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Abstract
Developing simple, efficient, and inexpensive method for trace amount organophosphorus pesticides’ (OPs) detection with 
high sensitivity and specificity is of significant importance for guaranteeing food safety. Herein, an Ag/Au bimetallic nano-
particle-based acetylcholinesterase (AChE) surface-enhanced Raman scattering (SERS) biosensor was constructed for in situ 
simple and sensitive detection of pesticide residues in food. The principle of this biosensor exploited 4-mercaptophenylbo-
ronic acid (4-MPBA)-modified Ag/Au bimetallic nanoprobes as SERS signal probe to improve sensitivity and stability. The 
combination of AChE and choline oxidase (CHO) can hydrolyze acetylcholine (ATCh) to generate H2O2. The product of H2O2 
selectively oxidizes the boronate ester of 4-MPBA, decreasing the Raman intensity of the B-O symmetric stretching. In the 
presence of OPs, it could inhibit the production of H2O2 by destroying the AChE activity, so the reduction of the SERS signal 
was also alleviated. Based on the principle, an Ag/Au bimetallic nanoparticle-based AChE SERS sensor was established 
without any complicated pretreatments. Benefiting from the synergistic effects of Ag/Au bimetallic hybrids, a linear detection 
range from 5×10−9 to 5×10−4 M was achieved with a limit of detection down to 1.7×10−9 M using parathion-methyl (PM) as 
the representative model of OPs. Moreover, the SERS biosensor uses readily available reagents and is simple to implement. 
Importantly, the proposed SERS biosensor was used to quantitatively analyze OP residues in apple peels. The levels of OPs 
detected in real samples by this method were consistent with those obtained using gas chromatography–mass spectrometry 
(GC–MS), suggesting the proposed assay has great potential applications for OPs in situ detection in food safety fields.
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Introduction

Organophosphorus pesticides (OPs) have been extensively 
used in agriculture to protect crops from pests and insects 
for many years. However, OPs are well-known to inhibit 

the enzymatic activity of AChE, resulting in the accumula-
tion of the neurotransmitter ATCh in the body, which can 
lead to fatal consequences to human central nervous sys-
tem [1–5]. Therefore, the demand for detection of OP resi-
dues in rapid and sensitive method has urgently increased 
to guarantee food security. Traditional detection methods 
such as gas chromatography (GC) [6], liquid chromatog-
raphy (LC) [7], high-performance liquid chromatography 
(HPLC), and mass spectrometry (MS) [8] have been uti-
lized for the determination of OP residues. Although these 
techniques are capable of selectively detecting OPs, the 
complex processes and professional operation limit their 
practical applications. To address this critical issue, novel 
analysis techniques such as electrochemical analysis and 
[9] colorimetric [10] and fluorescent assay [11] have been 
developed. For example, Velusamy et al. fabricated an elec-
trochemical sensor based on cellulose microfiber-supported 
reduced graphene oxide, which was successfully applied for 
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the detection of fenitrothion in different water samples [12]. 
Yu et al. established a universal method for the measure-
ment of chlorpyrifos in vegetables with modification-free 
C-dots as the fluorescent probes [13]. For the past few years, 
the SERS-based analytical technique has attracted extensive 
investigative attention in recent years, owing to its noninva-
sive, nonlabeling, fingerprint-type detection capability, as 
well as ultrahigh sensitivity [14–17].

It is generally accepted that SERS provides significant 
amplification of Raman signals for analytes close to plas-
monic metal, because of the localized surface plasmonic 
resonances (LSPRs) effect [18–20]. Noble metal nanopar-
ticles (NPs) are commonly used as SERS-active materials 
due to their excellent plasmonic properties. As one of the 
most excellent candidates for SERS application, Ag NPs can 
support LSPRs right across the visible spectrum; however, 
its low resistance to oxidation is a draw-back for sustained 
SERS performance in the long term [21, 22]. While Au-
based SERS substrates are more stable, the cost is much 
higher than that of Ag-based counterparts. It is noteworthy 
that Ag/Au bimetallic hybrids could achieve enhanced SERS 
performance and stability through synergistic effects of the 
Ag and Au on nanoscale [23–25]. For instance, Fortuni et al. 
reported an Au-coated Ag NP substrates for SERS detec-
tion, the thin Au layer provides oxidation resistivity while 
maintaining the broad spectral range SERS sensitivity of Ag 
NPs [26]. Gao et al. synthesized alloyed Ag/Au nanospheres 
that combined the extinction cross-section and high stability, 
showing a superior Raman signal intensity [27].

