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A B S T R A C T   

Organophosphate pesticides (OPs) are often used as insecticides and acaricides in agriculture, thus improving 
yields. OP residues may pose a serious threat, due to inhibition of the enzyme acetylcholinesterase (AChE). 
Therefore, a competitive bio-barcode immunoassay was designed for simultaneous quantification of organo-
phosphate pesticide residues using AuNP signal amplification technology and Au@Pt catalysis. The AuNP probes 
were labelled with antibodies and corresponding bio-barcodes (ssDNAs), MNP probes coated with ovalbumin 
pesticide haptens and Au@Pt probes functionalized with the complementary ssDNAs were then prepared. Sub-
sequently, pesticides competed with MNP probes to bind the AuNP probes. The recoveries of the developed assay 
were ranged from 71.26 to 117.47% with RSDs from 2.52 to 14.52%. The LODs were 9.88, 3.91, and 1.47 
ng⋅kg− 1, for parathion, triazophos, and chlorpyrifos, respectively. The assay was closely correlated with the data 
obtained from LC-MS/MS. Therefore, the developed method has the potential to be used as an alternative 
approach for detection of multiple pesticides.   

1. Introduction 

Organophosphate pesticides (OPs), are widely used to defend crops 
against pests to boost productivity and reduce the losses. Nevertheless, 
the excessive application of OPs has caused critical adverse effects on 
human and environment (Lu, Tao, Li, Huang, & Gao, 2019). Their acute 
toxicity, as potent irreversible inhibitors of cholinesterase, may cause 
acute and delayed neuropathy, reproductive disorders, and endocrine 
disruption (Singh, Thakur, Singh, & Kaur, 2020). Even though with 
small residual amounts, OPs could gradually accumulate in the envi-
ronment along with food chain though the ecosystem cycle (Wang, 
Duan, & Fan, 2021). Hence, it is essential to design a sensitive and 

reliable method for quantification of trace residual levels of OPs. 
So far, several qualitative and quantitative analytical techniques, 

including gas chromatography (GC) (Fernández-Cruz, Álvarez-Silvares, 
Domínguez-Vigo, Simal-Gándara, & Martínez-Carballo, 2020), gas 
chromatography-tandem mass spectrometry (GC− MS/MS) (Kaur et al., 
2019), high-performance liquid chromatography (HPLC) (Qian et al., 
2020), and liquid chromatography-tandem mass spectrometry (LC− MS/ 
MS) (Yu et al., 2020) were designed to quantify OP residues in various 
agro-products. However, these techniques not only require expensive 
equipments and complicated operating procedures, but also need pro-
fessional operators and may necessciate additional time that might limit 
their on-site application in agricultural products. To avoid such pitfalls, 
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it may necessary to design a sensitive, fast, and reliable assay for 
determination of pesticide residues. Currently, multiple assays have 
been fabricated for rapid analysis of pesticide residues in various 
matrices. Immunoasays, such as enzyme linked immunosorbent assay 
(ELISA) (Esteve-Turrillas, Mercader, Agulló, Abad-Somovilla, & Abad- 
Fuentes, 2017), chemiluminescence enzyme-linked immunoassay 
(CLEIA) (Chen et al., 2017; Jin et al., 2012), and fluorescence polari-
zation immunoassay (FPIA) (Chen et al., 2017; Liu et al., 2016) have 
been dedicated for detection of pesticide residues. The sensitivities of 
the above-mentioned immunoassays are often insufficient. As previously 
reported, the sensitivities of immunoassay can be enhanced by bio- 
barcode amplification technique. The bio-barcode stategy was 
designed for sensitive assay of prostate-specific antigens (PSAs) without 
amplification by enzyme catalysis (Nam et al., 2003; 2004). On the basis 
of the aforementioned approach, Jin and co-workers have previously 
developed a bio-barcode immunoassay for monitoring OP residues 
based on polymerase chain reaction (PCR) (Du et al., 2016), digital PCR 
(Cui et al., 2019), fluorescent labelling technology (Zhang et al., 2020; 
2018; 2020), and colorimetric technology (Du et al., 2017; 2018) for 
agricultural products. The bio-barcode immunoassays greatly improved 
the sensitivity compared to common type of immunoassays. However, 
the above-mentioned bio-barcode immunoassay requires an appropriate 
amount of organic solvent. Further, antibodies or natural enzymes of 
these immunoassay are often more expensive, easily affected by envi-
ronmental conditions when the assay is performed, difficult to reuse, 
and involve a complex purification procedure (Chen et al., 2020), 
leading to poor reproducibility for trace determination of pesticide 
residues. 

