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Abstract: Deltamethrin pesticides can cause inflammation, nephrotoxicity and hepatotoxicity as well
as affect the activity of antioxidant enzymes in tissues. As a result of this concern, there is a rising
focus on the development of fast and reliable pesticide residue testing to minimise potential risks
to humans. The goal of this study is to use Au-Ag colloid nanoparticles as liquid surface-enhanced
Raman spectroscopy (SERS) to improve the Raman signal in the detection of deltamethrin pesticide in
a brewed tea. The liquid SERS system is fascinating to study due to its ease of use and its unlikeliness
to cause several phenomena, such as photo-bleaching, combustion, sublimation and even photo-
catalysis, which can interfere with the Raman signal, as shown in the SERS substrate. Our liquid SERS
system is simpler than previous liquid SERS systems that have been reported. We performed the
detection of pesticide analyte directly on brewed tea, without diluting it with ethanol or centrifuging
it. Femtosecond laser-induced photo-reduction was employed to synthesise the liquid SERS of Au,
Au-Ag, and Ag colloidal nanoparticles. The SERS was utilised to detect deltamethrin pesticide in
brewed tea. The result showed that liquid SERS-based Ag NPs significantly enhance the Raman
signal of pesticides compared with liquid SERS-based Au NPs and Au-Ag Nanoalloys. The maximum
residue limits (MRLs) in tea in Indonesia are set at 10 ppm. Therefore, this method was also utilised
to detect and improve, to 0.01 ppm, the deltamethrin pesticide Limit of Detection (LOD).

Keywords: deltamethrin pesticides; liquid SERS; Au-Ag nanoparticles

1. Introduction

Tea is a refreshing beverage that the Indonesians have long recognised as an important
part of their culture. Tea is also widely used for medicine and cosmetics. In Indonesia, tea
is one of the most important plantation products, and it is widely exported. Indonesia is
the world’s sixth largest producer and exporter of tea [1]. The export of tea leaves has been
hampered in recent years due to pesticide residue on the leaves. According to trade data,
deltamethrin pesticide residues were discovered in Indonesian tea exported to 28 major
importing countries from 2001 to 2014 [2]. Deltamethrin has been used as pest prevention
for aphids, red spiders, and grubs. Eating food containing deltamethrin residue could
cause disease, including immune system disorders and blood diseases [3]. Deltamethrin
pesticide is a type of pyrethroid used in controlling activity against insect-borne disease
that has a half-life in the blood plasma of 11.5 h. Deltamethrin caused negative effects in the
human neuronal system, reproductive system, and immune system and induced oxidative
stress in skeletal muscles [4,5]. Methods used to determine residual deltamethrin pesticides
include gas chromatography [6,7], high-performance liquid chromatography (HPLC) [8,9],
capillary electrophoresis [10,11] and fluorescence quantification [12,13]. However, these
techniques are time-consuming and necessitate access to complex and expensive laboratory
facilities, particularly for sample preparation and clean-up [14,15]. Therefore, creating
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a simple, cost-effective, quick and sensitive approach for the detection of deltamethrin
pesticides in food is critical.

Raman spectroscopy is a technique that uses the vibrational spectrum for the chemical
bonds in a molecule while also being sensitive to changes in its environment [16,17]. As a
result, Raman spectroscopy is a useful technique for chemical and physical analysis. The
Raman spectrum provides information specific to a given compound, making molecule
detection possible [18,19]. In addition, Raman spectroscopy requires a simple sample prepa-
ration [20]. Raman signals are frequently weak and can be considerably improved when
molecules are adsorbed on a roughened metal surface or metal nanoparticles. This method
is called surface-enhanced Raman spectroscopy (SERS). Electromagnetic enhancement
(EM) and chemical enhancement (CM) are the most widely recognized in explaining the
phenomenon of SERS [21,22]. The electromagnetic mechanism (EM) has been reported to
be more crucial than CM [23]. The EM is based mainly on localised surface plasmon in a
metal nanostructure [24,25]. The interaction between electromagnetic waves and plasmonic
(Au, Ag or Cu) nanostructures will enhance the Raman signal in the EM mechanism [26,27].

