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A B S T R A C T   

The detection of multiple pesticides in food and environment is of great importance for human health and safety. 
In this study, the DNA backbone structure and Ag@Au nanoparticles (NPs) to construct a nano-tetrahedron with 
the help of the surface-enhanced Raman scattering (SERS) effect by controlling the formation of SERS hotspots 
and subsequently realized the simultaneous detection of multiple pesticides. The DNA aptamers corresponding to 
the three pesticides of profenofos, acetamiprid and carbendazim were embedded into the three edges of the DNA 
tetrahedral skeleton, and the tetrahedral corners were connected to modify the Ag@Au NPs with different Raman 
signaling molecules. When aptamers recognize the related pesticides, the DNA backbone is deformed. Then 
Ag@Au NPs approach to each other with SERS hotspots formed and the intensity of the Raman signal increased, 
realizing the detection of the pesticide content. The biosensor constructed from the SERS substrate with higher 
sensitivity and lower detection limit (profenofos: 0.0021 ng mL− 1; acetamiprid: 0.0046 ng mL− 1; carbendazim: 
0.0061 ng mL− 1). The practicability of this proposed method was verified by adding the recovery rate detection 
and the accuracy of the method was examined by the analysis of the HPLC-MS method. The proposed SERS 
biosensor could distinguish and detect three pesticides in food and environmental samples with high sensitivity 
and low detection limit that can be used in practical applications.   

1. Introduction 

Since the last century, pesticides have been widely used as chemical 
reagents to ensure the production of agricultural products. Pesticide 
residues caused by the excessive use of pesticides and the physical and 
chemical properties of some pesticides themselves can cause serious 
environmental problems and endanger human health [1–3]. Therefore, 
detecting the content of pesticides in environment and agricultural 
products has become a central issue of scientific research. 

As a representative organophosphorus pesticide, profenofos has been 
widely used in various crops to prevents various pests [4]. Because of its 
strong toxicity to the human body, this compound seriously affects the 
learning function of human nerves [5]. To date, profenofos has been 
gradually replaced by acetamiprid. However, profenofos is difficult to 
degrade in the environment and its residues are still detected by 

agricultural products and environmental procedures [6]. Acetamiprid 
has become one of the most commonly used insecticides. According to 
the latest research, acetamiprid residues in vegetables can also cause 
mild acute and harmful effects on humans [7,8]. The residues interfering 
with the central nervous system of humans and causing many diseases 
such as Alzheimer’s disease, Parkinson’s disease, schizophrenia and 
depression [9]. Carbendazim, the world’s most produced fungicide, is 
often used in combination with profenofos and acetamiprid to prevents 
crop pests and diseases [10–13]. The latest research in 2018 shows that 
carbendazim residues may cause endocrine disruption in humans, 
resulting in genetic toxicity and teratogenic mutagenic effects [14]. 
Therefore, it is necessary to establish a sensitive, accurate and 
economical detection method to simultaneously detect the three 
above-mentioned pesticides. 

In recent years, some strategies for simultaneously detecting these 
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three pesticides have been explored. Such as gas chromatography-mass 
spectrometry (GC-MS), high-performance liquid chromatography 
(HPLC), and HPLC-MS/MS [4,15–18]. However, these methods still 
have some shortcomings. Such as low detection sensitivity, cumbersome 
sample preparation steps, the requirements of large amounts of organic 
solvents and expensive equipment. These shortcomings limit the wide 
application of these methods. Therefore, it is necessary to establish a 
new method with high sensitivity to quantitatively detect the residues of 
the three pesticides in agricultural products to meet the increasing de
mand for food monitoring. 

SERS uses precious metal nanomaterials (including gold, silver, etc.) 
and the principle of electromagnetic field enhancement effect to cause 
the molecules adsorbed on the surface to produce the Raman enhance
ment effect [19–23]. In general, SERS beacon molecules encode single 
NP and because of its specificity combined with molecular fingerprints 
and the sensitivity of the single molecule, it can provide unique optical 
characteristics for detection. In addition, it can adequately analyze 
samples in their original state and was unaffected by the sample 
detection mechanism and background. Thus, SERS has become an 
important detection tool in many areas [24–27]. 

