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Abstract We present a sensitive and selective method for the
determination of organophosphorus pesticides (OPs) based on
the inhibition of the enzyme acetylcholinesterase (AChE). It is
making use of quantum dots QDs of the type Mn: ZnS that
display long-lived phosphorescence emission and act as optical probes for hydrogen peroxide (H2O2). In this assay, acetylcholine (ACh) is first hydrolyzed by AChE, and the enzyme choline oxidase (ChOx) further oxidizes choline under
the formation of H2O2 which quenches the phosphorescence
of the QDs. If, however, OPs are added to the solution, the rate
of enzymatic hydrolysis by AChE is retarded. This reduces the
rate of production of H2O2 and results in a reduced quenching
efficiency. The slow decay time of the phosphorescence of the
QDs also allows time-resolved luminescence intensity to be
measured. This can eliminate background fluorescence from
the sample and therefore improves analytical accuracy and the
signal-to-noise ratio. Under optimized conditions, there is a
linear relationship between luminescence intensity and the
concentration of paraoxon in the 1 pM to 1 μM range, with
an ~0.1 pM limit of detection which is much lower than that of
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most existing methods. The phosphorescent probe was applied to determine OPs in spiked real samples.
Keywords Room-temperature phosphorescenc .
Organophosphorus pesticide . Mn-doped ZnS QDs .
Enzyme inhibition . Probe

Introduction
Organophosphates pesticides (OPs) are known to be highly
neurotoxic. They have been extensively used as pesticides in
modern agriculture, and some of them have been developed as
chemical warfare agents [1, 2]. OPs play a crucial role in
boosting agricultural production and reducing post-harvest
losses. However, due to the extensive overuse and long-term
accumulation in environment, OPs contamination has raised a
serious public concern regarding the food safety and human
health. The acute toxicity of OPs is ascribed to their ability to
inhibit acetylcholinesterase (AChE) activity, which results in
the accumulation of the neurotransmitter acetylcholine in the
body and leads to organ failure and eventual death [3, 4]. In
order to avoid possible harm to living organisms, there is an
urgent need to develop highly sensitive and reliable method
for the detection of OPs residue in environment samples and
agricultural products.
Numerous methods have been developed for the detection
of OPs. The classical and standard reference methods for OPs
detection are based on gas chromatography (GC) or high
performance liquid chromatography (HPLC) coupled with
mass selective detectors (MSD) [5]. These chromatographic
methods offer high sensitivity and specificity and have the
potential for simultaneous determination of multiple analogues. However, the chromatographic techniques are not
only time-consuming, but also have to be performed by a
highly trained technician. Meanwhile they are not suitable
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for rapid analyses in field conditions, especially in emergency
cases. For immunoassays, the detection for low levels of OPs
is challenged due to the lack of OP-specific antibodies [6]. In
order to solve these problems, many faster and simpler enzymatic biosensors for the detection of OPs have been developed based on the inhibition mechanism of AChE. As the
AChE activity is irreversibly inhibited by OPs, the detection
for OPs can be achieved by comparison of the enzyme activity
before and after testing environmental samples. The enzyme
activities are usually measured with different transduction
technologies, such as electrochemical assays [7–9], fluorescence assays [10, 11] and Ellman colorimetric assays [12, 13].
Electrochemical assay is a quick and sensitive method, but the
tedious process for constructing electrode are involved.
Fluorescence method has been proved to be portable and easy
use, but the background fluorescence signal from real sample
maybe disturb the experiment result. The Ellman’s reagent
usually results in a false-positive effect and is subject to
background perturbations. Therefore, there is still an increasing need to develop simple and sensitive enzymatic probes for
detecting the residues of OPs in foods.
The unique properties of quantum dots (QDs), such as the
high quantum yield, tunable fluorescence emission wavelength, broad and intense absorption band, narrow and symmetric emission profile, as well as superior photostability,
have attracted considerable interests in various areas, ranging
from in vivo imaging and clinical diagnostics in biomedicine
to environmental monitoring for public health and security
during the past decade [14–17]. Cadmium chalcogenide QDs,
especially CdSe and CdTe, have been widely used for sensing
in various biorecognition events [18]. However, their wide
applications in biological area are restricted by containing of
the heavy metal cadmium. Any leakage of cadmium from the
cadmium-based nanocrystals would be fatal to the biological
systems [19]. Additionally, their fluorescence lifetime is similar to that of the background autofluorescence, which obstructs the application of these traditional QDs in biological
matrixes. Recently, the room temperature phosphorescence
(RTP) properties of QDs become more concerned over fluorescence [20]. The long lifetime of phosphorescence allows an
appropriate time delay when recording the signals, and easily
avoids any interference fluorescence and scattered light from
the samples, leading to improve the signal to noise ratio (S/N).
Therefore, the long-lived QDs without heavy metal ion have
been explored as alternative emission materials in probe
design.
Mn-doped ZnS QDs not only retain the advantages of the
traditional cadmium-based QDs, but also avoid the selfquenching problem due to their substantial ensemble Stokes
shift [21]. Two obvious advantages of Mn: ZnS QDs lie in
their longer doped emission lifetime and potentially lower
cytotoxicity. In the semiconductor nanocrystal lattices, the
doping ions Mn2+ substitute for the cations Zn2+ and act as a
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luminescence center to produce strong and characteristic
emission at around 580 nm due to the 4 T1 → 6A1 day–d
transition of the Mn2+ [22]. Most importantly, the fluorescence
lifetime of the Mn2+ emission was observed to be as long as
ms-scale according to the recent reports [23]. Such ms-scale
lifetime of Mn2+ emission in Mn-doped QDs allows an appropriate delay time to avoid the interferences from autofluorescence and scattering light for biosensing and bioimaging
applications. Recently, Mn-doped ZnS QDs have been used as
phosphorescent probes to detect various target analytes. Yan’s
group has used the Mn: ZnS QDs as a phosphorescent probe
for the facile, cost-effective, sensitive, and selective detection
of enoxacin for the first time in 2008 [24]. Subsequently, the
Mn: ZnS QDs have been explored to detect glucose [25],
pentachlorophenol [26], heparin [27], ascorbic acid [28],
TNT [29]. Accordingly, QD-based phosphorescent sensors
are promising for practical applications in complex matrixes
such as environmental, food and biological samples.
In this study, the GSH capped Mn: ZnS QDs with strong
phosphorescence emission were synthesized following our
previous report. Due to the long-lived doped emission of
Mn: ZnS QDs, a phosphorescent probe has been developed
for the detection of OPs based on their phosphorescence and
inhibition mechanism of AChE. We chose paraoxon, one of
the OPs, as an example to inhibit AChE irreversibly by
phosphorylating the serine hydroxyl group in the active site
of the enzyme. To best of our knowledge, the phosphorescent
probe for the detection of OPs based on Mn-doped ZnS QDs
has not been reported yet. Under the optimized experimental
conditions, such a newly designed phosphorescent enzymatic
probe presented a remarkably improved S/N and selectivity
for OPs. The results exhibited a good linear response to
paraoxon in the range of 1 pM to 1 μM, and the detection
limit was found to be as low as ~0.1 pM, which is much lower
than that of the most existing methods [30, 31]. In addition,
the present probe has the merit of simple detection fabrication
procedure without the need of enzyme immobilization or QDs
modification. For the goal of practical applications, the method was further evaluated by monitoring paraoxon in spiked
vegetable and cucumber samples, and a fine applicability for
the detection of paraoxon in real samples was obtained.