In recent decades, the SERS technology plays a major 
role in the analysis of pesticide residues, numerous SERS 
substrates with large Raman enhancement ability have 
been constructed [28–30]. As it is reported, conventional 
SERS substrates based on silicon or glass templates can-
not be attached to irregular food surfaces, thereby mak-
ing in situ surface Raman analysis impossible. In these 
regards, transparent and flexible SERS substrates can be 
used for in situ analysis by swabbing or wrapping onto 
food surfaces which have gained considerable attention 

[31–33]. However, the flexible SERS substrates con-
structed by depositing Ag or Au NPs onto flexible frame-
works are either tedious in the preparation or low effi-
ciency in performance, thereby inhibiting their practical 
applications [34]. Recently, bienzyme-based biosensors 
based on AChE/ChOx strategy are evolving into a prom-
ising technology for the sensitive detection of OPs, ChOx 
is a limiting enzyme in this bienzyme system, and the 
characteristics of choline enzymatic oxidation affect the 
specificity of the measurements [35, 36]. OPs can destroy 
the activity of AChE and inhibit the production of H2O2, 
which can be effectively determined by electrochemical, 
colorimetric, and fluorescence biosensors, and thus, low-
level detection of OP residues in agricultural has been 
realized [37–41]. Inspired by the efficiency and conveni-
ence of SERS technology, we conclude that the SERS bio-
sensor based on the selectively oxidation effect between 
H2O2 and nanoprobe would provide a powerful candidate 
for in situ detection of OPs.

In this work, we report an SERS biosensor based on 
the bienzyme AChE/ChOx for in situ detection of OPs on 
apple peels. The proposed sensing strategy includes two 
sequential reactions:

The hydrolysis of ACh was catalyzed by AChE to form 
choline (1), and then the oxidation of choline in the pres-
ence of ChOx generates betaine and H2O2 (2). As shown 
in Scheme 1, the Ag/Au NPs modified by 4-MPBA (Ag/
Au NPs-MPBA) were developed as SERS nanoprobe. The 
reaction of ATCh with AChE to form choline that is in turn 
catalytically oxidized by ChOx to produce H2O2 which 
can oxidize 4-MPBA to 4-mercaptophenol (4-MP) and 
SERS signal changed accordingly [42]. OPs can destroy 
the activity of AChE and inhibit the production of H2O2; 

(1)ACh + H
2
O

AChE

→ Choline

(2)Choline + O
2

ChOx

→ H
2
O

2
+ betaine

Scheme 1   Schematic illustra-
tion of an Ag/Au bimetallic 
nanoparticle-based acetylcho-
linesterase SERS biosensor for 
in situ sensitive detection of 
organophosphorus pesticide 
residues in food
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thus, the SERS signal change of 4-MPBA subsequently 
weakened. According to the relationship that the SERS 
signal of 4-MPBA in response to the increase of OPs, a 
SERS biosensor for in situ detection of OPs on apple peels 
was established.

Experimental

Chemicals

All chemicals were of analytical grade and used without fur-
ther purification. Silver nitrate (AgNO3), gold chloride tri-
hydrate (HAuCl4·3H2O), ammonium hydroxide (NH3·H2O), 
trisodium citrate dehydrate, L-ascorbic acid (AA), and hydro-
gen peroxide (H2O2) (30%) were obtained from Sinopharm 
Chemical Reagent Co., Ltd. 4-Mercaptophenylboronic acid 
(4-MPBA), acetylcholinesterase (AChE), choline oxidase 
(ChO), and acetylthiocholine (ATCh) iodide were purchased 
from Macklin Biochemical Co., Ltd. Parathion-methyl (PM) 
standards were obtained from Liaocheng Center for Disease 
Control and Prevention. The fruits were bought from a local 
supermarket. The Milli-Q water (18.2 MΩ·cm) or ethanol 
was used for the preparation of the samples.