However, SERS-encoded single NP typically displays a weak signal 
and the uncontrollable aggregation of nanoparticles leads to unre
producible SERS signals, which limits their applications. Therefore, 
controllable nanostructure assembling system formed by a single NP as 
the coding probe is hot research of the SERS detection for improving the 
signal strength and the reproducibility, such as dimers, tetrahedrons and 
satellites [28–30]. Noble metal core-shell nanomaterials have been 
widely used in SERS due to their unique local surface plasmon resonance 
(LSPR) characteristics. Ag NPs have an excellent Raman response ac
tivity, and the combination of Ag–Au colloid have the properties of the 
two metals at the same time. Ag@Au NPs could overcome the limitations 
of the material and morphology of Ag NPs. Thus, the available excitation 

interval is widened and better Raman response value can be obtained 
[31,32]. 

At present, the controllable nanostructure assembling system has 
been discovered as SERS “tags” for multiple detection. However, they 
still mainly produce uncontrollable aggregation and cause fluctuations 
of the SERS intensity when they are bound to a flat substrate. In com
bination with these works of He et al., Han et al., and Xu et al. [27–29], 
we found that tetrahedral NPs self-assembled tetrahedronal structures 
driven by DNA frames may potentially overcome these limitations [33, 
34]. It was hypothesized that this may be because each DNA frame has 
six sides and the discrete tetrahedron has the potential for multipath 
sensing in the liquid phase. In addition, the plasma coupling effect will 
super-quantitatively track the target and the DNA-self-assembled tetra
hedron has a strong SERS signal value. Moreover, because the tetrahe
dron has high stability under the conditions of high ionic strength, it has 
the potential of producing reproducible signals in various matrices. Due 
to the 3D spatial configuration of the tetrahedron, it is possible to better 
achieve the identification for the target. Considering of the 
above-mentioned potential advantages of plasma tetrahedron, we pre
pared a pesticide multi-residue detection platform based on SERS to 
simultaneously detect profenofos, acetamiprid and carbendazim. 

In this study, the synthesized Ag@Au NPs protected by Tween 20 had 
good dispersibility and good SERS signal response. The DNA-driven self- 
assembly of an Ag@Au nano-tetrahedron based on SERS technology was 
established to achieve the simultaneous detection of three pesticides 
with high sensitivity and stability. As shown in Scheme 1, Ag@Au NPs 
were synthesized and three types of Raman beacon molecular for labels 
were used for Ag@Au NPs. The Raman-Ag@Au NPs were linked with 
three types (G2, G3, and G4) and bare Ag@Au NPs were linked with G1 
sulfhydryl-modified oligonucleotide embedded with the pesticide 
aptamer. The DNA framework was used to drive the self-assembly of 
Ag@Au NPs that labelled with three types of Raman beacon molecules 

Scheme 1. Schematic illustration of the SERS sensor for detecting multiple analytes based on Ag@Au nano-tetrahedron.  
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to prepare Ag@Au nano-tetrahedron. Because three sections had spe
cific recognition, the corresponding aptamers in Ag@Au nano- 
tetrahedron would recognize three pesticides. Consequently, the three- 
dimensional geometry of the nano-tetrahedron was changed and the 
gap length was shortened, increasing in the Raman signal. Following the 
different concentrations of the three pesticides, the SERS signals was 
linearly amplified. To the best of our knowledge, Ag@Au nano- 
tetrahedron biosensor for the multiple detection of pesticides based on 
SERS has not been reported before. 

2. Experimental section 

2.1. Chemicals and reagents 

AgNO3, trisodium citrate, sodium borohydride (NaBH4), chloroauric 
acid (HAuCl4⋅xH2O), NH2OH: HCl, polyvinyl pyrrolidone (PVP), poly
oxyethylene sorbitan monolaurate (Tween 20), (Hydroxymethyl) ami
nomethane (Tris), the standard of the profenofos, acetamiprid and 
carbendazim, 4-Aminothiophenol (4-ATP), 4-Nitrothiophenol (4-NTP), 
4-Methoxybenzyl mercaptan (4-MATT), 50 × Tris-boric acid (TBE) 
buffer and all other products were purchased from Sigma-Aldrich 
Chemical Company (USA). Sulfhydryl-modified single-stranded DNA 
was purchased from Sangon Bio-tech Co., Ltd. (Shanghai, China). All 
experimental water resistance values were higher than 18 MΩ/cm. 