Experimental section
Chemicals
All starting materials for the synthesis of Mn: ZnS QDs were
obtained from commercial suppliers and were used without
further purification. Glutathione (GSH, 99 %) was purchased
from Aladdin Reagent Company (Shanghai, China, http://
www.aladdin-reagent.com). ZnSO4 (99 %), MnCl2 (99 %)
and Na2S (99 %) were obtained from Shanghai Reagent
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Company (Shanghai, China, http://www.reagent.com.cn).
Ethanol (CH3CH2OH, anhydrous) was of analytical grade.
AChE (EC 3.1.1.7, from Electrophorus electricus, 1052
units mg−1), ChOx (EC 1.1.3.17, from Alcaligenes species,
11 units mg−1), and Acetycholine were purchased from
Sigma-Aldrich (USA, http://www.sigmaaldrich.com). The
standard sample of paraoxon (100 μg mL−1 in acetone) was
purchased from the Chinese CRM/RM information center
(Beijing, China, http://www.gbw114.org). Other chemicals
were all of analytical grade. Phosphate buffer solution
(20 mM, pH=8.0) was prepared by mixing the solutions of
K2HPO4 and NaH2PO4. Ultrapure water with 18.2 MΩ
(Millipore Simplicity, USA, http://www.millipore.com) was
used in the experiments. The vegetable and cucumber samples
were provided by Jiangsu Sinography Testing Co., Ltd
(Jiangsu, China, http://www.sinogra.com).
Instruments
X-ray diffraction (XRD) measurements were performed on a
Shimadzu XRD-6000 powder X-ray diffractometer, using Cu
Kα (λ=1.5405 Å) as the incident radiation (Shimadzu, Japan,
http://www.shimadzu.com). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) samples were prepared by dropping the samples dispersed in water
onto carbon-coated copper grids with excess solvent evaporated. TEM images were recorded on a Shimadzu JEM-2010
CX with an accelerating voltage of 100 kV. HRTEM images
were recorded on a JEM-2010 F with an accelerating voltage
of 200 kV (Jeol-Ltd., Japan, http://www.jeol.co.jp). The
phosphorescence and fluorescence spectrum were recorded
on an LS-50B luminescence spectrometer (Perkin-Elmer,
USA, http://www.perkinelmer.com), and the measurements
were performed with excitation wavelength at 310 nm
equipped with a plotter unit and a quartz cell (1 cm×1 cm)
in a variety of modes. UV–vis absorption spectra were
obtained using a UV-3600 spectrophotometer (Shimadzu,
Japan, http://www.shimadzu.com). The photoluminescence
(PL) quantum yield (QY) of the Mn: ZnS QDs samples was
determined following the reference [32] by using fluorescent
dye quinine as a reference standard. The PL lifetime of the
Mn: ZnS QDs was measured with a FLS 920 time-resolved
spectroscope (Edinburgh Instruments Ltd., UK, http://www.
edinburghphotonics.com).
Synthesis of GSH-capped Mn-doped ZnS QDs
The preparation of water-soluable GSH-capped Mn-doped
ZnS QDs was performed according to our previous reports
[32]. In a typical experiment, 2.5 mL of 0.1 M ZnSO4, 1 mL of
0.01 M MnCl2, 5 mL of 0.1 M GSH and 41.5 mL water were
mixed together. The pH of the mixture was adjusted to 11.0
with 1 M NaOH. After air purging by bubbling N2 for 30 min,

