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ABSTRACT

Introduction: Malachite green (MG), a toxic and carcinogenic triphenylmethane dye widely used
in aquaculture, has been restricted in many regions due to health and environmental concerns;
however, it remains prevalent in some areas because of its low cost and strong efficacy. Although
various methods have been employed to detect MG, surface-enhanced Raman scattering (SERS)
offers rapid, high-sensitivity analysis by leveraging noble metal nanostructures and their localized
surface plasmon resonance.

Methods: The SERS method for detecting MG leverages the localized surface plasmon resonance
(LSPR) of gold (Au) and silver (Ag): these noble metal nanoparticles (NPs) create “hot spots" that
concentrate electromagnetic energy. When MG molecules are adsorbed onto the Au/Ag surface,
their Raman scattering signalis significantly amplified, allowing for detection at low concentrations.
By employing a multilayer structure containing Au and Ag, the LSPR effect is optimized, resulting
in a higher detection efficiency compared to single-layer metal substrates.

Results: Characterization via UV-Vis spectroscopy and XRD confirmed that Au and Ag NPs exhibit
distinct plasmon absorption peaks (407 and 526 nm, respectively) and the (111) lattice plane at
260 = 382°. HR-TEM and FE-SEM revealed that the Au NPs are spherical (30.46-nm diameter), and
the Ag NPs measure 20 nm in diameter. SERS experiments with MG indicated that the P/Au/Ag
substrate provides the highest enhancement, detecting MG down to 10~2 M.

Conclusions: The P/Au/Ag substrate for SERS-based MG detection was successfully fabricated and
characterized, achieving a detection limit of 107"M. The robust multilayer structure, boosted by
the synergy between Au and Ag, holds significant potential for trace-level detection of various

contaminants in environmental monitoring and food safety.
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INTRODUCTION

Malachite green (MG), a triphenylmethane dye, is
commonly used as an ectoparasiticide, fungicide, and
antiseptic in aquaculture because it can prevent fun-
gal and parasite infections in fish!. The use of MG
in aquaculture has garnered significant attention due
to its established toxicity and carcinogenic proper-
ties, resulting in its classification as a Class II health
hazard?. MG is deemed safe when its concentration
falls within the minimum required performance limit
(MRPL), 1-2 ug/kg®. Some reports have indicated
that MG poses significant risks to human health due
to its severely poisonous nature, along with its poten-
tial to cause cancer, birth defects, and genetic muta-
tions. Furthermore, trace amounts of MG in aquacul-
ture water can lead to substantial water contamina-
tion. As a consequence, several nations and regions
have implemented regulations or, in some cases, com-
pletely prohibited its use in aquaculture; yet, its af-

fordability and effectiveness make it a common prac-
tice in other areas*. For these reasons, MG must be
detected in order to minimize human health risks and
water contamination.

Multiple techniques have been developed for
detecting MG, such as high-performance liquid
chromatography with visible detection (HPLC-
VIS)®, liquid chromatography-mass spectrometry
(LC-MS)S,

immune

spectrophotometry’,  enzyme-linked
(ELISA)S,
spectroscopy

capillary
(CE-RS)?,
) 10.

sorbent assays
electrophoresis-Raman
and surface-enhanced Raman scattering (SERS
SERS is a technique that amplifies the Raman signal
from molecules adsorbed onto nanostructured or
roughened metal surfaces. This technology is widely
used because it enables the rapid analysis of samples
and the identification of molecular fingerprints
in real-time, with high sensitivity, and without

