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Abstract: In order to improve the detection performance of surface-enhanced Raman scattering
(SERS), a low-cost Au@Ag nanorods (Au@Ag NRs) substrate with a good SERS enhancement effect
was developed and applied to the detection of malachite green (MG) in aquaculture water and
crayfish. By comparing the SERS signal enhancement effect of five kinds of Au@Ag NRs substrates
with different silver layer thickness on 4-mercaptobenzoic acid (4-MBA) solution, it was found that
the substrate prepared with 100 L. AgNOj3 had the smallest aspect ratio (3.27) and the thickest Ag
layer (4.1 nm). However, it showed a good signal enhancement effect, and achieved a detection
of 4-MBA as low as 1 x 10711 M, which was 8.7 times higher than that of the AuNRs substrate.
In addition, the Au@Ag NRs substrate developed in this study was used for SRES detection of
MG in crayfish; its detection limit was 1.58 x 10~? M. The developed Au@Ag NRs sensor had the
advantages of stable SERS signal, uniform size and low cost, which provided a new tool for SERS
signal enhancement and highly sensitive SERS detection method development.

Keywords: Au@Ag nanorods substrate; surface-enhanced Raman scattering (SERS); malachite green

1. Introduction

Surface-enhanced Raman Scattering (SERS) has been widely used in the detection and
analysis of hazardous substances due to its non-destructive, short-time-consuming, high
sensitivity and unique molecular vibration fingerprint [1]. Both the electromagnetic (EM)
and chemical (CM) enhancement mechanisms can explain the Raman enhancement effect. It
has been found that the electromagnetic enhancement principle of SERS is closely related to
surface plasma excitation and the electromagnetic field intensity near the surface, while the
chemical enhancement is caused by the charge transfer between molecules and metals [2].
According to the enhancement mechanism, the substrate used for SERS detection had a
great impact on the signal strength, and the size, shape and material composition of the
substrate would affect the enhancement effect of SERS signal [3,4]. Therefore, a stable,
highly bioactive and uniform SERS substrate is crucial for development of sensitive and
novel SERS technology.

In the field of SERS detection, metal colloid substrates, flexible substrates and solid
substrates have been the most widely used substrates in the last few years [5]. Metal colloid
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substrates are prepared by reducing the noble metal (Au, Ag, etc.). By controlling the
type and concentration of metal salts and reducing agents, the shape and size of various
metal colloid substrates can be tailored. The main method for the synthesis of the metal
colloid substrates is chemical synthesis, which is simple to operate, easy to synthesize
and less time consuming compared with irradiation reduction and laser ablation. Flexible
substrates are developed by the deposition of nanoparticles to the flexible base such as
paper base, polymer films and adhesive tape [6,7]. Li et al. combined gold nanotriangles
and polydimethylsiloxane film to prepare a flexible substrate for rapid CAP detection in
food samples [8].

In general, a solid substrate base includes glass slides, silicon wafers, alumina,
polyvinyl chloride (PVC) and so on [9,10]. Yu-San Chien et al. utilized alumina beads as a
solid base to develop a SERS sensor and demonstrated its SERS sensitivity of 4-aminophenyl
disulfide (4-APDS) [11]. However, the use of solid-based and flexible substrates for SERS
preparation is associated with tediousness, high cost and it is time-consuming. In contrast,
colloidal metal nanoparticles require a simple material synthesis process that is easy to
operate and low-cost. Silver nanoparticles (Ag NPs) and gold nanoparticles (Au NPs)
are widely utilized due to their surface plasmon resonances in both the visible light and
near-infrared regions, rendering them as the most commonly employed metals [12,13].
Muhammad et al. fabricated a SiO,@Au composite substrate that enables rapid detection
of fipronil residues on egg surfaces, with a lowest detection limit of 0.1 ppm [14]. Chen
et al. realized a SERS sensor by combining semiconductors and Ag nanoparticles (NPs) to
detect histamine [15].