Instrumentation

Transmission electron microscopy (TEM) images were taken 
on a transmission electron microscope (JEM-2100, JEOL) 
operated at 200 kV. Scanning electron microscopy (SEM) 
images and energy-dispersive X-ray spectroscopy (EDS) 
mapping were taken on a field emission scanning electron 
microscope (Helios G4 CX, Thermo Scientific) with accel-
eration voltage of 15 and 10 kV, respectively. Dynamic light 
scattering (DLS) data were obtained using Zeta Nanosizer 
(Malvern). Ultraviolet–visible (UV–Vis) absorption spectra 
were recorded by a UV-3600 PC spectrophotometer. The 
gas chromatography–mass spectrometry (GC–MS) meas-
urements were performed on a TSQ8000EVO spectrometer 
(Thermo Fisher Scientific Co.). SERS experiments were 
conducted using a Renishaw InVia Reflex confocal micro-
scope equipped with a 50× objective and 633 nm as the 
excitation wavelength. The output power of the laser was 5 
mW, and the collection time was 10 s.

Synthesis of Ag/Au NPs‑MPBA nanoprobes

To synthesize Ag/Au NPs, 1 mL of trisodium citrate (0.1 M) 
and 2 mL of AA (0.2 mM) were added to 5 mL of water (the 
pH of the pure water was adjusted to 9.0 by NH3·H2O). Next, 
2.5 mL of AgNO3 (0.1 M) solution was injected stepwise 
into the mixture under stirring. The solution color changed 

to reddish brown within <30 s, indicating the formation of 
Ag NPs. After another 2 min of stirring, 100 μL of HAuCl4 
(30 mM) was added to the mixture; the color of the mixture 
changed from brownish to grayish green, indicating the for-
mation of Ag/Au NPs. Next, the obtained Ag/Au NPs were 
washed and centrifuged three times and diluted in 1 mL of 
phosphate-buffered solution (PBS, 10 mM, pH =7.4) for fur-
ther experiment. Finally, 100 μL of 4-MPBA ethanol solution 
(10 μM) was added to 1 mL of Ag/Au NPs’ colloidal solution 
for 12 h at room temperature and then centrifuged at a speed 
of 10000r for 10 min. After that, the precipitate was dispersed 
with 1 mL of PBS; the achieved Ag/Au NPs-MPBA nano-
probes were stored at 4 °C before use. The modification of 
4-MPBA molecules on the Ag NPs was the same procedure 
as the Ag/Au NPs-MPBA nanoprobe preparation.

SERS measurement of H2O2

First, 30% H2O2 was diluted with pure water for different con-
centrations. For H2O2 detection, 50 μL of H2O2 solution with 
various concentrations was added to 500 μL of Ag/Au NPs-
MPBA colloidal solution and mixed well. After being incu-
bated for 30 min, 50 μL of the mixed solution was dropped 
onto a glass slide and dried naturally for SERS measurements.

SERS determination of OPs

For OP detection, PM was selected as the models. The stock 
solutions of PM (10−3 M) were prepared freshly in ethanol 
and then diluted to the final concentration before use. The 
measurements for PM were carried out as follows: 50 μL of 
OP solution with different concentrations were mixed with 
500 μL of Ag/Au NPs-MPBA colloidal solution containing 
AChE (3 U/mL), ATCh (100 μm), and ChOx (1 U/mL) to 
prepare the AChE-OPs-ATCh-CHOx solution. After incubat-
ing for 30 min, 50 μL of the mixed solution was dropped onto 
a glass slide and dried naturally for SERS measurements.

