]. However, for larger aggregates (>80 nm), Mie scat-
tering theory becomes more appropriate, where the scatter-
ing cross-section is the major factor [35]. Figures 5(a) and
(b) show the UV-visible absorption spectra and intensity-size
distribution obtained from DLS measurement of the mix-
ture S1-S3 together with 1 mM RO6G solution. Figure 5(a)
shows that mixing R6G with S2 and S3 shifted the SPR
peak closer to the excitation source compared to the S1 mix-
ture. However, the mixing also led to a significant broaden-
ing of the SPR peak and a larger hydrodynamic diameter
(figure 5(b)), both of which are strong indicators of a high
degree of aggregation. Under the Mie scattering regime, the
scattering cross-section increases dramatically with the sixth
power of the nanoparticle’s radius [35]. This phenomenon
leads to a decrease in near-field intensity, as more light is
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Figure 1. (a) TEM image of the gold nanoparticles seed, where the scale bar denotes 20 nm. (b) Size distribution of 51 gold nanoparticles

seed measured from the TEM images.

(a)

(®)

Figure 2. (a) TEM image of gold nanostars synthesised using 0.5 mM AgNOs as the shaping agent and (b) gold nanostars synthesised
using 1 mM AgNOj as the shaping agent with a 5 s delay for the addition of ascorbic acid.
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Figure 3. Normalised UV-visible absorbance S1-S3 (top) and TEM images of S1-S3 (bottom). The scale bar represents 20 nm for the

image of S1 and 50 nm for the images of S2 and S3.

scattered rather than absorbed to generate the electromagnetic
field [35]. While some studies have shown an increase in SERS
enhancement as gold nanoparticle size increases within the
Rayleigh scattering regime (e.g. from 12 to 25 nm) [36], our
results are consistent with the behaviour of larger aggregates.

As shown in figure 5(b), the hydrodynamic diameters of our
aggregates exceeded 100 nm. The reported works for larger
spherical gold nanoparticles demonstrate that SERS enhance-
ment reaches a maximum at a diameter of around 100 nm
and then decreases for larger particles [37-39]. Thus, our
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Figure 4. SERS spectra of 1 M R6G solution obtained using S1-S3 nanostars and spherical AuNp (average diameter of 44 nm).

(@) ——S1+R6G
104 ——S2 +R6G
’ ——S3+R6G
’;-‘0.8—
L
z
@06
I3
E
3
® 0.4+
E]
E
Zo 024
0.0
:

T T T T T 1
400 500 600 700 800 900 1000 1100

Wavelength (nm)

(b) . —51+R6G
o3 —S2+R6G
10 S
< —S3+R6G
o
o
. 8-
g
=
2
g 5
£
[
&
g
B
2
o] T 1
10 100 1000

Diameter (nm)

Figure 5. (a) Normalised UV-visible absorbance spectra and (b) intensity-size distribution of the mixture of S1-S3 and 1 mM R6G solution.

finding that the more aggregated S2 and S3 samples exhibited
lower SERS enhancement than S1 supports this established
principle.

The two mechanisms behind SERS are electromagnetic
enhancement and chemical enhancement. Chemical enhance-
ment is a small fraction of the total enhancement, contrib-
uting only one or two orders of magnitude, while elec-
tromagnetic enhancement can contribute an enhancement
factor of 10°~10'" [40]. LSPR [41] and surface plasmon
polaritons (SPPs) [42] are understood to play a significant
role in forming regions of intense electromagnetic fields,
known as ‘hot-spots’, in the vicinity of metallic nanostruc-
tures which contribute to signal enhancement. In a colloidal
system, these hot-spots are originated from the aggregation
of nanoparticles in the colloid. Inorganic salts are typic-
ally added to nanoparticles colloids to induce aggregation by
destabilising the electric double layer of the suspended nan-
oparticles. This reduces the zeta potential and interparticle
repulsion, consequently shortening the interparticle distance
and encouraging the coupling of LSPR and SPPs of adjacent
nanoparticles [43].