2.2. Apparatus 

UV–visible absorption spectrometer (Cary 60 UV–Vis Agilent, USA). 
Zetasizer nano ZS (UK). Precision pH meter (CTARTER 3100, USA). 
Transmission electron microscopy (TEM) images were obtained on a 
JEOL-2100 F apparatus (Japan), the Raman spectra were acquired using 
a LABRAM HR EVO (HORIBA, France). 

2.3. Synthesis of 20 nm Ag NPs 

Ag NPs (20 nm) were prepared by seeded growth according to a 
previously reported method [35]. Firstly, 4 nm Ag seeds protected with 
citrate were synthesized. Specifically, 20 mL of 1% (w/v) trisodium 
citrate was added to 75 mL of deionized water in a three-necked flask at 
70 ◦C under stirring and refluxing for 15 min. Next, 1.7 mL of 1% (w/v) 
AgNO3 and another 2 mL of 0.1% (w/v) NaBH4 were added. The mixture 
was stirred for 1 h at 70 ◦C and then cooled to room temperature for later 
use. Later, 2 mL of 1% (w/v) trisodium citrate was mixed in 80 mL of 
deionized water in a new flask. The mixture was heated to boiling point 
and maintained for 15 min. Afterward, 10 mL of 4 nm Ag seeds and 1.7 
mL of 1% (w/v) AgNO3 were added. After continuing to boil for 1 h, the 
mixture was cooled to room temperature. The prepared 20 nm Ag NPs 
were stored in ultrapure water. 

2.4. Preparation of Tween 20 modified Ag@Au NPs 

Ag@Au NPs were synthesized by the seeded growth method with 
modifications and 20 nm Ag NPs were used as seeds [32]. Firstly, 0.5 mL 
of 20 nm Ag NPs were dispersed in ultrapure water to obtain 15 mL of 
diluted nanoparticles solution and 154 μL of 100 mM NH2OH: HCl and 
128.7 μL of 10 mM HAuCl4 were added to the solution slowly while 
gently stirring. After stirring for 45 min, 775 μL of PVP 1 wt% was added 
to the conjugates and mixed for 20 min. Later, trisodium citrate aqueous 
solution was added to the mixture to a final concentration of 10 mM, 
after which, 0.2 wt% Tween 20 was added and the mixture was stirred 
for 20 min. The resulting Tween 20 modified Ag@Au NPs were centri
fuged (three times) at 12000 rpm for 10 min to remove the supernatant 
and resuspended with Tris-HCl containing 0.2 wt% Tween 20, and then 
stored in 4 ◦C for the next use. 

2.5. Functionalization of Ag@Au NPs with ssDNA 

Briefly, the ssDNA was added to the Tween 20-capped Ag@Au NPs in 
a ratio of 1:3 and incubated overnight in 0.5 × TBE, 50 mM NaCl. The 
mixture was then centrifuged (three times) at 12000 rpm for 10 min to 
remove the supernatants and the deposit was resuspended in Tween 20 
(0.2 wt%) with equal volume. Here, four different types of Ag@Au NPs- 
DNA conjugates were prepared. 

2.6. Ag@Au NPs-DNA conjugates modified with Raman beacon molecule 

Three types of Raman beacon molecule were used in this work, 
namely 4-ATP, 4-MATT and 4-NTP. Three types of beacon molecule 
were dissolved in ethanol under their optimum conditions and added to 
three different Ag@Au NPs-DNA conjugates. These samples were incu
bated for 4 h at 27 ◦C and then centrifuged at 12000 rpm for 10 min and 
the deposit was resuspended in Tween 20 (0.01 wt%) at an equal 
volume. 

2.7. Synthesis of Ag@Au nano-tetrahedron 

A two-step method was used to synthesize Ag@Au nano-tetrahedron 
according to a previous report with some modifications [29]. First, 
Ag@Au NPs-DNA conjugates with a hybrid complementary portion were 
mixed in pairs with an equal volume of Tris buffer (containing 50 mM 
Na+, 10 mM K+, 10 mM Mg2+). The two samples were kept at 90 ◦C for 5 
min and then the temperature was decreased slowly in steam environ
ment until it reached room temperature. Then, the two pairs were mixed 
in equal volumes and incubated for 24 h at 27 ◦C. The obtained Ag@Au 
nano-tetrahedron was stored in 20 mM Tris-HCl containing 0.01 wt% 
Tween 20. 