damaging the sample !!.
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Multiple techniques have been developed for detect-
ing malachite green (MG) in the literature, such as
high performance liquid chromatography with visi-
ble detection (HPLC-VIS) >, liquid chromatography-
mass spectrometry (LC-MS)® , spectrophotometry” ,
enzyme-linked immune sorbent assay (ELISA)® , cap-
illary electrophoresis-Raman spectroscopy (CE-RS)°
, surface-enhanced Raman scattering (SERS) 10 etc.
SERS is a technique that amplifies the Raman signals
of molecules adsorbed onto nanostructured or rough-
ened metal surfaces. This technology is used exten-
sively due to its ability to analyze samples and identify
molecular fingerprints quickly, in real time, with
highsensitivity, and without damaging the sample ! .
Noble metal nanoparticles, particularly gold (Au NPs)
and silver (Ag NPs), are frequently used to fabricate
SERS substrates due to their unique optical charac-
teristics. This is attributed to localized surface plas-
mon resonance (LSPR), an effect in which the free
electrons in the metallic nanostructures oscillate col-
lectively, enhancing the optical properties'>. While
both Au and Ag NPs can provide enhancement, Ag
NPs generally exhibit stronger plasmonic resonances
than Au NPs, often resulting in higher overall signal
intensities !>, The structure of noble metal nanomate-
rials plays a crucial role in determining the enhance-
ment effect of SERS 4. The limited functionality of
monolayer nanostructures, which often lack the abil-
ity to exhibit multiple properties concurrently, signif-
icantly restricts their potential applications'>. Mul-
tilayer nanostructures have recently become a focus
of significant research due to their potential flexibility
in material design. By carefully controlling the plas-
mon coupling between the various layers, researchers
can precisely engineer the intensity and distribution
of “hot spots” within these structures, leading to tai-
lored functionalities and enhanced performance '°.
In this work, Au NPs and Ag NPs were deposited on
paper (P) substrates to fabricate P/Au monolayers and
P/Au/Ag multilayers for sensitive detection of MG
using SERS. Notably, the P/Au/Ag substrate demon-
strated superior performance, achieving a detection
limit as low as 10~2 M. These findings highlight the
potential applications of the P/Au/Ag substrate in var-
ious fields, including environmental monitoring and
food safety, where the detection of trace-level con-
taminants is crucial.

MATERIALS AND METHODS

Materials and reagents

Significant reagents used in this study include gold
(IIT) chloride hydrate (HAuCls.3H,0, 99%), sodium
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citrate (Na3Ctr, 99%), silver nitrate (AgNO3, 98%),
hydrogen peroxide (H,O; solution 30%), sodium
borohydride (NaBH4, 98%), and malachite green
(Ca3H35CINy, 99%) which were all purchased from
Sigma Aldrich, USA. Microfiber filter paper (0.26 mm
thick, 47 mm diameter, 1.6 um pore size) was sup-
plied by Whatman, UK. All materials were analytical-
grade and were used without further purification.

Preparation of gold nanoparticles (Au NPs)
and silver nanoparticles (Ag NPs)

In this study, we propose two different procedures to
synthesize Au NPs and Ag NPs solution, as depicted

in Figure 1.

(A)

+ 1 mL seed + 0.5 mL Na,Ct ultrasound

solution (40 mM) 30 min at RT
N 4 mLH,0 Au NPs

0.2 mL HAuCI, (1 mM) solution
(B)

+0.5 mL Na,Ct (75 mM) +1.5 mL AgNO,

+0.2 mL H,0, (0.5%) (10 mM)

+0.15 mL NaBH,
(100 mM)

20 mL H,0 Ag NPs
solution

Figure 1: Vital steps in material synthesis of: (A) Au
NPs; (B) Ag NPs

Using the seed solution from our previous work 17 Au
NPs were prepared with different amounts of reagents
to obtain the optimized nanostructures. First, 4 mL
of deionized water (DI) was mixed with 0.2 mL of
HAuCly (1 mM) by vigorous shaking to form a yel-
low solution. Then, 1 mL of the seed solution and 0.5
mL Na3Ct (40 mM) were added, and the mixture was
placed in an ultrasonic bath for 30 minutes at room
temperature. The final Au NP solution was pink (Fig-
ure 1A).

Figure 1B shows the fabrication process of Ag NPs.
First, 0.5 mL of Na3Ct (75 mM) and 0.2 mL of H,O»,
(0.5%) were added to 20 mL of DI water. Then, 1.5
mL of AgNO3 (10 mM) was added to the mixture. Fi-
nally, 0.15 mL NaBHy4 (100 mM) was added dropwise,
which turned the clear solution yellow-orange. The
resulting Ag NP and Au NP solutions were stored in
cool conditions (4-10°C), avoiding direct light.

Paper modification of Au NPs and Ag NPs

In this study, the SERS signals of MG from Au NPs
monolayers were compared with those of Ag/Au dou-
ble layers. For the P/Au monolayers, 20 uL of Au NP
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solution was dropped onto paper substrates, which
were allowed to dry unassisted at room temperature.
Likewise, for the P/Au/Ag substrate, 20 uL of Ag
NP solution was dropped onto the previously pre-
pared P/Au monolayers and allowed to dry without
any modifications. Then, 20 pL of MG solutions of
various concentrations was added to the SERS sub-
strates. Using a MIRA XTR portable Raman spec-
trometer with a 785 nm laser, the SERS signals were
collected. The enhancement abilities of the P/Au and

P/Au/Ag SERS substrates were compared.