Determination of OPs in real samples

Apple peels were washed with deionized water and ethanol 
before use and then cut into 0.5 × 0.5 cm2. Fifty μL of PM 
solution with different concentrations were spread on the 
peels and dried naturally in air. For in situ SERS detection, 
50 microliter of Ag/Au NPs-MPBA colloidal solution con-
taining AChE (3 U/mL), ATCh (100 μm), and ChOx (1 U/
mL) was carefully dropped on the apple peels; the SERS 
spectra were recorded after the droplet drying (about 50 
min). Furthermore, the obtained results were consistent with 
that of GC–MS, suggesting the potential applicability of the 
proposed assay for PM detection in real samples.
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Results and discussion

Characterization of Ag/Au NPs

Ag/Au NPs have been prepared by the addition of HAuCl4 
into colloidal solution of the synthesized Ag NPs; the 
morphology, particle size distribution information, and 
UV−vis spectra of Ag NPs were shown in Fig. S1. The 
SEM and TEM images of the Ag/Au NPs in Fig. 1A and B 
indicated the synthesized Ag/Au NPs are almost homoge-
neous spherical shape. The SEM images at different mag-
nifications and the corresponding EDS maps were shown 
in Fig. S2. The average diameter of the Ag/Au NPs is 
about 28 nm (Fig. 1C), which is larger than that of Ag NPS 
(Fig. S1B). For the pure Ag NPs, the maximum localized 
surface plasmon resonance (LSPR) position was located 
at 420 nm (Fig. S1C); as the Au was deposited on the Ag 
NPs, the LSPR position displayed a red shift to 440 nm 
(Fig. 1D, black line), confirming the successful formation 
of bimetallic Ag/Au NPs [43]. After functionalizing the 
Ag/Au NPs with 4-MPBA, a new absorption peak located 
at 252 nm was observed (Fig. 1D, red line), which attrib-
uted to the characteristic peak of 4-MPBA [44].

The SERS spectrum of Ag/Au NPs-MPBA nanoprobe 
and the ordinary Raman spectrum of solid 4-MPBA were 
compared in Fig. S3. It was shown that the two Raman 
bands for Ag/Au NPs-MPBA nanoprobes at 993 and 1011 
cm−1 attributed to the B–O symmetric stretching and the 

deformation of B–O–H on boric acid group of 4-MPBA. 
The other two peaks at 1071 and 1562 cm−1 were assigned 
to C–H in-plane deformation and C–C stretching vibra-
tions on the benzene ring [45]. The results indicated that 
4-MPBA was successfully conjugated with Ag/Au NPs. 
The SERS spectra of the Ag/Au NPs were investigated 
after storage for 1 month to test the stability of the nano-
probe. In contrast to the Ag NPs, no obvious decrease in 
the intensity of SERS peaks for 4-MPBA was observed 
(Fig. S4), suggesting the obtained Ag/Au NPs-MPBA 
nanoprobes may be kept in storage for a long time.

Mechanism of SERS biosensor

This sensing strategy involves the reaction of ATCh with 
AChE to form choline that is in turn catalytically oxidized 
by ChOx to produce H2O2, which have specific effect on 
4-MPBA to form 4-MP, leaving SERS signal intensity 
reduce of the B−O symmetric stretching at 993 cm−1. In 
the presence of OPs, the activity of AChE would be inhib-
ited, and the enzyme-generated H2O2 decrease, which 
weakened the reduction of B−O symmetric stretching at 
993 cm−1, as shown in Scheme 1. In addition, the SERS 
intensity of the C−H in-plane deformation at 1071cm−1 
did not change, which could be used as an internal standard 
to realize quantitative detection of OPs based on the ratio-
metric peak intensity of I1071/I993. Scheme 1 represents the 
mechanism for in situ detection of OPs using the prepared 

Fig. 1   A SEM and B TEM 
image of the Ag/Au NPs. C 
Particle size distribution curve 
of the Ag/Au NPs. D UV−Vis 
spectra of the Ag/Au NPs (black 
line) and Ag/Au NPs-MPBA 
(red line)
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SERS biosensor based on AChE-inhibited assay. When the 
Ag/Au NPs-MPBA nanoprobes were individually incu-
bated with ATCh, ChOx, and AChE or PM under the same 
conditions, almost no change was observed in SERS spec-
tra of 4-MPBA (Fig. S5A–D). While Ag/Au NPs-MPBA 
nanoprobes were incubated with AChE-ATCh-CHOx solu-
tion, the SERS intensity of B−O peaks decreased due to 
the specific effect of H2O2 on B−O symmetric stretching of 
4-MPBA (Fig. S5E).