In addition, the factors such as the size, shape and surface morphology of nanoparticles
would have a great influence on the SERS property. Qi et al. [16] utilized gold nanostars to
prepare a uniform SERS substrate with PC membrane, which exhibited excellent sensitivity
for detecting R6G at concentrations as low as 1 x 10~!% M and achieved an enhancement
factor of approximately 3.70 x 10°. Javad et al. [17] developed gold-aryl nanocubes for
SERS analysis, achieving detection limits of 10! M R6G. Soumya et al. [18] fabricated
AgNPr/ZnO NRs substrates and found that the highest SERS signal was obtained from
substrates with a 1500 nm nanorod length, highlighting the importance of substrate shape
and composition in improving SERS performance.

On the other hand, bimetallic nanoparticles offer the combined benefits of two or more
individual nanoparticles. Silver/gold bimetallic nanoparticles not only exhibit the optical
enhancement properties of Ag, but also possess the chemical stability of Au, thereby effec-
tively enhancing substrate strengthening ability. Consequently, developing SERS-active
substrates based on Ag/Au binary metal nanostructures has become a prominent research
topic in SERS. Liu et al. synthesized Au@Ag nanoparticles with varying thicknesses of Ag
shell and investigated the correlation between the SERS signal of thiram and the thickness
of the silver shell [19]. Chen et al. have developed Au@Ag nanorods (NRs) substrate for
detecting TBZ in apple juice and peach juice, achieving LODs of 0.032 ppm and 0.034 ppm,
respectively [20]. Au@Ag nanorods possess broader applicability in optical sensing fields
due to their ability to combine the advantages of silver’s optical enhancement with their
unique shape, compared to Au@Ag nanospheres.

The objective of this study was to fabricate a highly stable and homogeneous Au@Ag
NRs sensor with strong SERS signal. Scheme 1 illustrates the fabrication process of the
Au@Ag NRs substrate and its SERS detection mechanism for MG. Initially, Au@Ag NRs
substrates were chemically synthesized based on the seed growth method by controlling
Ag deposition over Au seeds. Subsequently, we investigated the effect of silver layer
thickness on the SERS enhancement of Au@Ag NRs using 4-MBA. The fabricated Au@Ag
NRs sensor exhibited significant improvement in SERS signal. Finally, detection of MG
in aquatic products was performed to discuss the application feasibility of the fabricated
Au@Ag NRs substrate.
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Scheme 1. Schematic diagram for the preparation of Au@Ag nanorods substrate and its SERS
detection of malachite green.

2. Materials and Methods
2.1. Reagent

Cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC),
sodium oleate (NaOL), chloroauric acid (HAuCly-4H,0), silver nitrate (AgNOs) and hy-
drochloric acid (HCI) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). L-Ascorbic acid (L-AA), 4-mercaptobenzoic acid (4-MBA) and sodium borohy-
dride were obtained from Qiaoyi Biotechnology Co., Ltd. (Shanghai, China). Malachite
green, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone and other chemicals were purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China). Ultrapure water was used in all
experiments from Shanghai Ding-shuo’s water purification system (Shanghai Ding-shuo
Electronic Technology Co., Ltd., Shanghai, China), which was deionized and ultra-purified
to 18.2 MQ).

2.2. Synthesis of Au@Ag NRs Substrate

The Au@Ag NRs substrate was fabricated on the basis of the method of Pu H et al.
with a slight modification [21]. Firstly, AuNRs were synthesized by the seed-mediated
approach. Briefly, 0.01 M NaBH,; was rapidly added to the solution by mixing 9.75 mL
0.1 M CTAB solution with 25 pL. 0.01 M HAuCly. The solution, after incubation for 2 h
at 37 °C, was used as the Au seed. Next, 30 mL solution containing CTAB (0.768 g) and
NaOL (0.547 g) was mixed with 1.35 mL 0.01 M AgNOs3, stirred for 5 min and incubated at
37 °C for 15 min. Then 30 mL 1 mM HAuCl, was added to the above solution and stirred
at 700 rpm for 90 min. After the solution turned colorless, 1 M HCl was added and the
speed was adjusted to 400 rpm for 15 min. Then, 1 mM ascorbic acid solution was added
while stirring vigorously for 30 s. Finally, 100 uL of Au seed solution was added to the
solution and kept incubated for 15 h at 37 °C, to grow AulNRs. The synthesized AuNRs
were centrifuged twice at 8000 rpm (15 min) and resuspended with 30 mL ultra-water for
the next use.