Nanomaterials exhibiting the catalytic activities analogous to natural 
enzymes are defined as nanozyme (Biswas, Tripathi, Kumar, & Nara, 
2016). Nanozyme are featured with high stability, durability, simple 
preparation, and low cost (Wang & Gunasekaran, 2020). In this context, 
a growing number of nanozymes have been broadly exploited in the 
field of food safety, owing to their tunable sizes, ease of surface modi-
fication, inherent shapes, and composite-dependent catalysis. For 
instance, Au nanoparticles (NPs) (Wang, Wu, Shan, & Huang, 2011), Pd 
NPs (Chang, Huang, & Chen, 2020), Pt NPs (Chen et al., 2019), Cu 
nanocluster (NC) (Goswami et al., 2011), Co3O4 NPs (Ganesamurthi, 

Keerthi, Chen, & Shanmugam, 2020), V2O5 NPs (Sasikumar et al., 2017), 
Fe3O4 NPs (Liang et al., 2013), and Au@Pt NPs (Chen et al., 2020) have 
been widely used in food quality control analysis, because they display 
high stability and efficient catalytic performance. The Pt and Au@Pt NPs 
were used as immunosensors with biomolecules for trace residual 
determination of parathion in agricultural products (Chen et al., 2020; 
Goswami et al., 2011). Due to the absence of specific catalytic site in 
nanozymes, the Pt and Au@Pt NPs are often limited to single pesticide. 
The nanoparticles have been utilized as immunosensors (Atar & Yola, 
2021; Medetalibeyoglu, Beytur, Akyıldırım, Atar, & Yola, 2020; Mede-
talibeyoglu, Kotan, Atar, & Yola, 2020; Yola & Atar, 2020) for multiple 
detection of pesticide residues with molecular imprinting polymer 
(MIP), which possess specific recognition sites for pesticides (Kadirsoy, 
Atar, & Yola, 2020; Yola & Atar, 2017). However, the MIP requires 
complex preparation method. To increase the efficiency and accuracy of 
pesticide residue screening, an amino group functionalized 96-well 
black plates were used herein for detection of multiple pesticide resi-
dues. An immunosensor was prepared as follows: firstly, the AuNP 
probes reacted with the Au@Pt probes through complementary based 
pairing. Subsequently, pesticides competed with MNP probes to bind the 
monoclonal antibodies (mAbs) on the AuNP probes. Finally, the com-
plex system (MNP probe and the AuNP probe) was separated by a 
magnetic field. The relased Au@Pt probes reacted with the carboxy 
modified thiol oligonucleotides in amino modofied black plate to cata-
lyze non-fluorescent substrate of Amplex™ Red (AR) into fluorescent 
resorufin for OPs. The carboxy modified thiol oligonucleotides and the 
amino group functionalized 96-well black plate provide a strategy for 
multi-residue analysis of pesticides (as shown in Fig. 1). Compared to 
fluorescent labelled oligonucleotides, the Au@Pt nanozyme catalyzes 
the non-fluorescent AR substrate with a high reproducibility. In this 
study, a sensitive bio-barcode immunoassay based on bimetallic Au@Pt 
nanozyme was designed for determination of OPs in various agro- 
products. 

Fig. 1. Schematic illustration of fluorescent bio-barcode immunoassays for detection of OPs based on amplification by Au@Pt nanozyme.  