The detection and determination of pesticides and other contaminants on food using
SERS have been widely reported, particularly using solid substrate SERS, where one or
more types of nanoparticles have been integrated into various substrates, such as paper
or filter paper [28], adhesive tape [29], poly (dimethylsiloxane) (PDMS) film [30] and poly
(ethylene terephthalate) covered with a layer of indium tin oxide (ITO) as flexible SERS [31].
SERS is generally divided into two categories: solid and liquid SERS [32]. Solid SERS
substrate platforms provide substantially stronger signals than metal colloids. However,
solid SERS has significant limitations because analyte molecules are always the same where
the laser beam is focused on a specific region of the substrate. There is a constraint in the
laser energy and density of the sample. This condition can cause several phenomena, such
as photo-bleaching, combustion, sublimation and even photo-catalysis [33]. Integrating
these platforms into on-line devices is difficult.

Applications of the colloidal nanoparticle platform have been reported for ultrasensi-
tive detection of DNA and RNA, small proteins, enzymes, living organisms and in vivo
cell studies, where on-line monitoring is required and a solid SERS substrate platform is
not available. A new approach, a liquid colloidal nanoparticle platform, is being developed
to allow detection in urine, saliva, blood and other bio-fluids. The prospect of combining
the liquid colloidal and solid film platforms as sensor elements for SERS is currently under
study [34]. The colloidal platforms are also employed in Raman flow cytometry [35] and
microfluidics [36]. Therefore, further study into the liquid SERS platform is worthwhile.

Liquid SERS uses a solution of nanoparticles directly, without embedding the nanopar-
ticles into the substrate. It is easier to prepare liquid SERS than solid substrate SERS. Several
previous investigations have reported that the process of detecting an analyte using liquid
SERS is not straightforward. The Rhodamine 6 G analyte solution is dissolved and cen-
trifuged into ethanol [37], and liquid milk containing melamine is diluted, centrifuged and
delaminated before being mixed with the colloidal nanoparticles, which are measured using
a Raman Spectrometer [14]. In this experiment, we developed the liquid SERS method in a
more straightforward and easier manner than previous experiments. We performed the
detection of pesticide analyte directly on brewed tea, without diluting it with ethanol or
centrifuging it. Tea containing pesticides was dropped directly into colloidal nanoparticles
to measure the SERS spectra.

In this research, a liquid SERS sensor based on Au-Ag nanoparticles was utilised
to demonstrate the detection of deltamethrin pesticides in a brewed tea. To the best of
our knowledge, few studies have involved the detection of deltamethrin in tea using the
SERS based Au-Ag NPs method. Previous reports on deltamethrin pesticide detection in
soil using Au NPs [38] and in strawberries [39] have been published. The combination
of Au and Ag into Au-Ag is fascinating to observe due to the possibility of combining
the properties of Au NPs and Ag NPs. With this combination, the optical, electrical and
catalytic properties of the mixture can be modified to match those of pure elements [40].
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A femtosecond laser-induced photochemical reduction was previously used to synthesise
Au-Ag nanoparticles. This study used Au-Ag as liquid SERSs. Raman spectroscopy was
used to evaluate cuvettes containing a mixture of tea and colloidal nanoparticles. From
the result of SERS signal-based Au NPs, Au-Ag nanoalloys and AgNPs, we determined
which liquid SERS substantially impacted the enhancement of the Raman signal from
deltamethrin pesticide.

In Indonesia, the maximum residue limit (MRL) allowable in tea is 10 ppm. It is
necessary to determine whether our liquid SERS can detect the lowest levels of pesticide in
brewed tea.

2. Materials and Methods
2.1. Chemicals

Deltamethrin (C22H19Br2NO3, 98.6% purity), potassium gold (III) chloride (KAuCl4,
98% purity), silver nitrate (AgNO3, 99.9% purity), liquid ammonia (NH4OH, 25 v/v%)
and polyvinylpyrrolidone (PVP, 99.9% purity) were acquired from Sigma-Aldrich and
utilised as received. Technical grade pesticide containing 25 mg/L of deltamethrin was
obtained from Bayer Indonesia. We prepared a diluted technical pesticide at 500 ppm,
300 ppm, 100 ppm, 10 ppm, 5 ppm, 1 ppm, 0.1 ppm and 0.01 ppm for a stock solution.
The brewed tea was made by adding 100 mL of boiling distilled water with a tea bag of
Indonesian commercial black tea for 5 min brewing time. The stock solutions were stored
in the refrigerator before use to avoid degradation.