2.8. Detection of multiple pesticides 

To detect profenofos simultaneously, acetamiprid and carbendazim. 
The SERS sensors were immersed in 20 mM Tris-HCl solution, the 
standard solution was added to the Tris-HCl solution and the mixture 
was incubated for 20 min at 37 ◦C. The SERS spectra of the samples were 
then acquired. The concentrations of the standard solutions were 1.0 ✕ 
10− 6, 1.0 ✕ 10− 5, 1.0 ✕ 10− 4, 1.0 ✕ 10− 3, 1.0 ✕ 10− 2, 1.0 ✕ 10− 1, 1, 10, 
100, 1000 and 10000 ng mL− 1 (profenofos: acetamiprid: carbendazim =
1:1:1). 

3. Results and discussion 

3.1. Characteristics 

The Raman signal can be enhanced by local electromagnetic fields 
around precious metal nanomaterials. In this study, Ag@Au nano- 
tetrahedron was used as the SERS substrate material for quantitative 
detection of pesticides to be tested. As shown in Fig. S1, the Ag seed was 
spherical and its size was approximately 4 nm (Fig. S1B) with high 
monodispersity. Fig. S1C shows that the Ag NPs with an average 
spherical size of 20 nm were uniform. The size of Ag@Au NPs is 
approximately 30 nm (inset of Fig. 1C). To further verify the core-shell 
structure of Ag@Au NPs, EDS analysis of Ag@Au NPs is shown in 
Fig. 1D, displaying the good element distribution of Au (green) and Ag 
(red) elements. 

The maximum absorbance wavelengths of the Ag seeds (Fig. S1A), 
Ag NPs (Fig. 1A, curve a) and Ag@Au NPs (Fig. 1A, curve b) detected by 
UV–vis spectra were 400 nm, 398 nm and 575 nm, respectively. The 
UV–vis absorption peak of the aptamer DNA sequence is at 260 nm 
(Fig. 1A, curve c). When coupled with Ag@Au NPs, its absorption peak 
at 575 nm in the absorption spectrum of Ag@Au NPs did not present a 
red shift (Fig. 1A, curve d), which demonstrated that Ag@Au NPs did not 
reunite after being modified with DNA. The surface charges of Ag@Au 
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NPs, DNA and Ag@Au NPs after DNA coupling were − 3.96, − 7.92 and 
− 10.13 mV (Fig. 1B), respectively. Combined with UV–vis spectra, these 
results could prove that the successful coupling of DNA on the surface of 
Ag@Au NPs. 

Some stabilizers were selected to optimize Ag@Au NPs for good 
dispersion and stability as shown in Fig. S2. When using trisodium cit
rate and PVP combined with 0.2 wt% Tween 20 (Fig. S3), Ag@Au NPs 
have best SERS signals, best dispersion and stability. Therefore, in the 

Fig. 1. (A) UV–vis absorption spectrum of 20 nm Ag NPs (curve a), Ag@Au NPs (curve b), DNA (curve c) and Ag@Au NPs coupled with DNA (curve d). (B) Zeta 
potentials of Ag@Au NPs (column a), DNA (column b), Ag@Au NPs-DNA (column c), (C) TEM images of Ag@Au NPs, (D) EDS analysis of Ag@Au NPs, (E) TEM 
images of Ag@Au NPs dimers and (F) The TEM images of Ag@Au nano-tetrahedron. 

Fig. 2. (A) Strength of SERS-4-ATP-molar ratio of gold/silver (black curve (a): 1.0, red curve (b): 1.4, blue curve (c): 1.8, pink curve (d): 2.0, green curve (e): 2.2 and 
navy-blue curve (f): 2.6). (B) The corresponding numerical value of the SERS-4-ATP intensity spectra. (C) Strength of SERS-4-NTP-molar ratio of gold/silver (black 
curve (a): 1.0, red curve (b): 1.4, blue curve (c): 1.8, pink curve (d): 2.0, green curve (e): 2.2 and navy-blue curve (f): 2.6). (D) The corresponding numerical value of 
the SERS-4-NTP intensity spectra. (E) Strength of SERS-4-MATT-molar ratio of gold/silver (black curve (a): 1.0, red curve (b): 1.6, blue curve (c): 2.0, pink curve (d): 
2.2, green curve (e): 2.6 and navy-blue curve (f): 3.0). (F) The corresponding numerical value of the SERS-4-MATT intensity spectra. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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subsequent preparation of Ag@Au NPs, PVP and Tween-20 were added. 
In this study, three types of Raman beacon molecule were used for 