G. Chen et al.                                                                                                                                                                                                                                    



Food Chemistry 362 (2021) 130118

3

2. Experimental 

2.1. Materials and reagents 

Pesticide standards (parathion, triazophos, and chlorpyrifos, purity 
> 99%) were procured from Dr Ehrenstorfer (Augsburg, Germany). 
Chloroplatinic acid (H2PtCl6⋅6H2O, >99.9%), chloroauric acid hexahy-
drate (HAuCl4⋅3H2O, ACS regent), and the reducing agent, sodium cit-
rate (C6H5Na3O7⋅2H2O, >99%, used during the synthetic and 
conjugation process) were acquired from Sigma-Aldrich (St. Louis, MO, 
USA). The carboxyl groups (− COOH) functioned MNPs (10 mg⋅mL− 1) 
nanoparticles were secured from Invitrogen (Grand Island, NY, USA). 
Polyethylene glycol 20,000 (PEG 20,000), 2-(N-morpholino) acid 
(MES), 1-ethyl-3-[3-(dimethylamino) propyl] carbodiimide (EDC), and 
N-hydroxysuccinimide (NHS) were supplied by Sigma-Aldrich (St. 
Louis, MO, USA). L-ascorbic acid (C6H8O6, LAA) was obtained from 
Fuchen (Tianjin, China). Bovine serum albumin (BSA) and OVA were 
provided by BBI Life Science (Shanghai, China). Tris-EDTA buffer (TE 
buffer, pH 8.0) was purchased from Solarbio (Beijing, China). Primary- 
secondary amine (PSA), octadecyl (C18), and graphitized carbon black 
(GCB) were picked up by Bonna-Agela Technologies (Tianjin, China). 
Hydrochloric acid (HCl), Nitric acid (HNO3) and other analytical grade 
reagents were provided by Beijing Chemical Industry Group Co., Ltd. 
(Beijing, China). Analytical grade anhydrous magnesium sulphate 
(MgSO4), sodium chloride (NaCl), and other analytical grade reagents 
were supplied by Sinopharm Chemical Reagent Co., Ltd. (Beijing, 
China). The oligonucleotides (the sequence listed in Table S1) were 
synthesized by Sangon Co., Ltd. (Shanghai, China). Parathion (7.57 
mg⋅mL− 1), triazophos (4.53 mg⋅mL− 1), and chlorpyrifos (10.2 mg⋅mL− 1) 
mAbs and corresponding pesticide haptens were prepared by Zhejiang 
University (Hangzhou, China). A 96-well micro-plate modified with 
amnio group (black, flat bottom) was procured from Costar, Inc. (Ken-
nebunk, ME, USA). The Amplex™ Red (AR) solution, acetonitrile (ACN, 
HPLC-grade), and methanol (MeOH, HPLC-grade) were supplied by 
Thermo Fisher Scientific (Pittsburgh, PA, USA). Ultrapure water was 
purified by Milli-QRC instrument purification system (Millipore, Bed-
ford, MA, USA). 

3. The buffers used in this study were prepared as following: 

One litre phosphate-buffered saline (PBS: 0.01 M, pH 7.4) contains 
KCl (0.2 g), KH2PO4 (0.27 g), NaCl (8 g), and Na2HPO4 (1.14 g). 
Washing buffer (PBST: 0.01 M, pH 7.4 PBS containing 0.05% Tween-20) 
was used for washing micro-plates. Whereas, blocking buffer (0.1 M, pH 
7.4, PBS containing 6% BSA) was used to block the active site. Probe 
buffer (0.01 M, pH 7.4, PBS, containing 2% BSA and 0.1% PEG 20,000) 
was used for diluting the probes. Storage buffer (0.01 M, pH 7.4, PBS 
with 0.02% BSA), and pesticide standard solutions diluted buffer (0.01 
M, PBS and 10% methanol) were used as well throughout the experi-
mental work. 