2.2. Preparation and Synthesis of Au-Ag Nanoparticles

Nanoparticles were synthesised from the solutions of gold and silver ions prepared
separately from dilution of KAuCl4 and AgNO3 in a water medium with the same concen-
tration of 5 × 10−4 M. A trace amount of ammonia was added into the AgNO3 solution
to improve the production of Ag nanoparticles and then mixed with 0.01 wt% PVP as a
capping agent required to stabilise nanoparticles. Gold and silver ion solution was added
individually into a quartz cuvette (10 mm × 10 mm × 45 mm dimension) with a total
volume of 3 mL and irradiated by a femtosecond laser for 5 min to produce Au100Ag0 and
Au0Ag100 nanoparticles. For Au50Ag50 nanoparticles, we combined the gold and silver
ions in a volume ratio of 1:1 into a quartz cuvette and we irradiated the mixture with a
femtosecond laser for 5 min. The experimental set-up is shown in Figure 1.
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A Ti-sapphire femtosecond laser (SpitfireAce 100-F, Spectra-Physics, Irvine, CA, USA)
was used in this experiment. The femtosecond laser has a laser power of 2.1 W, a funda-
mental wavelength of 800 nm, 100 fs full-width-half-maximum pulses and a repetition rate
of 1 kHz. The laser beam was focused using an aspheric lens directly to the glass cuvette.
An aspheric lens has a focusing length of 8 mm (NA = 0.5). Following irradiation, each
sample was characterised by UV-Vis spectrophotometry (MayaPro 2000, Ocean Optics,
Orlando, FL, USA) to observe the absorption spectra within the 300–800 nm range and
reveal the localised surface plasmon resonance (LSPR) of nanoparticles. A transmission
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electron microscope (TEM, FEI Tecnai 20G S-Twin 200 kV) and X-ray diffractometer (Smart-
lab, Rigaku, Tokyo, Japan) were employed to explore the morphology and lattice crystal
of nanoparticles.

2.3. Detection of Deltamethrin Residue in Tea Using Liquid SERS

We investigated the detection of deltamethrin contained in a brewed tea using a
liquid SERS sensor considering Au-Ag nanoparticles. We employed colloidal Au0Ag100,
Au50Ag50 and Au100Ag0 nanoparticles as a liquid SERS. The colloidal nanoparticles were
deliberately made aggregate by storing for two weeks to form hot spots. First, the Raman
spectra of pure deltamethrin, a technical pesticide from an Indonesian local brand and a
brewed tea without deltamethrin were estimated. The Raman shifts of these materials were
used as blank samples for comparison purposes in SERS detection of deltamethrin in a
brewed tea.

Afterwards, we measured the Raman spectra of a brewed tea containing a technical
pesticide. The tea-containing pesticide and the nanoparticles were then added into a glass
cuvette with a total volume of 3 mL and a volume ratio of 1:2 and mixed, and their SERS
spectra were measured using a Raman spectrometer. Raman spectroscopy was conducted
using a modular-confocal micro-Raman spectrometer (HR550, Horiba Jobin Yvon, Tokyo,
Japan) employing a 532 nm laser as an excitation source, a laser power of 250 mW, a selected
grating of 1800 groove per mm and a magnification of 10×.

3. Results

Deltamethrin pesticides of the molecular formula C22H19Br2NO3 comprised C-H, C-Br,
C=C, C=O, C=N, benzene ring and N-H group. Each chemical bond had a vibration position
represented by a wave function in the Raman spectra. Theoretically, the vibration form
of the chemical bond could be calculated using Gaussian v. 09 software. The assignment
of Raman peaks of deltamethrin was calculated by Tao Dong et al. [39]. Experimentally,
Raman spectra of deltamethrin could be obtained from Raman shift measurements using a
Raman spectrometer. However, signal Raman spectra from standard Raman spectroscopy
are quite weak. For enhancing the Raman signal, the development of liquid SERS as a
sensing technique could be done using colloidal Au-Ag nanoparticles.