Next, Ag was modified on the surface of AuNRs. Different volumes of 0.01 M AgNO3
(50, 100, 200, 300, 400 pL) were mixed with 100 uL. 0.08 M CTAC and incubated for 10 min at
37 °C. Then, 2.5 mL of AuNRs were added and incubated at 37 °C for 5 min. Subsequently,
100 uL 0.1 M ascorbic acid was added to the solution while shaking vigorously. After the
solution reacted for 4 h at 37 °C, the resultant solution was purified through centrifugation
twice at 7000 rpm (15 min) and 4600 rpm (15 min), and resuspended with 3 mL ultra-water
for the next use.

2.3. Characterization of Au@Ag NRs Substrate

The UV spectra of AuNRs and Au@Ag NRs were acquired using a UV-Vis spectropho-
tometer (Beijing Puxi General Instrument Co., Ltd., Beijing, China). Transmission electron
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microscopy (TEM) was utilized to obtain TEM images of the aforementioned nanoparticles
with Talos L120C G2 from FEI NanoPorts Co., Hillsboro, OR, America being employed for
this purpose. The HAADF-STEM images were acquired by utilizing the Talos F200X (FEI
NanoPorts Co., Hillsboro, OR, USA), a high-angle annular dark-field scanning transmission
electron microscope.

2.4. SERS Detection Based on Au@Ag NRs Substrate

SERS spectra were acquired using a portable Raman spectrometer, the BWS465-785s
from BWTEK in Shanghai, China. The SERS enhancement of the synthetic Au@Ag NRs sub-
strate was evaluated using 4-mercaptobenzoic acid (4-MBA) standard. Briefly, 10 uL1073 M
4-MBA was mixed with 1000 pL synthetic AuNRs and Au@Ag NRs. After incubation for
10 min, 10 uL mixture was dropped on the glass slide for SERS detection. Then, different
concentrations of 4-MBA (1077 M, 1078 M, 10~° M, 101 M, 10~!! M) were detected to
analyze the SERS detection sensitivity. The parameter settings of the instrument were exci-
tation wavelength (785 nm), power (50%), integration time (10,000 ms) and accumulation
(3 times).

Detection of MG based on Au@Ag NRs substrate were performed as following. Firstly,
100 pL of different concentrations of MG solution (5 x 1072 M~2 x 107 M) was mixed
with 100 uL. Au@Ag NRs substrate and 30 puL of 0.1 M NaCl, respectively. Subsequently,
10 pL of the mixed solution was dropped on the glass slide for detection after incubation
for 10 min. The parameters of SERS detection are the same as the 4-MBA standard test,
except for the power (100%).

2.5. Detection of Real Samples Based on Au@Ag NRs Substrate

The real sample was prepared following the method of Xu T et al. with slight mod-
ification [22]. Initially, 2 g of sample homogenate was mixed with 500 uL. NH,OH-HCI
solution. Subsequently, 10 mL acetonitrile, 1g anhydrous magnesium and 4 g alumina
were vigorously added and mixed. The supernatant was dried with nitrogen at 50 °C
after centrifugation (4000 rpm, 5 min) and the residues were dissolved in 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone solution. Subsequently, alumina was added and mixed well
and the mixture was centrifuged (12,000 rpm, 10 min). Finally, the supernatant was filtered
through a 0.22 um filter. Then, the real samples were prepared by mixing the MG standard
solution with the above solution.

2.6. Statistical Analysis

Detection results were presented as mean value and standard deviation (n = 3), and
Raman spectra were baseline corrected and smoothed by the BWTEK program. The limit
of detection (LOD) for MG was determined by the following formula:

LOD =35, + Y,

Sp, above, is the standard deviation of the SERS intensity at 1617 cm~! and Yy, is the
mean intensity of the blanks at 1617 cm 1.