quantitative analysis, namely 4-ATP, 4-NTP and 4-MATT. To improve 
the sensitivity and stability, the structure of Ag@Au NPs-labeled beacon 
molecules was optimized. Most of the signal enhancement of SERS 
beacon molecules originated from the electromagnetic field generated 
by the LSPR effect of Ag@Au NPs [23,31,36]. For geometric factors, the 
thickness of Au shell was largely determined by the strength of LSPR and 
further influenced intensity of SERS. As shown in Fig. 2A, C and 2E, the 
SERS intensities of Ag@Au NPs with different shell’s thickness enhanced 
the signals of the three SERS beacon molecules differently. Finally, 
Ag@Au NPs marked with 4-ATP (Fig. 2B) and 4-NTP (Fig. 2D) when the 
molar ratio of Au and Ag content was 2.2 and Ag@Au NPs marked with 
4-MATT (Fig. 2F) when the molar ratio of Au and Ag content was 2.6 
were selected. 

After determining the thickness of Ag@Au NPs’ shell, the concen
trations of three kinds of beacon molecule were also optimized. As 
shown in Fig. S4, the corresponding peaks of three beacon molecules did 
not interfere with each other (4-ATP: 1079 cm− 1; 4-NTP: 1334 cm− 1; 4- 
MATT: 1609 cm− 1), which laid theoretical foundation for the subse
quent qualitative and quantitative detection of multiple residues of the 
three pesticides. When the concentration of 4-ATP was 0.75 μmol L− 1, 
the concentration of 4-NTP was 11 μmol L− 1 and the concentration of 4- 
MATT was 3 μmol L− 1. The respective beacon molecules labeled by 
Ag@Au NPs had the highest SERS signal value. Therefore, the beacon 
molecules with the appropriate Ag@Au NPs shell’s thickness and the 
appropriate concentration above were selected as the raw materials for 
the subsequent construction of Ag@Au nano-tetrahedron. 

In this study, four kinds of complexes formed by Ag@Au NPs and 
DNA were used to form Ag@Au NPs spatial tetrahedral structure using a 
two-step method. If single NP aggregates into a cluster, the system 
would also produce a strong Raman signal, which would adversely affect 
the sensitivity of the detection result. Fig. 1E shows the TEM of the first 
step of the self-assembled Ag@Au NPs particle dimers. The photo reveals 

that Ag@Au NPs dimers were uniformly distributed, the structure was 
stable and there was no large-scale agglomeration, which was essential 
for the subsequent construction of Ag@Au NPs spatial tetrahedron. 
Fig. 1F represents the TEM photograph of the self-assembled Ag@Au 
nano-tetrahedron. As shown in the Fig. 1F, Ag@Au nano-tetrahedron 
had uniform distribution, stable structure and good dispersion, which 
provided a guarantee for the establishment of the subsequent highly 
sensitive Raman analysis method. 

3.2. Feasibility of the assay 

To access the feasibility of the constructed Ag@Au nano-tetrahedron 
system, the DLS diameters of 122.4 nm and 141.8 nm in the absence and 
presence of profenofos are shown in Fig. 3A. The corresponding 
maximum absorption peak position of the UV–vis absorption spectrum 
remained unchanged with Ag@Au nano-tetrahedron states in the 
absence or presence of profenofos were displayed in Fig. 3B. For the 
establishment of multi-residue analysis method for profenofos, acet
amiprid and carbendazim, the cross-reactivity between analytes was 
discussed. 50 ng of profenofos, acetamiprid and carbendazim solution 
were added to the constructed Ag@Au nano-tetrahedron system, 
respectively. Then, SERS signal detection was carried out. As shown in 
Fig. 3C (black curve and red curve) compared with the blank sample, the 
SERS signal of the characteristic peak of 4-ATP at 1079 cm− 1 increased, 
while the SERS signal of the characteristic peak of 4-NTP at 1334 cm− 1 

and 4-MATT at 1609 cm− 1 did not change (Fig. 3D) after the addition of 
profenofos. The reason for this phenomenon is that Ag@Au nano- 
tetrahedron in this study that used the specific binding characteristics 
of nucleic acid aptamers and analytes to distinguished them. The 
chemical structure of profenofos is very different from the structure of 
acetamiprid and carbendazim. Therefore, the aptamer of profenofos 
could only specifically recognize profenofos, but not acetamiprid or 
carbendazim. And similarly, 50 ng acetamiprid and 50 ng carbendazim 
were added separately (Fig. 3C: blue curve and rose curve, Fig. 3E and 

