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A B S T R A C T

Luminescent gold nanoclusters (AuNCs) synthesized using non-thiolate DNA ligands were reported to show
both optical and structure responses toward diethyposphorthioate (DEP) derived from the hydrolysis of
chlorpyrifos (CP). After incubation of AuNCs with DEP, the non-thiolate DNA ligands were immediately
replaced and the tiny AuNCs with ultrasmall size transformed gradually to plasmonic nanoparticles, which
resulted in significant luminescence quenching of the AuNCs, offering a new possibility to selectively detect
organophosphorothioate pesticides that could be easily hydrolyzed to form the special structures such as DEP
containing two binding sites (e.g. S and O atoms). Therefore, selecting CP as a model analyte, we here developed
a general strategy for the construction of a novel chemosensor for the determination of CP using the non-
thiolate DNA coated AuNCs as an optical probe. Based on aggregation-induced luminescence quenching, this
strategy exhibited highly sensitive and selective responses towards CP with a limit of detection (LOD) of
0.50 μM, and was applied successfully to the analysis of CP in real sample. More interestingly, this facile
strategy could easily distinguish CP from other thiol reagents through solution color change in spite of the
existence of the coordination between Au and S atom for both of them, and the response mechanisms for them
were studied in detail. In additional, it could be extended to detect the other organophosphorothioate pesticides
with the similar structure as CP, which exploits a new platform for the construction of chemosensor and
application.

1. Introduction

Few-atom gold nanoclusters (AuNCs) or few-nanometer gold
nanoparticles (AuNPs) are promising luminescent nanoprobes for the
applications such as biosensing, bioimaging and theranostic due to
their unique optical, electrical and chemical properties (Gong et al.,
2017; Jin, 2010; Liu et al., 2016, 2013a, 2013b, 2013c; Shang et al.,
2011; Su and Liu, 2017; Yau et al., 2013; Zheng et al., 2012). Generally,
thiolate reagents, including glutathione (GSH), bovine serum albumin
and dihydrolipoic acid are commonly used as surface ligands for the
synthesis of AuNCs through the strong interaction between Au and S
atom (Jiang et al., 2014; Luo et al., 2012; Su et al., 2015; Wang et al.,
2016; Xie et al., 2009). This strong interaction of Au-S endows AuNCs
with great stability and strong luminescence, but causes AuNCs to be
insensitive to the local environment (Lai et al., 2017), which would
further hamper their potential applications. Recently, luminescent
AuNCs have also been obtained using non-thiol reagents such as

polymers (Duan and Nie, 2007; Santiago Gonzalez et al., 2010),
dendrimers (Zheng and Dickson, 2002), and DNA oligonucleotides
(Petty et al., 2013; Richards et al., 2008). These non-thiolate reagents
serve as templates for AuNCs through weak coordination interaction of
Au-N or Au-O bonding, leading to the labile state of these AuNCs.
Nevertheless, the labile state of AuNCs provides more opportunities for
the response of thiol-containing analytes such as S atom that has a
higher affinity with Au atom via strong Au(I)-S bonding.

Organophosphorus pesticides (OPs) are widely employed in agri-
culture to boost production of crops throughout the world, but the OPs
residues from crops would irreversibly bind to acetylcholinesterase and
then disrupt central nervous system of human and animals (Farag,
2003; Seiber and Kleinschmidt, 2011). Therefore, it is essential to
detect OPs residues for environmental monitoring and food security. In
the last few years, many efforts have been made to develop novel
techniques for the detection of OPs residues such as gas chromato-
graphy (Fattahi et al., 2007), high performance liquid chromatography
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combined with mass selective detectors (Amini et al., 2010; Mol et al.,
2003), enzyme-linked immunosorbent assay (Brun et al., 2005),
biosensors (Catalina Rodriguez et al., 2013; Della Ventura et al.,
2017; Funari et al., 2013, 2015; Whangsuk et al., 2016), surface
enhance Raman spectrometry (Chen et al., 2016; Zhai et al., 2015) and
electrochemical methods (Kumaravel and Chandrasekaran, 2015; Qian
et al., 2015). Although these techniques above are of high selectivity
and sensitivity, most of them usually suffer from high cost, wasting
time, complex operation and offline analysis (Zhang et al., 2010, 2014).
Electrochemical methods offer low cost, selective and sensitive re-
sponses, and are successfully applied to the determination of OPs
residues, but involve relatively laborious electrode pretreatment pro-
cesses. Among those methods, the biosensors have attracted a great
attention due to their high sensitivity and selectivity with help of the
specific enzyme. For example, CdSe@ZnS quantum dots bioconjugated
with organophosphorus hydrolase (OPH) were utilized as a probe for
the determination of paraoxon (Ji et al., 2005). The AuNPs@SiNPs@
Multi-Wall Carbon Nanotube nanocomposite immobilized with OPH
was also synthesized and applied for the highly selective detection of
parathion-methyl with a limit of detection (LOD) of 0.3 ng/mL (Chen
et al., 2011). However, these biosensors required the complex pre-
treatment, strict detection environment and high cost. Thus, it is highly
desirable to develop a simple and cost-effective strategy for the
determination of OPs or the hydrolysates of OPs.