In this study, acidified Na,SO, solution (pH 3) was used
as the aggregating agent due to the weak affinity of the
sulphate ion on the silver surface, which reduces competit-
ive binding [44, 45]. The affinity of sulphate ion on the gold
surface is hypothesised to be similar. In addition, sulphate
ions also cause a greater degree of destabilisation of the sur-
face charge on gold nanoparticle surfaces compared to chlor-
ide and nitrate ions [43]. Furthermore, the acidic pH main-
tains the mixture below the isoelectric point of most proteins.
This condition ensures that the proteins, including lysozyme
and those in the epidermal mucus, have a nett positive charge
and thus adsorb on the gold nanoparticle surface via electro-
static attraction [46]. Figure 6 shows the SERS spectra of R6G
solution obtained using Na,SO,4 with concentration ranging
from 0.1 to 2 M as the aggregating agent. The results indic-
ated that unaggregated gold nanostars produced the best SERS
enhancement. Fales and Vo-Dinh [47] also reported the higher
SERS performance of silver-embedded gold nanostars in the
unaggregated state. The unique geometry of gold nanostars
may provide sufficient SERS hot-spots in the unaggregated
state, and salt-induced aggregation may cause the broadening
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Figure 6. SERS spectra of 1 M R6G solution with S1 in the presence of various concentrations of Na;SO4 solution.

Table 1. Peak assignment of R6G. The peak values are assigned within &5 cm™" of the literature value to account for instrumental

differences.
Peak (cm™!) Functional group References
607 C—C-C in-plane bending [49]
768 C-H out-of-plane bending [50]
1181 C-H in-plane bending, in-plane xanthene ring deformation, N-H bending [49]
1307 In-plane xanthene ring bending, N-H bending, CH, wagging [51]
1359 Xanthene ring stretch, C—H in-plane bending [49]
1505 Xanthene ring stretch, C-N stretching, C—H and N-H bending [49]
1647 Xanthene ring stretch, C—H in-plane bending [50]

of the LSPR peak which may be detuned from the excitation
laser wavelength, causing the diminished SERS performance
in the aggregated state [48]. The peak assignment is summar-
ised in table 1.

3.3. SERS of lysozyme and grouper epidermal mucus using
surfactant-free gold nanostars

Based on the results in figures 4 and 6, the SERS perform-
ance of gold nanostars was significantly better than spher-
ical gold nanoparticles. However, the enhancement was only
observed in S1, which has fewer but longer spikes. Evidently,
the enhancement is dependent on the morphology of the
gold nanostars. Therefore, similar investigation was done on
300 g ml~! lysozyme protein solution and grouper epidermal
mucus, which is a complex matrix consisting of a wide range
of biomolecules.

Based on figure 7(a), S1 exhibited the highest enhance-
ment factor, outperforming the spherical gold nanoparticles.
Similar to the observation with R6G, the peak intensities
using S1 decreased upon the addition of the aggregating
agent, as shown in figure 7(b). Interestingly, S2 and S3
did not produce any discernible peaks. Proteins adsorbed

on gold nanoparticle surfaces tend to unfold due to strong
intermolecular interactions between the gold nanoparticle and
protein, which may destabilise the internal interactions in the
protein molecule responsible for the secondary and tertiary
structure of the protein [52]. Protein unfolding on the gold nan-
oparticle surface leads to the formation of gold nanoparticle-
protein aggregates [53]. Further aggregation through the intro-
duction of Na,SO4 may form large aggregates which shield
some of the adsorbed lysozyme proteins from the excitation
laser [54], which may explain the results shown in figure 7(b).
Moreover, aggregation of gold nanoparticles causes a red-
shift and broadening of the SPR peak [55], which may
explain the dramatic decrease in SERS performance of S2
and S3. The peak assignment for lysozyme is summarised in
table 2.