3.1. The Characterization of Au-Ag Colloidal Nanoparticles

The absorption spectra, lattice crystal, morphology, and size distribution of Au-Ag
nanoparticles are illustrated in Figures 2–4. Our Au-Ag nanoparticles synthesised with
the femtosecond laser were labelled Au0Ag100, Au50Ag50 and Au100Ag0 as well as had
LSPR at 409.06, 451.27 and 531.84 nm, respectively. We also validated that Au50Ag50
nanoparticles did not produce a new crystal lattice, since it is purely a 1:1 combination
between gold nanoparticles (Au100Ag0) and silver nanoparticles (Au0Ag100), without
any remarkable contamination. The Au50Ag50 crystal structure is the same as those of
Au100Ag0 and Au0Ag100 nanoparticles with an fcc crystal structure at (111), (200), (220)
and (311) hkl (see Figure 3). In addition, it was confirmed that the particle size of Au50Ag50
nanoparticles was (8.15 ± 5.53), (8.85 ± 5.55) and (7.17 ± 3.62), as depicted in Figure 4.
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3.2. The Detection of Deltamethrin in a Brewed Tea Using Liquid SERS

The colloidal nanoparticles were applied as liquid SERS sensors for enhancing the
Raman signal of deltamethrin-containing pesticide. Before measuring the deltamethrin
pesticide in a brewed tea using a liquid SERS system, the absorbance of the deltamethrin
pesticide was first measured with UV-Vis, and the Raman peak was measured using Raman
spectroscopy. The absorbance result of the deltamethrin pesticide shows the range of
200–400 nm, as depicted in Figure 5. The selection of the 532 laser source in the Raman
measurement is considered the most appropriate due to the fact that it is close to the
absorbance area of the deltamethrin pesticide. The measurement results for the peak
Raman from technical deltamethrin pesticide from Bayer Indonesia are shown in Figure 6.
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Figure 6. The Raman peak of technical deltamethrin pesticides from an Indonesian local brand.

Technical deltamethrin pesticide, as depicted in Figure 6, contains not only deltamethrin
pesticide but also other unspecified compositions. We need to distinguish the deltamethrin
peak from other peaks. The deltamethrin peak was taken from the measurement of the stan-
dard deltamethrin pesticide from Sigma-Aldrich as reference, and assignment of Raman
peaks of deltamethrin was calculated by Tao Dong et al. [39].

To distinguish between the Raman peak of the pesticide deltamethrin and tea, brewed
tea without pesticides was also measured by Raman spectroscopy, as depicted in Figure 7.
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A brewed tea containing 500 ppm of pesticide and AuxAgy nanoparticles was mixed
in the cuvette with a 1:2 volume ratio in a total volume of 3 mL before SERS measurement.
Figure 8 indicates the SERS spectra of a brewed tea containing pesticide using Au100Ag0,
Au50Ag50 and Au0Ag100 nanoparticles as compared with their correlated normal Raman
spectra of a brewed tea without pesticide. As expected, adding nanoparticles into tea-
containing pesticides improved the Raman signal for pesticides. From the measurement, it
can be seen that Au0Ag100 nanoparticles were the most significant in the enhancement
of the Raman signal of pesticides. The intensity enhancement of the Raman signal for
pesticides using liquid SERS is listed in Table 1.
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Table 1. The intensity of the Raman signal for deltamethrin pesticides.

Raman Shift
(cm−1)

Raman Intensity (a.u.)
Peak Assignment [39]Tea and

Pesticide Au100Ag0 Au50Ag50 Au0Ag100

514 135.15 38.06 98.00 432.16 υ (C-Br) ip
559 164.33 47.40 121.22 527.63 υ (C-Br) ip + υ (C-C)
892 154.75 59.48 132.32 858.09 δ (C-H) oop
1115 95.15 80.30 80.30 927.50 δ (C-H) oop
1430 94.57 24,88 290.76 1600.19 δ (C-H) oop
1588 75.57 5.03 229.03 1321.27 υ (C=C) ip

Figure 8 depicts the detection of 500 ppm pesticide in a brewed tea using the liquid
SERS technique with Raman spectroscopy. Table 1 presents the intensity of the Raman
signal; Au0Ag100 nanoparticles were the best liquid SERS-based nanoparticles for en-
hancing the Raman signal, surpassing both Au50Ag50 and Au0Ag100 nanoparticles. The
Raman spectra of a brewed tea containing 500 ppm pesticide were detected, though no
nanoparticles were added into the tea. However, the Raman signal of deltamethrin was
weak. Gold nanoparticles added into tea as SERS Au100Ag0 could not enhance the Raman
signal of deltamethrin, whereas a mixture of gold and silver nanoparticles enhanced the
Raman signal, but not significantly. Added silver nanoparticles (Au0Ag100) enhanced the
Raman signal remarkably, at 10 times the ordinary Raman intensity.