The SERS spectra of the Ag/Au NPs-MPBA nanoprobes 
treated with different concentrations of H2O2 were inves-
tigated. As shown in Fig. S6A, the intensity ratio of I1071/
I993 increased linearly with the logarithm of H2O2 within 
the range from 10−6 to 10−3 M. The linear equation can be 
described as Y = 1.8X +19.2, and the correlation coefficient 
R2 was as high as 0.988, as shown in Fig. S6B.

Optimization of the detection conditions

To effectively detect OPs, the related parameters including 
the incubation time, pH value of the reaction system, and 
the concentrations of the reactant were optimized. The time-
dependent SERS spectra of Ag/Au NPs-MPBA nanoprobes 

in the AChE-ATCh-CHOx solution were investigated. As 
shown in Fig. 2A, the intensity ratio of I1071/I993 sustained a 
stable value when the incubation time reached 30 min, indi-
cating that the reaction between H2O2 and 4-MPBA has been 
completed within 30 min. The intensity ratio of I1071/I993 of 
Ag/Au NPs-MPBA changed under different pH conditions; 
the intensity reached a maximum when the pH is in the range 
of 7.0−8.0 (Fig. 2B). Therefore, 30-min reaction time and 
PBS of pH =7.4 were considered in the further experiments.

Moreover, it is important to optimize the concentra-
tions of AChE and ChOx, because they have an effect on 
the generated H2O2 and consequently affect SERS inten-
sity of Ag/Au NPs-MPBA nanoprobes. The SERS spectra 
of Ag/Au NPs-MPBA incubated with different ratios of 
AChE/ChOx for 30 min were shown in Fig. S7. The results 
indicated that the SERS intensity of the B−O symmetric 
stretching at 993 cm−1 decreased with the increasing of 
ATCh concentration. Depending on the ratio of AChE/
ChOx, the magnitude of the decrease was different. As 
shown in Fig. 3, the intensity ratio of I1071/I993 showed 
linearity with the ATCh concentration from 0 to 100 μM, 
which could be expressed as (A) Y= 0.046X + 1.542, 
(B) Y = 0.056X + 1.384, and (C) Y =0.059X + 1.521, 

Fig. 2   Optimization of the reac-
tion time (A) and pH value (B) 
of the AChE-inhibited strategy. 
The AChE, ChOx, and PM con-
centrations were 3 U/mL, 1 U/
mL, and 10−5 M, respectively

Fig. 3   Curve of ratiometric SERS signal I1071/I993 value versus the ATCh concentrations from 0 to 100 μM. The concentrations of AChE and 
ChOx were 1 U/mL and 3 U/mL (A), 1 U/mL and 1 U/mL (B), 3 U/mL and 1 U/mL (C), respectively



	 Xu S. et al.

1 3

respectively. The absolute value of the slope of the (C) 
line was greater than the other two, which indicated that 
the highest effect was reached when the concentrations of 
AChE and ChOx were 3 U/mL and 1U/mL.

SERS detection of OPs

To investigate the performances of the prepared SERS 
biosensor for the detection of OPs, we investigated PM as 
the representative model OPs. Under optimal conditions, 
PM with different concentrations was introduced to Ag/
Au NPs-MPBA-AChE-ATCh-CHOx mixture, respectively. 
Figure 4A depicted the SERS spectra of Ag/Au NPs-MPBA 
nanoprobes for PM concentrations from 5×10−9 to 5×10−4 
M. PM can inhibit the activity of AChE and reduce the gen-
eration of H2O2. The SERS signal changes of B−O sym-
metric stretching at 993 cm−1 were weakened upon increas-
ing PM. As can be noticed in Fig. 4B, the intensity ratio of 
I1071/I993 decreased almost linearly with the logarithm of PM 
concentration. The linear regression equation was Y = −1.4X 
− 3.0, with a correlation coefficient of R2=0.982. The limit 
of detection (LOD) was calculated as 1.7×10−9 M which 
is determined based on 3σ/K (σ is the standard deviation 
of the blank, and K is the calibration of the curve). When 
the concentration was converted to the molar to area ratio 
(m/a), the LOD of PM was 2.2×10−9 mol/m2 (for calculation 
details, see “concentration conversion” part of the Support-
ing Information).