Z upssotsn

LTV

SERS substrateMG

Figure 2: Preparation steps for portable Raman
measurements

Analytical Methods

The crystallinity was evaluated using a D8 Advance
diffractometer (Bruker, UK) with a Cu X-ray source.
The optical and structural properties were determined
with a V-730 UV-Vis spectrophotometer (JASCO,
Japan). Field-emission scanning electron microscopy
(FE-SEM) (Hitachi S-4800, Japan) in conjunction
with energy-dispersive X-ray spectroscopy (EDS) was
used to examine the shape and composition of the
nanostructures. A handheld Robot-Mounted Raman
spectrometer (MIRA XTR, Metrohm, Switzerland)
with a 785 nm laser at < 100 mW was used for the
Raman measurements.

RESULTS

The optical properties of well-dispersed Au and Ag
NP solutions, characterized by pink and yellow-
orange colors, respectively, were investigated using
UV-Vis absorption spectroscopy. UV-Vis absorption
spectra were acquired for the samples over the range
350-800 nm. Figure 3A presents the absorption spec-
tra, revealing pronounced plasmon resonance fea-
tures. Au NPs peak at 407 nm, and Ag NPs peak at
526 nm. Figure 3B shows the X-ray diffraction pat-
terns obtained for the Au and Ag NPs. The gold and
silver nanoparticles exhibited a characteristic diffrac-
tion peak at 260=38.2°, indicative of the (111) lattice
plane (JCPDS 4-0783 and 4-0784).

The morphologies and sizes of the synthesized Auand
Ag NPs were investigated using FE-SEM, as shown in
Figure 4. FE-SEM images (Figure 4A and Figure 4B)
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Figure 3: UV-vis spectrum (A) and XRD pattern (B)
of Au and Ag NPs solution

show that the synthesized Au and Ag NPs are spher-
ical, with mean diameters of 28.88 and 20.35 nm, re-
spectively (Figure 4C and D). The EDS spectrum of
the P/Au/Ag substrate (Figure 4E) shows key peaks
corresponding to Au and Ag.

(B)
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Figure 4: FE-SEM image of (A) Au NPs, (B) Ag NPs;
Size distribution histogram of(C) Au NPs and (D) Ag
NPs; (E) EDS spectrum of P/Au/Ag

Figure 5A presents the results of the experiments de-
signed to test the enhancement ability of P/Au/MG
and P/Au/Ag/MG substrates using a 10> M solution
of MG. The SERS spectrum of MG exhibits several
prominent and characteristic vibrational bands. No-
tably, strong signals are observed at 1175 (C-H bend-
ing), 1372 (C-H stretching), 1403 (N-C stretching),
and 1620 (N-C, C-C stretching) cm~!. These peaks
form a distinctive spectroscopic fingerprint, which, as
detailed in Table 22, allows for the accurate and sensi-
tive detection of MG on our developed SERS platform.

Figure 5B compares the Raman enhancement capa-
bilities of the P/Au/MG and P/Au/Ag/MG substrates

3819
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Table 1: Vibrational mode assignments for MG

Wavenumbers Assignment Reference Wavenum! Assignment
(em™1)
(em™)
1175 C-H i 1449 -CH;
(bending) (bending)
1222 C-H e 1489 -CHj3
(rocking) (bending)
1299, 1372 C-H 18,20 1595 Cc-C
(bending) and (stretching)
Cc-C
(stretching)
1403 N-C 19 1620 N-C,C-C
(stretching) (stretching)

at 1175, 1372, 1403 and 1620 cm ! at an MG concen-
tration of 10~3 M. Figure 5C shows the SERS spec-
tra of MG solutions with concentrations ranging from
1073 to 10~ M using P/Au/Ag as the substrate. The
lowest detectable concentration was 10~° M; charac-
teristic peaks were distinguishable at 1372 and 1620
cm~!. The signal at 1620 cm™! in the SERS spectra
was used to plot a standard curve relating the Raman
peak intensity to the MG concentration (Figure 5D).
By taking the logarithm of the MG concentration and
fitting it linearly to the corresponding peak intensities,
the equation y = —404x + 4202 was obtained, where
y represents the peak height at 1620 cm™! and x is
the logarithm of the MG concentration. The reliabil-
ity value (R2) is remarkably high, 0.974.