3. Results and Discussion
3.1. Characterization of Au@Ag NRs Substrate

In this study, Au@Ag NRs substrate were fabricated by three steps, which were the
synthesis of Au seeds, Au NRs and Au@Ag NRs. After the successful preparation of each
step, the optical properties of each product change [23]. The colors of Au seeds, Au NRs
and Au@Ag NRs changed from brown, to light red, then to green (Figure 1A), which was
consistent with the report of Pu et al. [21]. It has been shown that Au@Ag NRs substrates
have been successfully fabricated. In addition, a clear wavelength shift of the AuNRs and
Au@Ag NRs substrates was observed in the UV spectrophotometry (Figure 1B). When
the AuNRs were covered with Ag, the longitudinal plasmon resonance had a blue shift
from 832 nm to 687 nm. When the longitudinal plasmon resonance wavelengths was near
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690 nm, the Au@Ag NRs substrate was green [24]. Hence, the blue shifts of the longitudinal
plasmon resonance wavelengths was consistent with the color change of AuNRs and
Au@Ag NRs. It was found that when Ag was modified to the surface of AuNRs, Ag had
stronger plasma absorption characteristics and a shorter plasma resonance wavelength,
leading to the blue shift [25]. The wavelengths of the transverse plasmon resonance also
showed a blue shift from 512 nm (AuNRs) to 462 nm (Au@Ag NRs) (Figure 1B). These
results proved that Au@Ag NRs was successfully synthesized.

A B 30

Auseeds AuNRs Au@AgNRs

AuNRs

A
Au@AgNRs ~ A087nm

832 nm
4462 nm

Absorbance

400 ' 5(|)0 ‘ G(IJO 7(IJO I 860 960 '1000
Wavelength (nm)

Figure 1. (A) Images of Au seed solution, Au NRs solution and Au@Ag NRs solution; (B) The UV
spectra of AuNRs and Au@Ag NRs substrates; (C) A HADDF-STEM image of Au@Ag NRs (left);
elemental mapping of Ag, Au and both elements of Au@Ag NRs substrate.

In addition, HAADF-STEM and EDS were employed to achieve atomic-scale realiza-
tion of the construction of Au@Ag NRs substrate. As depicted in Figure 1C, a distinct
core-shell structure (grey shell and light core) was observed by HADDF. This is attributed to
the difference in atomic number of Au and Ag [26]. Furthermore, in EDS analysis, different
colors represent different elements, with red representing Au and green representing Ag.
EDS elements also demonstrated the successful synthesis of Au@Ag NRs substrate.

3.2. SERS Enhancement Evaluation of Au@Ag NRs Substrates with Different Silver Thickness

The SERS enhancement capability could be affected by the thickness of the Ag shell
in Au@Ag NRs substrates [20]. Therefore, Au@Ag NRs substrates were fabricated by
adding varying AgNO3 amounts and evaluated for their ability to enhance SERS signals.
As shown in Figure 2A, 4-MBA standard solution was detected by AuNRs and Au@Ag
NRs substrate. With 10~¢ M 4-MBA standard solution, AuNRs and Au@Ag NRs substrates
were detected individually, with which no peaks appeared. This indicated that the presence
of AuNRs and Au@Ag NRs substrates does not affect SERS detection. The addition of
4-MBA to Au NRs substrates could enhance the peaks at 1078 cm~! and 1581 cm ™!, which
belong to the circular breathing pattern and C=N stretching, respectively [27]. While the
addition of 4-MBA to Au@Ag NRs substrate, the SERS intensity of peaks at 1078 cm ™!
and 1581 cm~! was significantly enhanced. The SERS intensity of 4-MBA at 1581 cm ™!
indicated an increase in SERS intensity by a factor of 8.7 when using Au@Ag NRs substrate
instead of AuNRs substrate. The Au@Ag NRs substrate exhibits a higher enhancement
effect on 4-MBA, which can be attributed to the stronger bonding between Ag and S in
4—MBA [28].
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Figure 2. (A) SERS intensity of 4—MBA using AuNRs and Au@Ag NRs substrates. (B) SERS spectra
of 4—MBA based on Au@Ag NRs substrate fabricated with varying amounts of AgNOj;_ The black
star refers to utilize the SERS intensity at 1581 cm ™! to assess the amounts of AgNOj3. (C) TEM
images of Au NRs (a) and Au@Ag NRs fabricated with varying amounts of AgNOs; (b) 50 puL,
(c) 100 puL, (d) 200 puL, (e) 300 uL, (f) 400 uL. (D) The aspect ratio and thickness of the Ag shell of
Au@Ag NRs substrates fabricated with varying amounts of AgNOs.