The colloidal nanoparticles were deliberately made aggregate to form hot spots, as
presented in the TEM Figure 4. When analyte molecule deltamethrin pesticides are absorbed
into liquid and interact with hot spots, the electromagnetic field will increase and enhance
the Raman signals. The strong electromagnetic fields are affected by the hot spot areas,
which occur as very small spatial regions between nanoparticles; SERS signals are stronger
in the tiny hot spots.

There are two mechanisms in the SERS effect, the combination of an EM and a chem-
ical mechanism (CM), which can simultaneously enhancement the Raman signal. The
electromagnetic enhancement is influenced by the local increase of electric field in the
vicinity of the NPs, due to LSPR. The CM arises from charge-transfer interaction between
electronic states of the molecule and the surface of the nanoparticles, which will also in-
crease Raman signals. As a result, the CM depends on the Raman-active molecule and
its interaction with the surface of nanoparticles, whereas the EM depends on the surface
plasmon resonance [41].

SERS Au0Ag100 improved Raman signals more than SERS Au100Ag0 and Au50Ag50.
This result was influenced by the high electric field of Ag NPs. From the numerical
simulation, the electromagnetic field distribution of Ag NPs is stronger than Au NPs and
Au-Ag NPs, which increases the EM in the SERS effect [42]. Figure 2 shows that Ag NPs
have the sharpest, narrowest and highest intensity of LSPR; therefore, Ag NPs generally
indicate better plasmonic performance than other noble metals. Narrower plasmonic width
will affect their characteristic of possessing a higher molar extinction coefficient [43]. In
this experiment, the CM does not contribute to increasing the SERS effect, because the
interaction between the Raman and the molecule investigated is the same.

3.3. The Limit of Detection (LOD) of Deltamethrin Pesticide in Tea Using Au0Ag100 Liquid SERS

Previous findings showed that Au0Ag100 nanoparticles could enhance the Raman
signal more than those of Au50Ag50 and Au100Ag0 nanoparticles in the detection of
500 ppm deltamethrin pesticide in a brewed tea. Therefore, we continued to use this
technique to test a lower concentration of pesticide to determine the sensor.

Figure 9 shows the SERS spectra of deltamethrin pesticide in a brewed tea for a
pesticide concentration ranging from 500 ppm down to 0.01 ppm using liquid SERS-
based silver nanoparticles (Au0Ag100). In the SERS method, nanoparticles enhance the
Raman signal through the value known as the enhancement factor (EF). The EF value
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provides information regarding the quality of our SERS technique. From Figure 9, the
peaks of deltamethrin pesticide can be detected from 500 ppm up to 0.01 ppm concentration.
Every peak was increased by liquid SERS based on Au0Ag100 nanoparticles but was not
constantly high. We tested our liquid SERS method in a broad range of concentrations of
pesticides, from 500 ppm to 0.01 ppm. The peak intensity curve for pesticide concentration
in brewed tea for the standard curve was calculated only from 0.01 to 10 ppm, as depicted
in Figure 10.

In the SERS method, the vibration mode of a given analyte in the normal Raman signal
is influenced by the enhancement factor (EF). The EF depends directly on the intensity of
the local electromagnetic field, which is called a hot spot. This hot spot can be regarded as
a distance between one nanoparticle and another. The hotspot cannot be clearly identified
since our SERS substrate was in the form of liquid, where the Brownian motion existed. In
our data, the inconsistent enhancement of the deltamethrin pesticide peak in Figure 6 was
influenced by unstable hot spots [44].
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4. Conclusions

We investigated the detection of deltamethrin pesticides in tea using liquid SERS
based on colloidal Au-Ag nanoparticles. We employed three Au-Ag nanoparticles for this
study, including Au0Ag100, Au50Ag50 and Au100Ag0. The femtosecond laser was used to
synthesise nanoparticles from gold and silver ions. The result for 500 ppm of deltamethrin
pesticide demonstrated that liquid SERS-based Au0Ag100 enhanced the Raman signal
more than liquid SERS-based Au100Ag0 and Au50Ag50. We continued with this method
to detect deltamethrin pesticides in other concentrations lower than 500 ppm to determine
the LOD. The LOD results showed that this technique can detect and enhance the Raman
signal of deltamethrin pesticides to 0.01 ppm, but it was inconsistent with the enhancement
of Raman signal. Future research is needed to determine the stability and consistency of
the liquid SERS method.
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