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Malachite green (C,3H,5CIN,) is an illegal fungicide of aquatic products due to its potential carcinogenic, teratogenic, and mutagenic effects.
It is typically challenging to detect C,3H,5CIN, in fish with conventional techniques. The study reported a simple and rapid method for
detecting C,3H,5CIN; on fish surface with surface-enhanced Raman scattering (SERS). Using the seed growth method with trometamol as
the modifier, 110 nm in-diameter gold nanoparticles on thin glass as SERS substrate were prepared, which exhibited high SERS activity,
reproducibility, stability, and flexibility in SERS measurement. The fish samples required no pretreatment and the entire measurement took
<5 min. Quantitative analyses were also conducted. Excellent linear relationships (R?=0.9397-0.9977) were obtained between the
concentrations and the peak intensities of C,3H,sCIN, at some characteristic peaks with a wide concentrations range (0.5-10 uM).
The detection limit can reach 0.5 uM. This method provided an easy and fast way to detect C,3H,5CIN, on fish surface for food safety.

1. Introduction: Malachite green (C,3H,5CIN,) a cationic
triphenylmethane organic dye [1], was once introduced in
aquaculture as a cheap fungicide, ectoparasiticide, and medical
disinfectant [2]. However, it has been banned for use in edible
animals, because C,3H,sCIN, possesses potential carcinogenic,
teratogenic, and mutagenic effects [3]. Nevertheless, C,3H,5CIN,
is still being applied illegally, especially in aquaculture due to
its excellent bactericidal effect and low price. Many techniques
have been tested to detect C,3H,sCIN, in fish such as
electrochemiluminescence [4], liquid chromatography tandem
mass spectrometry [5], high-performance liquid chromatograph
[6], and fluorescence [7]. These above techniques usually require
expensive instruments and time-consuming sample pretreatment,
whereas cannot provide accurate quantitative measurement. The
main challenge is that some complex ingredients in fish such as
fat, protein, inorganic salt, and macromolecular, which are
difficult to filter, and therefore interfere with the qualitative and
quantitative detections of C,3H,sCIN,. As a result, a simple,
quick, and sensitive method for detecting C3H,sCIN, in fish is
urgently needed.

Surface-enhanced Raman scattering (SERS) Spectroscopy is a
powerful vibrational spectroscopy technique that allows highly
sensitive structural detection of low-concentration analytes [8].
SERS as a powerful analytical tool is widely used in catalysis
[9], sensing [10], single molecule detection [11], food safety
[12, 13], trace fraction analysis [14], and DNA research [15]. The
electromagnetic fields enhancement is considered to be the major
enhancement reason for SERS [16, 17]. It is derived from the loca-
lised surface plasmon resonance (LSPR) effect of metal nanostruc-
tures in the electromagnetic field [18, 19]. Long-term studies have
found that only few metals [such as gold (Au), silver (Ag), and
copper] microstructures or nanostructures can produce SERS
enhancement effect. It has also been found that though the chemical
composition and chemical properties of Au and Ag are different,
they can produce similar plasma oscillation effect and correspond-
ing electromagnetic enhancement effect in the long wavelength
region [20]. In general, Au nanoparticles are much more stable
than Ag nanoparticles, and also demonstrate excellent sensitivity
[21] and provide substantial enhancement of Raman scattering
signals for many compounds such as C,3H,sCIN,. Tian et al
reported that the maximum ‘hot sites’ are at the junction of two
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nanoparticles in all cases [22], and the enhancement value keeps
on increasing with the increase of Au particle sizes until about
110 nm, when the strong radiation damping causes significant re-
duction of the field enhancement, which results in reduced
Raman activity.

Reproducible quantitative detection of trace molecules is another
challenge faced by SERS measurement. Raman signal depends on
not only the species, shape, size, and density of the materials, but
also the relative position of analyte molecules [23], which can
affect SERS signal strength significantly. Therefore, quantitative
measurement using SERS technology requires uniform, stable,
and repeatable SERS substrates. However, it is difficult to use
some traditional preparation methods [such as the sodium citrate
(C¢HsNa3;07) reduction method] to synthesise Au nanoparticles
with uniform shapes and sizes.