Furthermore, in Figure 2B, the SERS intensity of Au@Ag NRs with varying silver
thickness was compared. It was observed that the highest SERS intensity for 4—-MBA
detection was achieved by Au@Ag NRs substrates fabricated using 100 uL AgNOs. The
volume of AgNO; used during the preparation process can affect the aspect ratio, Ag shell
thickness and morphology of Au@Ag NRs substrates [29,30]. As shown in the TEM results
(Figure 2C), homogeneous and equal morphology was obtained when preparing Au@Ag
NRs using 100 pL. AgNOj;. As shown in Figure 2D, Au@Ag NRs prepared using 100 pL
AgNO;3 had the smallest aspect ratio (3.27) and the thickest Ag layer (4.1 nm). Therefore,
Au@Ag NRs prepared using 100 L. AgNO3 were selected for subsequent experiments.

3.3. SERS Detection Sensitivity of 4-MBA Based on Au@Ag NRs Substrate

Figure 3A showed the SERS spectra using the Au@Ag NRs substrate with different
concentrations of 4-MBA. It was observed that the SERS intensity was directly proportional
to the logarithm concentration of 4-MBA and the limit of detection (LOD) reached as low as
10! M. This is significantly lower than the LOD (10~7 M) reported by Waiwijit et al. for the
detection of 4-MBA on a SERS substrate based on cotton cloth [31]. The results demonstrated
the excellent detection sensitivity of the Au@Ag NRs SERS detection platform for 4-MBA. As
the strongest SERS intensity was at 1581 cm ™!, a plot was generated in Figure 3B to depict
the relationship between SERS intensity of 4-MBA at 1581 cm~! and the logarithm of its
concentration. The fitting regression equation y = 146.99 logx + 2736.79 was obtained with a
linearity correlation coefficient (R?) of 0.991.
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Figure 3. (A) SERS spectra detected by Au@Ag NRs substrates for varying concentrations of 4-MBA;
(B) Linear correlation between SERS intensity at 1581 cm ! and log concentration of 4-MBA; (C) SERS
spectra of 30 detection points using different Au@Ag NRs substrates; (D) SERS intensity distribution
of 30 points at 1581 cm 1.

The stability of SERS signals on Au@Ag NRs substrates was assessed using 4—MBA
as a probe molecule. Three distinct batches of Au@Ag NRs were selected, and ten points
from each batch were randomly tested. As depicted in Figure 3C, two significant Raman
peaks were observed at 1078 cm ™! and 1581 cm ™!, respectively. These peaks showed little
change in SERS intensity. Furthermore, the SERS intensities at 1581 cm~! are also shown in
Figure 3D. The relative standard deviation (RSD) of the 30 SERS intensities at 1581 cm ™!
was determined as 9.84%. It is generally accepted that the relative standard deviation
of SERS substrates between batches or between different test points in the same batch
should not exceed 20% [32]. Therefore, the Au@Ag NRs substrate developed in this study
demonstrated excellent stability of SERS signals.

3.4. Detection Performance Evaluation of Real Samples Based on Au@Ag NRs Substrate
3.4.1. Optimization of SERS Detection for Malachite Green

The optimal enhancement of SERS detection is achieved when the analyte’s vibration
mode is perpendicular to the substrate, which relies on both the quantity of substrate
and analyte added. Therefore, the addition amount of Au@Ag NRs and malachite green
(MG) was crucial in SERS detection [33]. In addition, it was found that the aggregation or
assembly of Au@Ag NRs would be initiated by the addition of salt, due to the electrostatic
neutralization [34]. Therefore, in order to detect the MG in foods based on Au@Ag NRs
substrate, for the addition amount of 10~® M MG, Au@Ag NRs substrate and 0.1 M NaCl,
the reaction time of the mixture of the above substance were optimized. The highest SERS
intensity at 1167 cm~! and 1617 cm~! was found in the 100 uL of Au@Ag NRs substrate
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(Figure 4A), 100 uL of MG (Figure 4B) and 30 pL of NaCl (Figure 4C), respectively. The
optimal reaction time was observed at 5 min (Figure 4D). Therefore, the optimal condition
for SERS based on Au@Ag NRs to detect MG was to use 100 L Au@Ag NRs substrate,
100 pL 10~® M MG and 30 pL 0.1 M NaCl, and the signal was collected after incubation of
the mixture for 5 min.