OPs are usually divided into two kinds of compound derivatives:
Organophosphorus esters with P=O bond and organophorothioate with
P=S bond (Fig. S1) (Carullo et al., 2015). Especially, under alkaline
condition, the latter is easily hydrolyzed into the species (S and O
atoms) having strong coordination with the metal species, which offers
a new possibility to detect OPs in the environment and food. Herein, we
reported a facile strategy to construct a novel chemosensor for the
determination of OPs using non-thiolate DNA-templated AuNCs
(DNA-AuNCs) as optical probe. Selecting CP as a model analyte, the
luminescence of DNA-AuNCs was significantly quenched by DEP
derived from the hydrolysis of CP via the synergistic coordination
through both Au-S and Au-O atoms (Scheme 1). The obvious color
change and aggregation of the DNA-AuNCs were observed after the
incubation with the hydrolysate of CP, and their size increased
gradually and formed plasmonic AuNPs with increasing the CP
concentration. Based on the transformation from DNA-AuNCs to
plasmonic AuNPs, this strategy offered high sensitivity and selectivity
towards CP in the range from 0 to 80.0 μM with a LOD of 0.50 μM.
Compared to the traditional methods, the proposed strategy exhibited

low cost, easy operation and no involvement of enzyme, and could be
also successfully applied to detecting CP in real samples. Besides, it
could easily distinguish CP from the other thiolate reagents through
solution color change due to their unique structure of DEP with two
binding sites (S and O atoms). Furthermore, it could be extended to
detect other organophosphorothioate pesticides, providing great po-
tential on the practical applications of the molecule-like NCs.

2. Materials and methods

2.1. Materials and reagents

Single strand DNA was synthesized by Sangon Biotech Co. Ltd
(Shanghai, China) and its sequence was as follows:
ACCCGAACCTGGGCTACCACC CTTAATCCCC. Chloroauric acid trihy-
drate (HAuCl4·3H2O) was purchased from Sigma-Aldrich (St Louis,
MO, USA). Dimethylamine borane (DMAB), chlorpyrifos (CP), para-
thion-methyl (PM), diazinon (DIA), malathion (MAL), dichlorvos
(DIC) and trichlorfon (TRI) were purchased from J&K Scientific Ltd
(Beijing, China). Citric acid and sodium citrate were obtained from
Sangon Biotech Co. Ltd (Shanghai, China). Glucose (Glu), fructose
(Fru), saccharose (Sac) were obtained from Shanghai Biotechnology.
The other chemicals were obtained from Meryer Chemical Technology
Co. Ltd (Shanghai, China). All chemical reagents were used as received
without further purification. Ultrapure water with a resistivity of
18.2 MΩ cm−1 was achieved from a Milli-Q integral water purification
system (Millipore Corporation, Billerica, USA). Solutions of metal ions
including Na+, Zn2+, K+, Fe3+, Ca2+, Mn2+, Cr3+, and Ni2+ were
prepared from NaCl, Zn(Ac)2, KCl, Fe(NO3)3, CaCl2, MnCl2, Cr(Ac)3,
and Ni(Ac)2, respectively. Citric acid buffer solutions were prepared
according to the standard protocols. All glassware were cleaned with
fresh aqua regia ( HCl/HNO3 = 3:1, v/v) before use.

2.2. Instrument

UV–vis absorption spectra were recorded on a UV-1780 UV–vis
Spectrophotometer (Shimadzu, Japan). The luminescence spectra were
obtained with a LS 55 luminescence spectrophotometer (PerkinElmer,
US). Fourier transform infrared (FT-IR) spectra were collected using a
TENSOR 27 FT-IR spectrometer (Bruker, Germany). pH of the
solutions was measured by a Bante 902 pH meter (Shanghai, China).
Transmission electron microscope (TEM) images were recorded with a
JEM2100F TEM (JEOL, Japan). The X-ray photoelectron spectra

Scheme 1. (A) The hydrolysis process of CP in an alkaline solution. (B) Schematic illustration of the DNA-AuNCs for the detection of CP.
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