Fig. 3. (A) DLS spectra of Ag@Au NPs (curve a) tetrahedron in the absence (curve b) or presence (curve c) of profenofos (50 ng). (B) UV–vis absorption spectrum of 
Ag@Au nano-tetrahedron system in the absence (curve a) or presence (curve b) of profenofos. (C) SERS intensity spectra of the cross-reactivity of three pesticides 
(Black sample: black curve, Profenofos: red curve, Acetamiprid: blue curve, Carbendazim: rose curve and Mixture: green curve). (D) The corresponding numerical 
value of SERS intensity for profenofos. (E) The corresponding numerical value of SERS intensity for acetamiprid. (F) The corresponding numerical value of SERS 
intensity for carbendazim (Profenofos: column a, Acetamiprid: column b and Carbendazim: column c). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Y. Lu et al.                                                                                                                                                                                                                                       



Talanta xxx (xxxx) xxx

6

F). Therefore, the cross-reactivity of these pesticides in this study can be 
neglected. 

3.3. Optimization 

When pesticide residue testing is conducted, some reagents must be 
used to extract pesticides from the sample matrix. The three pesticides 
were soluble in methanol, and methanol at a certain content is condu
cive to the identification of samples and aptamers. However, high con
tent of methanol would affect the results. In addition, the aptamer is an 
oligonucleotide sequence or a short polypeptide and the pH value of Tris 
buffer will affect its activity to a certain extent and even lead to the 
cleavage and fracture of the aptamer sequence, thus affecting the 
experimental results. For these reasons, the methanol content and pH of 
the Tris buffer system were optimized in this study. As displayed in 
Fig. S5, the Tris buffer contented 2% methanol and pH 7.5 was used for 
future research. 

3.4. Analytical performance 

Ag@Au nano-tetrahedron was performed under the optimal condi
tions to detect a series of samples with varying concentrations of pro
fenofos, acetamiprid and carbendazim. As depicted in Fig. 4, when the 
pesticide concentrations increased, the SERS intensity would be 
increased and half maximal inhibitory concentration (IC50) of profeno
fos was 0.05 ng mL− 1, the IC10-IC90 was 0.0021–2362 ng mL− 1 (Fig. 4A). 
The IC50 of acetamiprid was 0.059 ng mL− 1 and the range was 
0.0046–1876 ng mL− 1 (Fig. 4B), which the IC50 of carbendazim was 
0.045 ng mL− 1 and the IC10-IC90 was 0.0061–1545 ng mL− 1 (Fig. 4C). 
All of the scope of tested met the maximum residue limit (MRL, profe
nofos: prohibited, acetamiprid: 0.02 mg kg− 1 and carbendazim: 0.02 mg 
kg− 1 in the USA). Moreover, the limit of detection (LOD) of Ag@Au 
nano-tetrahedron was lower than the existing research results (Table S1) 
with better sensitivity. The detection time required was also shorter than 
existing analytical methods. Compared with other methods based on 
SERS for multiple pesticides analysis qualitatively and quantitatively 
[37,38], the Ag@Au nano-tetrahedron had lower LOD and less detection 
time, which showed that the established Ag@Au nanotetrahedron 
detection method had better detection performance. 

3.5. Principle of ultra-sensitive detection 

Such a low LOD might be achieved because of the following reasons: 
1) The use of aptamers allowed high recognition performance and could 
identify lower concentrations of analytes [33]; 2) Each DNA frame has 
six sides, thus the discrete tetrahedron had the potential for multipath 
sensing in the liquid phase (Scheme 1); 3) Ag@Au nano-tetrahedron was 
uniformly distributed in the solution and the SERS signal base was low. 

After the substance to be measured was added into the system, Ag@Au 
nano-tetrahedron with uniform distribution would be aggregated, thus 
causing the enhancement of the SERS signals and making the instrument 
detect the small changes of the SERS signal value [27,29]; 4) The plasma 
coupling effect super-quantitatively tracks the target and the 
DNA-self-assembled tetrahedron has a strong SERS signal value [12,26]; 
5) Since the three-dimensional spatial configuration of the tetrahedron 
was very stable, the SERS signal would change accordingly after adding 
a test sample that would shrink its spatial configuration, which could 
better achieve target recognition [31]. 