A B
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400 L 250 uL
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: = I\ 1
A ’ K pn N '\ ) 300 o 200 pL
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\ \ \
2 A A v
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600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
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Figure 4. SERS spectra for detection of malachite green using different addition amounts of
(A) Au@Ag NRs, (B) MG and (C) 0.1 M NaCl, and (D) different incubating time. The black stars
denote the SERS intensity of two selected peaks during the optimization process, and the red boxes
denote the optimal conditions in detection.

3.4.2. Detection Sensitivity and Accuracy

Under the optimal detection conditions, we investigated the SERS detection sensitivity
and accuracy of MG using the developed Au@Ag NRs substrate. In surface-enhanced
Raman spectroscopy, the intensity of the characteristic peak corresponding to the analyte
in SERS is directly proportional to its concentration. The peak at 1167 cm ™! corresponds
to the bending vibration of the C-H bond in the benzene ring and the peak at 1617 cm ™!
corresponds to the stretching vibration of the C-C bond within the benzene ring [35].
During MG determination, we selected the linear relationship between the Raman intensity
at 1617 cm~! and the paired value of the MG concentration.

A gradual decline in SERS intensity was observed with decreasing MG concentration in
Figure 5A. The fitting regression equation was y = 19,863.15 logx + 176,665.03, the linearity
correlation of R? was 0.989 and the limit of detection (LOD) for MG was determined to
be 1.58 x 10~2 M (Figure 5B). Liu et al. [36] prepared Au@SiO, nanoparticles to detect
MG in fish, realizing an LOD of 1.5 x 10~? M. Zhang et al. [33] constructed a nanosphere
SERS sensor for the detection of MG in fish with an LOD of 1.37 x 10~ M. Yue X et al. [37]
developed a ratio-metric fluorescent sensor combined with a smart phone to achieve MG
detection of fish with an LOD of 4.35 x 10~® M. Therefore, the SERS detection sensitivity of
MG, based on the developed Au@Ag NRs substrate, was at the same level as the reported
methods. However, the developed Au@Ag NRs substrate had the advantages of stable
SERS signal, uniform size and low cost, which can be used for the detection of MG in
aquatic products.
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Figure 5. SERS spectra of malachite green at different concentrations using Au@Ag NRs substrate (A),
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SERS intensity at 1617 cm ™! to assess the concentration of MG.
To evaluate the accuracy of SERS detection of MG by Au@Ag NRs substrate, the
spiked MG samples in aquaculture water and crayfish were detected, respectively. The
SERS spectra are shown in Figure 6A (aquaculture water) and Figure 6B (crayfish). As
shown in Figure 6C, the recovery rate of MG in aquatic water was 89.6~106.0%, and its
RSD was 4.74~6.82%. While the recovery rate of MG in crayfish muscle was 93.5~107.0%,
with the RSD ranging from 5.19~6.01%. These results indicated the developed Au@Ag NRs
sensor had good accuracy for MG detection.
Aquaculture water * Crayfish *
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Figure 6. SERS spectra of malachite green in aquaculture water (A) and in crayfish (B) at different
concentrations based on Au@Ag NRs substrate. (C) Recovery results of SERS detection for MG in
aquaculture water and crayfish. The black star refers to utilize the SERS intensity at 1617 cm ™! to

assess the concentration of MG.
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4. Conclusions

In this study, Au@Ag NRs substrate was developed with simple preparation and a
good SERS enhancement effect. Its SERS signal was 8.7 times higher than that of the AuNRs
substrate. The sensitivity for 4-MBA of SERS detection based on Au@Ag NRs substrate
was low to 101! M. In addition, the fabricated Au@Ag NRs substrate had the advantages
of stable SERS signal, uniform size and low cost, and could be used for the detection of
MG in aquaculture water and crayfish; the limit of detection of MG was calculated as
1.58 x 10~? M. This study provided a new tool for SERS signal enhancement and a highly
sensitive SERS detection method development.
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