3.1. Preparation of AuNP probes 

AuNPs were synthesized according to Chen et al method (Chen et al., 
2020), procedures were provided as supplemental materials. The 
labelled AuNP probes for the three tested OPs (parathion, triazophos, 
and chlorpyrifos) were prepared by simultaneously modifying the cor-
responding bio-barcodes and mAbs on the surface of AuNPs. The pro-
tocol used for optimization of mAb conjugated AuNPs was investigated 
in our previous articles (Chen et al., 2019; 2020). Details are stated in 
supplemental materials (Fig. S1) (the BSA concentration: 0.5%, the pH 
value: 8.5, the reaction time: 30 min, and PBS as stabilizer are the 
condition for bioconjugation of mAb to AuNPs). Primarily, TE buffer (27 
μL, pH 8.0) and TCEP (27 μL, 20 mM) were chosen to activate bio- 
barcodes (ssDNA, parathion: 29.73 μg; triazophos: 29.63 μg; and 
chlorpyrifos: 30.26 μg) for the three tested pesticides under gentle 

shaking 3 h (as shown in Fig. S2). Simultaneously, 1-mL aliquot of AuNP 
solution was adjusted to pH 8.5 by K2CO3 solution (0.1 M, pH 6.0) for 
labelling pesticide mAbs. 

Briefly, an appropriate amount of pesticide mAbs were added to the 
AuNP solution (to immobilize AuNPs via electrostatic interaction) and 
then incubated for 1 h at room temperature to form mAb-AuNP com-
plexes. Next, the activated bio-barcodes were added into mAb-AuNP 
complex and incubated at 4 ◦C for 18 h to interact with AuNPs though 
“Au-SH” coordination bonds to form AuNP probes. PEG 20,000 (30%, 
m/v) and PBS (0.1 M) were added to the above-mentioned AuNP probe 
solution to stabilize the AuNP probes. The final AuNP probe solution 
contains 0.5% PEG 20,000 to avoid aggregation of AuNP probes. Sub-
sequently, 0.1 M PBS was added the above solution over 24 h to acquire 
final concentration of the 0.01 M PBS for stabilizing AuNP probes. Af-
terward, blocking buffer was added to AuNP probe solution to a BSA 
final concentration (0.5%, m/v) and then incubated at 37 ℃ for 40 min. 
Excess bio-barcodes and mAbs were removed by centrifugation at 
13,000 r/min, 4 ℃ for 30 min (Thermo Fisher Scientific, MA, USA). The 
precipitated AuNP probes were finally redissolved in a storage buffer for 
further use. 

3.2. Preparation of MNP probes 

An appropriate volume of pesticides OVA-haptens (50 μL for para-
thion, 40 μL for triazophos, and 50 μL for chlorpyrifos) was added to 
MNPs (10 mg⋅L-1) to prepare MNP probes as described elsewhere (Chen 
et al., 2020). Incipiently, NHS (500 μL, 10 mg⋅mL− 1) and EDC (500 μL, 
10 mg⋅mL− 1) were added to a 2 mL-tube containing 50 μL MNPs. The 
mixture was gently shaken for 30 min, to activate the carboxyl group of 
MNPs. Next, the supernatant was removed under magnetic field fol-
lowed by washing (3 times with 15 mM MES buffer). Subsequently, 
parathion OVA-hapten (50 μL), triazophos OVA-hapten (40 μL), and 
chlorpyrifos OVA-hapten (60 μL) conjugates were added to the activated 
MNPs, respectively, to form complex (shaking 18 h). The three MNP 
probes were washed 3 times, followed by blocking the MNP probes using 
blocking buffer for 60 min. Then, the blocked MNP probes were sus-
pended in 1 mL of 0.01 M PBS (pH 7.4, containing 0.1% Tween-20 and 
0.1% BSA) to prepare MNP probes that were stored at 4 ℃ for further 
analysis. 