In this work, we prepared 110 nm Au nanoparticle monolayer
films with uniform shape and size and used them as SERS sub-
strates to detect C,3H,5CIN, on fish surface. This method does
not require complicated and time-consuming sample pretreatment,
and the preparation of SERS substrates is easy. In addition, the
signal intensities for C,3H,5CIN, were reproducible before and
after washing fish samples with water. The experimental data
demonstrated strong linear relationships between Raman peak in-
tensities and concentrations of C;3H5CIN,. Furthermore, quantita-
tive detection with this method can be realised within a wide range
of C,3H,5CIN, concentration on fish surface.

2. Experimental section

2.1. Chemicals and reagents: Chloroauric acid (HAuCly, >99%),
CgHsNaz;O; (99%), trometamol (>99.9%), and C,3H,sCIN,
(>99%) were purchased from Aladdin. Hydrogen peroxide (H,O,,
30%), ethanol (C;HgO, >99.7 wt%), and cyclohexane solution
(CgHyz, 2>99.5 wt%) were obtained from Kaifeng Reagent
Factory in China. The fish samples came from a local market. All
solutions were diluted by water, and the water used in the whole
study was Milli-Q water (>18.25 MQ cm).

2.2. Synthesis of SERS active Au nanoparticles: Au nanoparticles
were prepared by the seed growth method with tromethamine as
the modifier. Au seeds with 15 nm diameter were prepared using
the method reported by Frens [24]. An aqueous solution of
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HAuCl; (50 ml, 0.01 wt%) was heated to boiling, followed by
the rapid addition of CgHsNa3;O; solution (0.5 ml, 1 wt%).
The colour of the boiling solution changed from yellow to red
wine after 15 min. Then, the colloid was cooled to room
temperature and centrifuged at 8000 rpm for 5 min to recover the
original concentration for purification.

Synthesis of 110 nm Au nanoparticles: Sequentially 100 ul tro-
methamine solution (0.1 M), 50 ul Au seed colloid, and 100 ul
HAuCl, solution (1 wt%) were dropped into a 50 ml round
bottom flask. After 1 min, 100 pl H,O, (30%) was added into the
mixed liquid under strong stirring for 15 min. The above synthesis
was carried out at room temperature. The solution colour changed
from red wine to jacinth in 30 s.

2.3. Preparation of Au nanoparticle SERS substrates: Preparation
of Au nanoparticle monolayer films: 5 ml C¢H;, was added into
20 ml Au nanoparticle solution. Subsequently, 5 ml C,HsO was
added into the Au nanoparticle solution drop by drop, the Au
nanoparticles soon rtose on the interface of water and
cyclohexane, and they self-assembled as a dense monolayer.
Then, the monolayer films were extracted with clean glass sheets
and dried at 80°C for 15 min.

2.4. Pretreatment of fish samples: Six petty fishes were placed in
six 500 ml beakers containing 400 ml water. The C,3H,5CIN,
solutions with different concentrations (0, 0.5, 1, 2, 5, and
10 uM) were added to the six beakers, respectively. Then, the six
fishes were raised for a week for further experiments.

2.5. SERS measurement: Raman spectra of samples were recorded
using a confocal Raman spectrometer (Renishaw, RM-1000,
England) with 633 nm, 20 mW helium—neon laser for Raman
excitation, and the acquisition time was 10 s. Raman source with
a 633 nm wavelength helps enhance the LSPR effect of Au
nanoparticles, and thus obtain stronger resonance Raman signal
of C23H25C1N2.