DISCUSSION

The LSPR peak at 526 nm and the pink color of the
solution confirm the successful synthesis of spherical
Au NPs, a morphology chosen for their suitability in
bioapplications '8. The surface plasmon resonance of
the Ag NPs was observed at 407 nm using UV-Vis
spectroscopy, confirming the successful synthesis of
the Ag NPs!®. Furthermore, XRD analysis revealed
a prominent peak at 26 = 38.2°, consistent with the
(111) lattice plane, which confirms the face-centered
cubic (FCC) structure of the Au and Ag NPs2, These
findings confirm the successful synthesis of spherical
Au and Ag NPs, demonstrating their viability for ap-
plication in SERS-based analytical techniques.

FE-SEM observations confirmed the morphological,
dimensional, and structural properties of the synthe-
sized Au and Ag NPs, notably their spherical shape
FE-SEM im-
ages indicate that the majority of the Au or Ag NPs

and characteristic average diameter.

have a spherical morphology, with mean diameters
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Figure 5: (A) MG Raman spectrum and Raman
spectra of P/Au/MG and P/Au/Ag/MG atconcentra-
tion of 10~ M, (B) Comparison of peak intensities
atwavenumbers 1175, 1372, 1403, 1620 cm~! of
P/Au/MG and P/Au/Ag/MG atconcentration of 103
M, (C) SERS spectra of MG on P/Au/Ag substratewith
concentrations from 1073 - 10~° M and (D) Stan-
dardcurve calibrated between —log C (MG concen-
tration) and peak intensities at 1620 cm ™!

Nonethe-

less, some discernible aggregation occurs, likely stem-

of roughly 29 and 20 nm, respectively.

ming from the elevated surface energy characteristic

of these particles?!.

Despite this tendency to clus-
ter, the size distribution remains reasonably uniform,
suggesting that the synthesis procedure was largely
well-managed. The EDS spectrum also demonstrated
the significant presence of MG on the P/Au/Ag struc-
ture with increasing intensity of key peaks. Additional
peaks from C and O appeared due to the paper sub-

strate.
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In a set of comparative SERS measurements for MG
at a concentration of 10™3 M, two distinct substrates
were investigated: P/Au/MG and P/Au/Ag/MG. Ini-
tial observations showed that adding an Ag layer
to the P/Au substrate (forming a P/Au/Ag/MG sub-
strate) led to increases in the Raman signals, such that
the intensities of the malachite green peaks surpassed
those of the P/Au/MG substrate. This can be ascribed
to the synergistic effects of arranging the Au and Ag
layers in a multilayer configuration. Thanks to these
multilayers, the LSPR phenomena from each metal
layer overlap, creating an elevated density of hot spots
on the substrate. These hot spots intensify the electro-
magnetic field around the adsorbed MG molecules,
amplifying the Raman signal beyond that of a sin-
gle metal layer?>23. Consequently, the P/Au/Ag/MG
substrate demonstrates a more efficient and robust
SERS response, highlighting the advantages of a mul-
tilayer Au/Ag design for high-sensitivity molecular
detection.

In analyzing the SERS spectra of MG on a P/Au/Ag
substrate, distinct vibrational peaks were detectable
down to a concentration of 1072 M. The specific
SERS signal for MG and the R2 value are indisputable
evidence of the signal enhancement ability of the
P/Au/Ag substrate. As a result, the P/Au/Ag sub-
strate holds considerable promise for trace-level de-
tection as required in applications such as water qual-
ity monitoring and food safety in aquaculture. The ro-
bust and reproducible feature of this multilayer struc-
ture further positions it as a powerful platform for the
rapid identification of other low-concentration con-
taminants in complex environments.

CONCLUSIONS

In this study, a P/Au/Ag substrate for the SERS-based
detection of MG was successfully fabricated, achiev-
ing sensitivity down to 10~2 M. Comprehensive char-
acterization by UV-Vis, XRD, HR-TEM, and FE-SEM
confirmed the formation of a robust multilayer struc-
ture, in which the synergy between gold and silver
significantly enhanced the SERS signal. These results
emphasize that the substrate is not only highly effec-
tive for detecting MG at trace levels but also holds
wide-ranging promise for environmental monitoring
and food safety applications. Future work will focus
on optimizing the substrate architecture and extend-
ing its use to detect other critical contaminants.
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ABBREVIATIONS

Au NPs: gold nanoparticles

Ag NPs: silver nanoparticles

P: paper

FCC: face-centered cubic

MG: malachite green

LSPR: localized surface plasmon resonance

LOD: detection of limited

XRD: X-ray diffraction

EDS: energy dispersive X-ray spectroscopy

FE-SEM: field-emission scanning electron mi-
croscopy

HR-TEM: high-resolution transmission electron mi-
croscopy

UV-vis: ultraviolet-visible spectroscopy

SERS: surface-enhanced Raman scattering
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