3.3. Preparation of Au@Pt probes 

The Au@Pt nanoparticles were synthesized as described elsewhere 
(Chen et al., 2020). Firstly, 30 mL AuNP solution (prepared in section 
2.2) was chosen as a seed. Then, H2PtCl6 (1.0 mM, 10 mL) and L-ascorbic 
acid (5 mM, 10 mL) were added, respectively, and boiled under mild 
stirring. Au@Pt was entirely prepared when the solution changed from 
wine-red to brown–red. The prepared Au@Pt was filtered through a 
cellulose nitrate filter before preparation of the Au@Pt nanozyme 
probes. As for the preparation of AuNP probes, the complementary bio- 
barcodes (C-ssDNA, parathion: 30.50 μg; triazophos: 30.33 μg; and 
chlorpyrifos: 30.22 μg) require activation prior reaction with Au@Pt (1 
mL) solution to produce the Au@Pt probes. Similarly, a mixture of 30% 
PEG 20,000 and 3% BSA was added to the above Au@Pt solution to 
achieve a final concentration (0.5% PEG 20,000 and 1% BSA) for sta-
bilizing the Au@Pt probes within 24 h. Afterward, excess C-ssDNA was 
discarded by centrifugation at 13, 000 r/min for 30 min (4 ◦C). Au@Pt 
probes were stored at 4 ◦C pending further analysis. 

3.4. Competitive bio-barcode immunoassay 

A competitive bio-barcode immunoassay was catalysed by Au@Pt 
nanozyme. Firstly, 100 μL AuNP probes diluted with probe buffer at an 
optimal concentration was added to tubes. Subsequently, Au@Pt probes 
(100 μL) were added and incubated in humidity chamber (1 h, 37 ◦C). 
Afterward, 40 μL pesticide standards diluted to a series of concentrations 
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(by diluted buffer or samples extract supernatant) were added to Au@Pt 
probe solution, followed by the addition of 40 μL modified MNP probes 
to establish the competitive immunoassay (at 37 ◦C, 30 min). The above 
complex was washed 3 times using washing buffer, separated under 
magnetic field, and then blocked by 60 μL blocking buffer under 75% 
humidity (at 37 ◦C, 1 h). Thereafter, the complex was shaken (at 60 ℃, 1 
h) to untie the bio-barcodes at a high temperature and low salt condi-
tions. Finally, the released Au@Pt probes interacted with the carboxy 
modified thiol oligonucleotides in amino modified black plate to catal-
yse non-fluorescent AR substrate into fluorescent resorufin for analysis 
of OPs. 

3.5. Sample pre-treatments 

The cabbage, apple, pear, and rice samples were procured from the 
Beijing supermarkets to assess the performance of the bio-barcode 
immunoassay based on bimetallic Au@Pt nanozyme for multiple re-
sidual detection. Blank samples (confirmed by LC-MS/MS to be free from 
the target analytes, parathion, triazophos, and chlorpyrifos) were used 
for preparation of calibration curve and spike-and-recovery experi-
ments. The quick, easy, cheap, effective, rugged, safe (QuEChERS) 
method designed by Anastassiades and coworkers was used as a sample 
pre-treatment procedure (Anastassiades & Lehotay, 2003) with minor 
modifications. Three different mixed standard concentrations (10, 50, 
and 100 μg⋅kg− 1) were spiked to homogenized samples (10 g, accurate 
to 0.01 g) in 50-mL tubes. Subsequently, the mixture was mixed well and 
equilibrated at room temperature (in the absence of light) for 4 h. Next, 
10 mL acetonitrile was added followed by 2 min shaking. Afterwards, 4 g 
anhydrous MgSO4 and 1 g NaCl were added to above mixture (super-
natant for dehydration and stratification) after vigorous shaking for 1 
min. Then, the supernatant was transferred into a 10-mL plastic tube 
after centrifuging at 10,000 r/min (6 min). Subsequently, 3 mL super-
natant was purified using dispersive solid-phase adsorbents (150 mg of 
PSA, 150 mg of C18, and 7.5 mg of GCB) after high-speed shaking for 30 
s, and then centrifuged at 10,000 r/min (at 4 ◦C, 5 min). Finally, the 
supernatant was dried under stream of nitrogen and then reconstituted 
in 10% methanol-PBS for bio-barcode immunoassays. For LC-MS/MS 
analysis, the supernatant was filtered through a 0.22-μm membrane 
(Jinteng, China) into a glass auto-sampler vial. 