Fish samples were taken out from C,3H,sCIN, solutions and
placed on sample table. Just as shown in Fig. la, the monolayer
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Fig. 1 Samples and the results of the Raman detection on fish surface

a Raman spectrum of the C,3H,5CIN; on fish surfaces

b Linear relationship between C,3H,sCIN, concentrations and Raman
intensities of the band at 1174 cm™" after washing fish for 1-5 times
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films prepared on thin glass were put on the fish surface to detect
the Raman signals, which the Au nanoparticles clung to the fish
surface.

3. Results and discussion

3.1. Characteristics of Au nanoparticles: Here, the 110 nm spherical
Au nanoparticles were prepared by the seed growth method
modified with tromethamine. Fig. 2a shows the morphology
image of the Au nanoparticle monolayer film scanned by the
field-emission scanning electron microscope (FE-SEM; JEOL,
JSM-7001F, Japan). It can be seen from Fig. 2a that the Au
nanoparticles on the glass were all spherical particles with almost
same size and their average diameter was about 110 nm.
To further confirm their size and their uniformity, the probability
diagram of their diameters detected by dynamic light scattering
(DLS) was shown in Fig. 2b, in which 110+8nm is the
maximum probability. The absorption spectra of Au nanoparticle
colloidal solution and C,3H,sCIN, aqueous solution in
visible light range were shown in Fig. 2¢ using a ultraviolet—
visible (UV-vis) absorption spectrometer. The plasma resonance
absorption peak of Au nanoparticle solution is near 570 nm, and
that of the C,3H,5CIN, aqueous solution is near 617 nm.

3.2. SERS analysis of Cy3H,5CIN, in standard solution and fish
samples: The conventional Raman spectra of C,3H,5CIN, powder
was shown in Fig. 3a. The prominent peaks of C,3H,5CIN, are
attributed to phenyl-C-phenyl out-of-plane bending (438 cm™"),
ring C—H out-of-plane bending (798 and 916 cm™"), ring C-H
in-plane bending (1174 cm™"), N-phenyl stretching (1365 cm™"),
and ring C—C stretching (1613 cm™) [25]. The monolayer films
of Au nanoparticles on the glass were soaked in Cy3H,5CIN,
aqueous solution with different concentrations (0.5, 1, 2, 5, and
10 uM) for 24 h, and then dried. In virtue of the electrostatic
attractive force, the cationic C,3H,5CIN, molecules can adsorb
tightly on the surface of the Au nanoparticles encapsulated by
citrate radicals. The Raman spectra of C,3H,sCIN, standard
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Fig. 2 Morphology and UV—vis spectra of the Au nanoparticles

a SEM image of the Au monolayer film on a thin glass surface

b Probability distribution of Au nanoparticle diameter detected by DLS
¢ UV-vis spectra of Au nanoparticle colloid and C,3H,5CIN, solution
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Fig. 3 Raman spectra of C,3H>5CIN,

a Traditional Raman spectra of C,3H,5CIN, powder

b SERS spectra of C,3H,sCIN, aqueous solution with different
concentrations

aqueous solutions with various concentrations (0.5, 1, 2, 5, and
10 uM) enhanced by Au nanoparticle monolayer film were shown
in Fig. 3b.

In the confocal Raman microRaman system, the SERS enhance-
ment factor (EF) is calculated [26] by experiment

I

surf

EF = bt heNao
[bulk R

where I, is the surface-enhanced Raman intensity, I, is the
normal Raman intensity, R is the surface roughness factor at the
base of the light, o is the surface accumulation of a single probe
molecule that is about 1.6 nm? 4 is the effective height within
the scattered volume that is 222 pm, ¢ is the concentration of the
probe molecule that is 10 uM, N, is Avogadro constant. The EF
of the three-dimensional structure is about 5.34x10° by
calculation.