The comparison between the SERS biosensor and other 
reported methods for the detection of PM was presented 
in Table  S1. The results indicated that the proposed 
AChE-inhibited SERS sensor exhibited sensitivity to 
OPs compared with other reported methods. This excel-
lent performance should be attributed to the synergistic 
effects of bimetallic hybrids, improving the SERS prop-
erty of Ag/Au NPs-MPBA nanoprobe. Moreover, SERS 
biosensor does not require sample pretreatment and is a 
simple, rapid, and cost-efficient way for in situ detection 
of actual samples.

Anti‑interference ability of the SERS biosensor 
for the detection of OPs

It is essential to estimate the anti-interference capability of 
the SERS biosensor from the possible interference species 
in analytes. PM (10−6 M) and some other existing species, 
including Ca2+, Mg2+, Na+, Zn2+, Fe3+, vitamin C (VC), 
glucose, fructose, tannic acid, cysteine, glycine, asparagic 
acid (Asp), and tartaric acid (10−4 M) were introduced to 
Ag/Au NPs-MPBA-AChE-ATCh-CHOx solution under the 
above experimental conditions. As shown in Fig. 5, it can 
be observed that when the above-mentioned species was 
alone in the reaction system, the SERS signal of the Ag/Au 
NPs-MPBA nanoprobe changed very little. All these results 
vividly indicated that the proposed bienzyme-based SERS 
biosensor possessed excellent anti-interference ability for 
the detection of OPs in practical applications.

Fig. 4   A SERS spectra of Ag/
Au NPs-MPBA at different con-
centrations of PM from 5×10−9 
to 5×10−4 M. B Plot of the 
ratiometric SERS signal value 
of I1071/I993 vs. the logarithmic 
concentration of PM

Fig. 5   The inhibition efficiency of the SERS biosensor with the pos-
sible interference species on the apple peels



Engineering an Ag/Au bimetallic nanoparticle‑based acetylcholinesterase SERS biosensor…

1 3

Real sample analysis

To demonstrate the in situ detection of OP residues on fruit 
surface, an apple was firstly washed with ultrapure water and 
ethanol carefully. Fifty microliter of the prepared PM solu-
tion with different concentrations was sprayed onto the apple 
peels. After the evaporation of the solvent, 50 μL of the Ag/
Au NPs-MPBA-AChE-ATCh-CHOx solution was dropped 
onto the apple peels and incubated for 30 min. Finally, SERS 
signals were collected in situ from the apple peels. The 
digital photograph of in situ detection of PM on the apple 
peels using the proposed AChE-inhibited assay and the 
SERS spectra of the apple peels without PM spraying were 
shown in Fig. S8. To test the accuracy of the SERS biosen-
sor, the PM concentrations in apple peels were also detected 
by GC–MS as shown in Table 1. The results obtained by 
using this assay coincided well with those obtained by using 
GC–MS, indicating that the proposed SERS biosensor can 
be successfully applied for detecting OPs in real samples. 
Therefore, it was possible to use the proposed SERS biosen-
sor to detect OPs in real samples.

Conclusion

In summary, a novel SERS biosensor based on an AChE-
inhibited assay for the detection of OPs residues was 
developed. The SERS spectra of Ag/Au NPs-MPBA nan-
oprobe could be changed by H2O2, which is produced by 
the enzyme-catalyzed reaction of AChE. OP residues can 
effectively inhibit the activity of AChE and decrease the 
production of H2O2. Based on this principle, the quantita-
tive detection of OPs was carried out, and the results showed 
wide linear range and high sensitivity. Compared with other 
methods for pesticide residue, the proposed SERS biosen-
sor was quite simple in operation and especially suitable 
for in situ detection. These advantages make the assay has 
great application prospects in food safety and the real-time 
monitoring of agricultural production.
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