4. Results and discussion 

4.1. Optimization of the bio-barcode sequences 

The chain length of bio-barcodes is the key factor for nanozyme 
catalysis activity. As shown in Table S2 and Fig. S3, the catalytic activity 
of nanozyme reached to maximum fluorescence when the chain length 
of bio-barcode was 35 bp. The chain length of bio-barcodes was too 
short, leading to the reactions among oligonucleotides are difficult. 
Whereas, the catalytic active site of the nanozyme is obscured with the 
long chain length of bio-barcodes. 

4.2. Characterization of AuNP probes 

The morphology of AuNP probes were characterized by transmission 
electron microscopy (TEM) and energy-dispersive spectrometry (EDS). 
As shown in Fig. 2(A), the AuNPs were spherical in shape with uniform 
size, forming dark core surrounded by shadow coating. These data 
revealed that mAbs and ssDNA were successfully conjugated on AuNPs 
surfaces. Meanwhile, the AuNP probes were also accessed by EDS to 
qualitatively evaluate the characteristic elements. The results of EDS 
analysis have shown C, N, P, and S chemical signals as presented in Fig. 2 
(B). The characteristic elements, P and S, can be inferred from ssDNA 
and pesticide mAbs, respectively. The AuNPs has a maximum absorption 
peak (520 nm) as shown in Fig. S4. Further, the UV–vis spectroscopy of 
AuNPs probes is shown in Fig. S5 with 260 nm and 280 nm peak (red 
line). These results denote that AuNPs were successfully modified with 
ssDNA and mAbs. 

4.3. Characterization of Au@Pt probes 

It is crucial to synthesize Au@Pt probes with superior and sometimes 
unprecedented properties to improve the sensitivity of bio-barcode 
immunoassay. The synthesis of Au@Pt (AuNPs were used as seeds) 
was prepared through deposition of a thin Pt layer on the surface of 
AuNPs. Similar to AuNPs and AuNP probes, the Au@Pt probes were 
characterized by TEM, EDS, and UV–vis spectroscopy. As shown in Fig. 3 
(A), The TEM of Au@Pt exhibited good dispersion with average di-
ameters of 20 nm. The flocculant Au@Pt particle size was increased by 
approximately 5 nm compared to smooth AuNPs, indicating the exis-
tence of smooth AuNPs surface of a 5 nm layer Pt to form Au@Pt (as 
shown in Fig. S6). 

In a similar way, the EDS analyses of Au@Pt probes have P chemical 
element except for Au, Pt, C, N, and O element (as shown in Fig. 3(B)). 

Fig. 2. Characterization of Au probe (A) TEM and (B) EDS images.  
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The analysis showed that P element was derived from the complemen-
tary bio-barcodes (C-ssDNA), denoting that the complementary bio- 
barcodes (C-ssDNA) were successfully modified on Au@Pt surfaces. As 
AuNPs, the Au@Pt has a maximum absorption peak (510 nm) as shown 
in Fig. S4. Further, the UV–vis spectroscopy of Au@Pt probes is shown in 
Fig. S5 with 260 nm peak (black line). The above results denote that the 
nanozyme Au@Pt probes were successfully fabricated for further 
experimental works. 

4.4. Optimal concentrations of mAbs 

The sensitivities of the immunoassay based on nanozyme Au@Pt rely 
on the concentrations of mAbs modified on AuNPs, as more mAbs on the 
AuNPs can greatly improve the affinity to react with antigens. Thereby, 
the concentrations of OPs mAbs conjugated on AuNPs were optimized in 
the immunoassay based on Au@Pt nanozyme. A series of concentration 
of mAbs was designed for preparation of different AuNP probes, with 
final respective concentrations of 7.57, 22.71, 45.42, 68.13, 113.55, and 
136.26 mg for parathion; 4.53, 9.06, 22.65, 45.30, 67.95, and 91.54 mg 
for triazophos; and 30.6, 61.2, 91.8, 122.4, 153, and 183.6 mg for 
chlorpyrifos. The fluorescence intensity was measured after competitive 
immunoassay reaction. The results demonstrated that as the mAbs 
concentrations increased, the fluorescence intensity increases first, and 
then decreases. Further, the ability to specifically recognize the pesticide 
hapten or pesticide was decreased, when the amount of mAb on AuNPs 
was low. Notably, there is steric hindrance for higher concentrations of 

mAbs modified on AuNPs that would affect the interplay between bio- 
barcode and AuNPs. Thence, the optimal concentrations of mAbs were 
found to be 45.42, 22.65, and 91.80 mg for parathion, triazophos, and 
chlorpyrifos, respectively (Fig. 4). 