Linear relationships between Raman intensities and C,3H,5CIN,
concentrations were also obtained. Table 1 demonstrated that there
are linear relationships (R*=0.9397-0.9977) between Cy3H,5CIN,
concentrations and corresponding Raman intensities for each of the
six major characteristic peaks. Fig. 4 displayed that the best linear

Table 1 Linear relationships between C,3HpsCIN, concentrations
(0.5-10 uM) and SERS intensities at characteristic peaks of C,3H,5CIN,

Peaks, cm™! Linear function R?
1613 »=0.088x—0.004 0.9397
1365 y=0.087x-0.070 0.9507
1174 y=0.096x+0.024 0.9977
916 y=0.091x+0.068 0.9778
798 y=0.084x+0.059 0.9608
435 y=0.103x+0.001 0.9922
870
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Fig. 4 Linear relationship between C,3H,5CIN, concentrations and
normalised Raman intensities of the band at 1174 cm™"

Table 2 Recovery of Cy3H,5CIN, from treated fish sample

Concentration of Average Amount Mean RSD®, %
C53H,5CIN, in Raman peak found?, recovery, %

treated fish, UM intensity, au uM

0.5 9590 0.461 92.2 6.5

1 16171 0.929 92.9 5.7

2 30,723 1.963 98.1 6.0

5 72,728 4.948 98.9 53
10 137,638 9.560 95.6 5.1

#Average value from ten determinations for each concentration.
PRelative standard deviation of mean recovery [RSD
(%)= (SD/mean) x 100]. SD: standard deviation.

relationship (R?=0.9977) exists for the 1174 cm™' band. This
band represents the ring C—H in-plane bending, and its symmetrical
big 7 bond can be enhanced greatly by Au nanoparticles. Within the
optical range used in this Letter, significant electromagnetic
enhancements are induced by the LSPR of Au nanoparticles [27].
The most significant enhancement effect is attributed to the molecu-
lar resonance of C,3H,5CIN,, which exhibits a maximum absorp-
tion at a wavelength (617 nm) very close to that of the incident
laser (633 nm), as was shown in Fig. 2c.

To validate the proposed quantification method for use in the
field of food analysis, detection of C,3H,5CIN; on fish surface by
Section 2.5. For the fish sample soaked in 0 uM C,3H,5CIN, solu-
tion, no C,3H,sCIN, signal was detected, and thus it was not
included in Fig. 1a. In addition, from Table 1 we have learnt that
the best linear relationship exists between the intensity of the
characteristic peak at 1174 cm™' and various C,3H,5sCIN, concen-
trations. Thus, we selected the intensities for the characteristic peak
at 1174 cm™" for the recovery rate study. The data were shown in
Fig. 15 and Table 2. The mean recoveries of C,3H,5CIN, and the
relative standard deviations are about 92-99% and 5.1-6.5%, re-
spectively. As can be seen from Fig. 1b, fish samples were
washed 1-5 times with water, and an excellent linear relationship
(R*=0.9876) still exists between SERS intensity and C,;H,5CIN,
concentrations. There is still C,3H,5CIN, on the fish surface after
washing with ultrapure water for 1-5 times, indicating that the
Cy3H,5CIN, is firmly adsorbed on the fish surface. In practise,
some impurities on the fish skin could interfere with the Raman
signal, resulting in a decrease of signal-to-noise ratio. The recovery
data further verified that it is feasible to quantitatively measure
C,3H,5CIN, on fish surface with this method.

4. Conclusion: A simple and rapid method was presented to
detect C,y3H,sCIN, on fish surface using Au nanoparticle
monolayer films on glass as SERS substrates. This substrate
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offers high SERS activity, excellent signal stability, and great signal
reproducibility. Linear relationships (R*>=0.9397-0.9977) between
C,3H,5CIN, concentrations (0.5-10 uM) and Raman intensities of
corresponding characteristic peaks were obtained, and the
detection limit can reach 0.5 pM. Fish samples need not be
treated, and measurement is very convenient and fast to conduct
(<5 min). Moreover, the cost of the involved materials is
<0.2 USD per measurement. The Au nanoparticle monolayer
films are stable and work well for the detection on the surface of
irregular objects. It is anticipated that the reported method can be
widely used in food safety and quality analyses.
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