Figures 8(a) and (b) show the UV-visible absorption spec-
tra and intensity-size distribution, respectively, obtained from
triplicate DLS measurements of the mixture of S1-S3 together
with lysozyme. The broadening and red-shifting of the SPR
peak are clearly visible in figure 8(a). Similar to the SERS
analysis of R6G, the SPR peaks of the mixture of S2, S3,
and lysozyme are closer to the excitation source. However, S2
and S3 formed larger aggregates upon interaction with lyso-
zyme, evidenced by the larger hydrodynamic diameter shown
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Figure 7. (a) SERS spectra of lysozyme obtained using AuNp, S1-S3 and the SERS spectra of lysozyme obtained using S1 and with the
addition of various concentrations of Na;SOy as the aggregating agent is shown in (b). The identified peaks are marked in (b).

Table 2. Peak assignment for the SERS spectrum of lysozyme. The peak values are assigned within =5 cm ™" of the literature values to

account for instrumental differences.

Peak (cm™}) Functional group References
482 S-S [56]
660 C-S stretch, tyrosine [57]
797 C—-H stretch, N-H deformation [57]
834 Tyrosine [58]
946 C—C stretching of the «-helical structure [59]
1022 Phenylalanine, {3-sheet [57-59]
1112 C-N, C=S [57, 60]
1244 Amide IIT [58]
1288 Amide III [58]
1345 Tryptophan, CH, and CH3 deformation [57, 58]
1388 CH3; deformation [60]
1435 CH; deformation [57]
1570 Amide IT [57]
1638 Amide I [57, 59]

in figure 8(b). The obtained results exhibited aggregates’ dia-
meters of greater than 140 nm, which indicate that the aggreg-
ates fall within the Mie scattering theory regime. The signi-
ficantly higher scattering cross-section of these larger aggreg-
ates leads to a decrease in the intensity of the localised electric
field and consequently, a decreased SERS enhancement
factor [35].

The Raman spectrum of proteins have several distinct bands
arising from the polypeptide backbone, namely, amide A, B
and I to VII [59]. Amongst these bands, the amide I band
(1600-1700 cm™"), corresponding to the C=0 stretch of the
polypeptide backbone, is particularly useful for characterising
protein secondary structure. The amide I envelope is the super-
position of the various C=O stretching frequencies due to the
unique geometry of proteins and hydrogen bonds within the
protein molecule [61]. Figure 9 shows the unenhanced Raman
spectrum and SERS spectra of 300 g ml~! of lysozyme (Lyz)
between 1500 and 1800 cm~!. The unenhanced Raman spec-
trum is shown as the black trace, while the SERS spectra
obtained using the spherical gold nanoparticles in our previ-
ous work [25] and S1 are shown as the red and blue trace,
respectively, in figure 9. This region contains both the amide II
(1500-1600 cm™!) and amide I (1600—-1700 cm™"). However,

the amide II band is less sensitive and selective to protein
conformational changes [61]. Therefore, the spectra in figure 9
were normalised to the amide II peak.

Typically, the SERS spectrum of proteins exhibits a sup-
pression of the amide I band, an effect attributed to the shield-
ing of the polypeptide backbone from the gold nanoparticle
surface by the amino acid side chains [41]. This was observed
in the red trace in figure 9. However, the amide I suppression
was not observed on the spectrum obtained using S1 (blue
trace), as shown in figure 9. The enhancement factor for lyso-
zyme obtained using S1 was calculated to be 7.62 x 10° rel-
ative to the intensity of the amide I peak of the unenhanced
Raman spectrum of lysozyme. This indicates the unique geo-
metry of the gold nanostars was able to enhance both the poly-
peptide backbone and the amino acid side chains. However, the
absence of the peak in the region between 1649 and 1660 cm !
on both the red and blue traces in figure 9 suggests a con-
formational change from «-helical structure to /3-sheets [41].
Additionally, figure 9 also shows the higher degree of con-
formational changes in the lysozyme protein adsorbed on the
AuNp surface compared to S1. This can be seen from the
blue-shifting of the amide I and amide II peaks from 1633 to
1602 cm~! and 1556-1533 cm™!, respectively, indicating a
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Figure 10. (a) SERS spectra of grouper epidermal mucus obtained using AuNp, S1-S3. The SERS spectra of grouper epidermal mucus
obtained using S1 with the addition of various concentrations of Na; SOy are shown in (b). The identified peaks are marked in (b).

conformational change to a secondary structure with more (3-

sheets [62].