4.5. Optimization of probe working concentrations 

The probe (AuNP and MNP) concentrations play a key role in the 
sensitivity of bio-barcode immunoassay based on Au@Pt nanozyme. 
Thus, optimizing the probe concentrations is necessitated to create 
calibration curves. The concentrations of AuNP probes were 4.54, 2.27, 
and 1.14 mg⋅L-1 for parathion. Similarly, the concentrations were 2.27, 
1.13, and 0.57 mg⋅L-1 for triazophos, and 9.18, 4.59, and 2.30 mg⋅L-1 for 
chlorpyrifos. Additionally, a series of MNP probes diluted at 5.0, 1.25, 
and 0.63 mg⋅L-1 was separately established for competitive bio-barcode 
immunoassay based on Au@Pt nanozyme (as shown in Table S3). The 
value represents the maximum fluorescence intensity (Fmax) to IC50 
(the concentration of analyte, inhibiting 50% of fluorescent tracer 
binding) ratio was used to assess the optimal working concentrations of 
bio-barcode immunoassay. The higher sensitivity with lower IC50 and 
higher Fmax/IC50 value. For parathion, the optimal working concen-
trations were 2.27 mg⋅L-1 for AuNP and 0.63 mg⋅L-1 for MNP probes. 
Additionally, the optimal working concentrations of AuNP and MNP 
probes were 1.13 and 0.63 mg⋅L-1 for triazophos and 4.59 and 1.25 mg⋅L- 

1 for chlorpyrifos, respectively. 

Fig. 3. Characterization of Au@Pt probe (A) TEM and (B) EDS images.  

Fig. 4. The optimization of concentration of antibodies pesticides (A) parathion, (B) triazophos and, (C) chlorpyrifos labelled on AuNPs (n = 3).  
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4.6. Calibration curves 

Calibration curves were designed for the developed bio-barcode 
immunoassays based on Au@Pt. Under the optimized conditions, the 
fluorescence intensity was measured (in triplicate) as a function of 
pesticide concentrations. The results revealed that the fluorescence in-
tensity decreased and the inhibition of pesticide increased as the con-
centrations of pesticides increased. Pesticides and the MNP probes were 
added to the AuNP probes at the same time because hapten labelled on 
MNP probes and pesticides may compete for the limited antibody on the 
AuNP probes. Excess pesticides are removed by washing procedure. 
Calibration curves and their regression equations were established using 
Origin 9.0 (Inhibition (%) as Y as an ordinate axis and the logarithmic 
(LOG) concentration of pesticides as the X abscissa axis). The results are 
shown in Fig. 5 and Table S4. The calibration curves exhibited good 
linearity with RSDs < 14.34% (parathion, y = 21.373x + 52.859, R2 =

0.9796; triazophos, y = 18.023x + 53.391, R2 = 0.9615; and chlor-
pyrifos, y = 21.516x + 49.426, R2 = 0.9713). The IC50 values were 0.74, 
0.65, and 1.06 μg⋅kg− 1, whereas the IC10 values (IC10 is the concentra-
tion of pesticide causing 10% inhibition in the maximum fluorescence) 
were 9.88, 3.91, and 1.47 ng⋅kg− 1 for parathion, triazophos, and 
chlorpyrifos, respectively. Moreover, comparison of the assay sensitivity 
for parathion, triazophos, and chlorpyrifos with nanozyme as probe is 
listed in Table S5. These results indicate that the designed immunoassay 
has high sensitivity for multiple OPs residue detection. 