3.6. The stability of the system 

To examine stability of the method, Ag@Au nano-tetrahedron stored 
for a certain period was used to detect the profenofos, acetamiprid and 
carbendazim at concentrations of 10, 50, 100 ng mL− 1. As displayed in 
Fig. S6, the detection results of Ag@Au nano-tetrahedron after different 
storage days (0, 1, 3, 5, 7, 14 d) remained unchanged, which proved that 
the prepared Ag@Au nano-tetrahedron has good stability. 

3.7. Specificity 

Aptamer can not only specifically bind to the pesticide to be tested, 
but also to other compounds with similar structures. This specific 
binding might cause matters such as false positive detection results, 
which severely could affect the accuracy and reliability of the detection. 
Therefore, the cross reactions of these pesticides with similar structures 
were monitored as dissected in Fig. S7. The pesticides’ aptamers used in 
this work did not cross-react with other pesticides with similar structure. 

3.8. Real samples detection 

The standard addition recovery rate of the three pesticides detected 
by Ag@Au nano-tetrahedron was 79.5–98.7% for profenofos, 
74.6–100.4% for acetamiprid and 75.6–99.8% for carbendazim, and the 
relative standard deviation were 3.28–7.56% (profenofos), 2.35–8.69% 
(acetamiprid) and 2.26–7.86% (carbendazim) as depicted in Table S2. 
The accuracy and precision of Ag@Au nano-tetrahedron detection met 
the national standard (NY/T 788-2018). The results shown that Ag@Au 
nano-tetrahedron was an accurate and feasible method to quickly detect 
the presence of three pesticides in real samples. 

3.9. Comparison with HPLC-MS methods 

Analysis of real samples rather than laboratory samples by current 
methods may be more helpful in demonstrating the reliability of the 
method [39]. So the results of Ag@Au nano-tetrahedron detection in 
actual samples were compared with HPLC-MS results (Fig. 5), and these 

Fig. 4. (A) Standard curve line of Ag@Au nano-tetrahedron of profenofos. (B) Standard curve line of Ag@Au nano-tetrahedron of acetamiprid. (C) Standard curve 
line of Ag@Au nano-tetrahedron of carbendazim (the concentrations of all pesticides were 1.0 ✕ 10− 6, 1.0 ✕ 10− 5, 1.0 ✕ 10− 4, 1.0 ✕ 10− 3, 1.0 ✕ 10− 2, 1.0 ✕ 10− 1, 1, 
10, 100, 1000 and 10000 ng mL− 1). 
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two analytical methods obtained satisfactory favourable correlation 
(profenofos: y = 0.9671x + 1.1264, R2 = 0.9947; acetamiprid: y =
1.1053x + 0.2463, R2 = 0.9922; carbendazim: y = 1.0463x + 0.0681, 
R2 = 0.9937). These all illustrated that Ag@Au nano-tetrahedron 
detection method was exact and dependable in detecting profenofos, 
acetamiprid and carbendazim residues in environmental and food 
samples. 

4. Conclusion 

In this work, three-dimensional nano-tetrahedron of Ag@Au NPs 
were successfully prepared based on DNA molecular self-assembly. The 
specific recognition of target and aptamer was used to change the dis
tance between the assembled Ag@Au nano-tetrahedron, forming hot 
spots of SERS and further resulting in strong Raman enhancement effect. 
Taking advantage of the spatial configuration and multi-element struc
ture of the tetrahedron, a tetrahedral multiple Raman detection system 
with three types of beacon molecule was constructed by introducing 
three-segment nucleic acid aptamers and three beacon molecules into 
the tetrahedron. The changes in the Raman signals of the three types of 
beacon molecule correspond to the concentrations of the three target 
pesticides, thereby realizing the simultaneous detection of the three 
pesticides of profenofos, acetamiprid and carbendazim. This method 
exhibited strong identification ability for pesticides in food and envi
ronmental samples. The method could realize ultra-sensitive detection 
with ultra-low LOD level, has good specificity and the detection result is 
not affected by the disordered aggregation of nanoparticles that more 
conducive to the practical application of SERS sensing detection 
technology. 
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