Based on figures 10(a) and (b), the enhancement factor was
the highest using S1 and in the absence of Na;SO, as the

aggregating agent. Coupled with the results shown in figures 4,

6 and 7, it is evident that the SERS performance was the best

for all the analytes using S1 without the addition of Na; SOy as
the aggregating agent. These results clearly indicate the SERS
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Table 3. Tentative peak assignment of the SERS spectrum of grouper epidermal mucus. The peaks are assigned within =5 cm™! of the

literature values to account for instrumental differences.

Peak (cm™!) Functional group Tentative peak assignment Ref.erences
416 Aliphatic C—C chain deformation Tryptophan [57, 60, 64]
482, 526 S-S stretch Cystine [60, 65]
650 Aliphatic C-S stretch, ring deformation Methionine, tyrosine [57, 58, 65]
724 Aliphatic C-S stretch, indole ring breathing Methionine, tryptophan [60, 64, 65]
952 C—C stretch of o-helical structure Proteins [55, 57, 58]
1027 Benzene ring breathing Phenylalanine [58, 65]
1092 C-C, C-N stretch and ring bending Proteins [57]

1122 C-N stretching Proteins, valine [58, 66]
1235 Amide II1 Proteins [58, 59]
1259 Amide I1I, x-helical structure Proteins [59]

1331 C-H aliphatic deformation, ring stretching Proteins, tryptophan [58, 64, 65]
1374 CHj3 symmetric deformation Proteins, alanine [57, 65]
1444 CH; deformation Proteins, glycine [57, 65]
1579 Indole ring, NH, scissoring Proteins, tryptophan [57, 67]
1633 Amide I, 3-sheet Proteins [61]

1679, 1692 Amide I, B-turn Proteins [61]
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Figure 11. (a) Normalised UV-visible absorbance spectra of S1 measured over 30 days and (b) the progression of the SPR peak over
30 days. The spectra after the day 1 are drawn with dashed lines in (a) for visual clarity.

enhancement is dependent on the morphology of the gold
nanostars and the enhancement favours the gold nanostars with
fewer but longer spikes. In addition, the SERS performance
of the gold nanostars was the best in the unaggregated
state.

Grouper epidermal mucus is a complex matrix consist-
ing of a wide variety of immune related compounds such
as antimicrobial peptides, lysozymes, lectins, and proteases
which play vital roles in fish physiology [23]. Therefore, the
constituents of the epidermal mucus reflect changes in fish
physiology. However, the SERS spectrum of epidermal mucus
is the superposition of all the compounds in the epidermal
mucus, which makes the identification of the individual com-
pounds difficult. The functional group and the tentative peak
assignment of the peaks identified in figure 10(b) is summar-
ised in table 3. Despite this, in our previous work, differences
in peak intensity between the control group and experimental
group were able to reveal the differences in physiological
response to hypoxia in hypoxia-tolerant and intolerant fish
[63]. Based on figure 10(a), the sensitivity of S1 for in-solution

SERS was significantly higher than the 44 nm spherical
gold nanoparticles used in both of our previous works
[25, 63].