4.7. Accuracy and precision 

The accuracy (expressed as recovery), precision (expressed as rela-
tive standard deviation: RSD), and the limits of detection (LOD) were 
used to evaluate the reliability and applicability of the immunoassay. 
Three concentrations (10, 50, and 100 μg⋅kg− 1) of pesticide standard 
solutions (parathion, triazophos, and chlorpyrifos) were spiked to blank 
samples (cabbage, apple, pear, and rice) to estimate recovery rate, 
which reflects the accuracy of the bio-barcode immunoassay based on 
Au@Pt nanozyme and LC-MS/MS (LC-MS/MS conditions are provided 
in Table S6). The precision was assessed under optimized conditions. 
The average recoveries of the developed bio-barcode immunoassay 
based on Au@Pt nanozyme were ranged from 71.26% to 117.47% with 
RSDs in between 2.35% and 14.52%. This finding denotes that the 
designed bio-barcode immunoassay meets the requirements for deter-
mination of pesticide residues. These results were in a good agreement 
with those determined by LC–MS/MS (Recovery rate: 70.04–106.72% 
and RSD: 0.6–9.87%) (Table S7). The above results were acceptable for 
pesticide residue analysis in agro-products. Moreover, the regression 

equations were obtained from standard curves established using blank 
matrix supernatant. Regression equations were used to evaluate the 
correlation of bio-barcode immunoassay based on Au@Pt nanozyme 
catalysis. For bio-barcode immunoassay based on Au@Pt nanozyme 
catalysis, the R2 ranged from 0.9494 to 0.9862, the IC50 from 1.09 to 
2.86 μg⋅kg− 1, and the LOD from 3.95 × 10-3 to 25.84 × 10-3 ng⋅kg− 1 

(Table S8). The cross-reactivity between the tested pesticides (para-
thion, triazophos, and chlorpyrifos) with the unrelated (other than 
parathion, triazophos, and chlorpyrifos) pesticides has been reported in 
our previous work (Chen et al., 2019; 2020;; Zhang et al., 2018). There is 
no cross-reactivity among these pesticides with the unrelated pesticides. 
These results demonstrate that the bio-barcode immunoassay based on 
Au@Pt nanozyme catalysis is a reliable method for detecting OPs 
residues. 

4.8. Confirmation analysis 

To assess the correlation coefficients of the bio-barcode immuno-
assay based on Au@Pt nanozyme with a LC-MS/MS method, rice and 
cabbage samples were randomly selected for confirmation test. Blank 
samples (n = 30) from rice and cabbages were spiked with pesticide 
mixtures (parathion, triazophos, and chlorpyrifos) at 10, 50, and 100 
μg⋅kg− 1. The samples were mixed thoroughly, and half of the samples 
were tested by the designed bio-barcode immunoassay and the rest was 
analysed using LC-MS/MS. Thereafter, the correlation coefficients of the 
two analytical methods were assessed. The correlation coefficients in 
rice were 0.9843, 0.9630, and 0.9536 for parathion, triazophos, and 
chlorpyrifos, respectively. For cabbage, the correlation coefficients were 
0.9643, 0.9676, and 0.9783, respectively (Fig. 6). These results reveal 
that the bio-barcode immunoassay based on Au@Pt nanozyme catalysis 
has a good reliability and accuracy to meet the requirements for pesti-
cide detection. 

5. Conclusions 

A selective fluorescence immunoassay based on Au@Pt nanozyme 
was designed for multi-residue detection of OPs. The Au@Pt nanozyme 
can directly catalyzes the AR substrate without a classical enzyme 
labelling procedure. Further, we found that the carboxy modified thiol 
oligonucleotides and amino modified black plate provided multi-residue 
detection for bio-barcode immunoassay with high sensitivity and 
selectivity. Overall, this immunoassay exhibits the potential as a sensi-
tive and reliable method for trace residual detection of pesticides and 
small molecules in various agricultural products. 

Fig. 5. The calibration curves of bio-barcode immunoassay for (A) parathion, (B) triazophos, (C) chlorpyrifos (n = 3).  
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