3.4. Stability of the gold nanostars and repeatability of the
synthesis

The gold nanostars synthesised in the presence of 1 mM
AgNOs (S1) were found to be the best morphology to obtain
the highest enhancement factor. Figures 11(a) and (b) show
UV-visible absorbance spectra measured over 30 days and
the progression of the SPR peak of S1 respectively. Due to
the lack of stabilising ligands, the stability of the surfactant-
free gold nanostars was poor. Based on figure 11(b), S1 was
stable up to the second day after synthesis. The red-shift in
the SPR peak indicates the formation of aggregates, and the
blue-shift indicates an evolution to a more circular morpho-
logy and the blunting of the spikes. Figure 11(b) shows that
there was a cycle of aggregation followed by blunting of the
spikes over the course of 30 days. Figure 12 clearly shows that
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Figure 12. TEM image of S1 after 7 days post synthesis.
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Figure 13. (a) UV-visible absorbance of 12 batches of S1 and (b) box plot of the SPR peak.

the morphology becomes more circular and the spikes have
become significantly blunt seven days after synthesis.

The repeatability of the synthesis was also investigated.
Twelve batches of S1 were prepared on the same day, and
the UV-visible absorbance spectra of the twelve batches are
shown in figure 13(a) and from the box plot in figure 13(b),
the mean SPR peak was 635 nm with standard error of 2.54 nm
and a standard deviation of 9.16 nm. The small standard error
and standard deviation indicate that the synthesis is repeatable.
The variation in FWHM, however, may be due to the different
average spike lengths in each synthesis.

3.5. Effects of stabilising ligands

Sodium citrate and potassium iodide (KI) were tested as sta-
bilising ligands for gold nanostars. Both citrate ions and iod-
ide ions are negatively charged, and the adsorption of the ions
on the gold nanostars’ surface provides a layer of negative
charge. Two batches of S1 were incubated with 100 p1 of 1 mM
sodium citrate and potassium iodide solution overnight. The
resulting colloids were centrifuged and redispersed in 10 ml
of deionised water to remove any unbound citrate and iodide
ions. The electrostatic repulsion of the negatively charged ions
on the surface prevents the aggregation of the gold nanostars,
but there was a significant reduction of the enhancement factor
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Figure 14. SERS spectra of R6G obtained using bare gold
nanostars, citrate capped and iodide capped gold nanostars.

due to competitive binding, as evident in figure 14. The citrate
capping appears to have a slightly better enhancement factor
compared to the iodide capping, possibly due to the lower
affinity of citrate ions to gold surfaces. However, in the interest
of obtaining the highest enhancement factor for the best signal
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quality, the addition of stabilising ligands was not pursued fur-
ther. In this work, the gold nanostars were synthesised at most
a day prior to conducting SERS analysis.

4. Conclusion

This study demonstrates that surfactant-free gold nanostars
are a highly viable colloidal substrate for SERS in biolo-
gical fluids. The surfactant-free synthesis route utilises sil-
ver ions to tune morphology and the resulting SPR peaks.
Our results show that gold nanostars synthesised with 1 mM
AgNO; (S1) exhibited the most effective morphology, char-
acterised by a high aspect ratio of 3.25. This structure, with
long spikes, proved to be superior for in-solution SERS, yield-
ing the highest enhancement factors for all tested analytes;
R6G, lysozyme, and grouper epidermal mucus. Specifically,
enhancement factors of 4.72 x 10° for R6G and 7.62 x 10 for
lysozyme were achieved with these unaggregated nanostars.
Furthermore, the low enhancement factor of S2 and S3 is due
to the higher degree of aggregation, leading to the increased
light scattering, which lowers the localised electromagnetic
field intensity. These gold nanostars are also capable of enhan-
cing protein polypeptide backbone peaks, which are typic-
ally shielded from enhancement. While the surfactant-free
route provides high SERS activity, it introduces a colloidal
instability that causes aggregation and spike blunting just a
few days post-synthesis. Note that these nanostars lacked sta-
bilising ligands to preserve their SERS-active morphology.
Future work will focus on improving stability without com-
promising the enhancement factor, building upon our finding
that gold nanostars with fewer, longer spikes in an unaggreg-
ated state offer superior performance. This study provides a
strong foundation for unlocking new insights into biological
analyses using SERS.
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