0.25 mmol Na2S was quickly injected into the solution. The
mixture was stirred for 20 min and then was aged at 50ºC
under air for 2 h to form GSH-capped Mn: ZnS QDs. The pure
ZnS QDs were synthesized using a similar procedure but
without the addition of MnCl2. These QDs could be precipitated by ethanol. After centrifugation and washing with ethanol, the precipitate was then dried in vacuum. The as-prepared
QDs powder was highly soluble in water.
Determination of paraoxon
The procedure for paraoxon determination was as follow:
Firstly, AChE was incubated with different concentrations of
paraxon in 20 mM phosphate buffer solution (pH=8.0) at
35ºC for a period time. Then, ChOx, Mn: ZnS QDs and
ACh were added in the above solution successively and the
phosphorescence signal at 580 nm was monitored over time.
Finally, the measurement were repeated 6 times for each
concentration, and the relationship between the percentage
enzyme inhibition and the paraoxon concentration was plotted
as a calibration curve, which was applied to the detection of
paraoxon in the real samples.
The procedure for OPs determination in real samples was
as follows: (1) The fruit sample was first chopped and extracted with 20 mL phosphate buffer solution (pH=8.0) solution;
(2) AChE was incubated with the extracted solution at 35ºC
for 20 min. (3) ChOx, Mn: ZnS QDs, and ACh were stepwise
added in the above solution and the phosphorescence signal at
580 nm was monitored over time. The enzymatic activity of
AChE after incubation with the samples was compared with
the calibration curve, and then the paraoxon concentration in
the real sample could be obtained.

Results and discussion
Characterization of the GSH-capped Mn-doped ZnS QDs
Typically, the prepared GSH-capped Mn-doped ZnS QDs
exhibit zinc-blend structure as revealed by the distinguishable
(111) (220), and (311) planes in XRD pattern (See Supporting
Information, Figure S1). The disappearance of the S–H
(2524 cm−1) stretching vibrational peak in the FT-IR spectra
of GSH-capped Mn: ZnS QDs indicated that the GSH had
combined onto the surface of the nanocrystals through thiols
(Figure S2). Figure 1 shows good monodispersity and high
crystallinity of the Mn: ZnS with particle sizes in diameter
about 3.1 nm. The HRTEM image of one individual Mn: ZnS
QD exhibited the distance between the adjacent lattice fringes
to be 0.33 nm, which corresponded with the literature value
for the (111) d spacing of 0.324 nm.
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Fig. 1 a HRTEM image of the
GSH capped Mn: ZnS QDs. b
Particle size distribution
histogram. The size distribution
histogram wasobtained by
averaging the sizes of 100
particles from the TEM image. c
HRTEM image of one individual
Mn: ZnS QDs

The optical properties of as-prepared Mn: ZnS QDs were
monitored using fluorescence and phosphorescence emission
spectra, respectively (Fig. 2a). It can be seen that the peaks
of fluorescence and phosphorescence of the Mn-doped ZnS
QDs were about 580 nm when excited at 310 nm (Fig. 2a,
curve a, b). The Mn: ZnS QDs were colorless in solution
under visible light (inset of Fig. 2a, cuvette 1), whereas they
exhibited intense orange luminescence under UV light (inset
of Fig. 2a, cuvette 2). The orange emission band is observed
at about 580 nm, which comes from the 4 T1 to 6A1 transition of Mn2+ impurities incorporated into the ZnS host
lattice excited via energy transfer from the ZnS host [22].
However, without Mn doping, the GSH-capped ZnS QDs
cannot emit phosphorescence and show fluorescence peaks
at 430 nm which originates from the band-gap transition of
ZnS (Fig. 2a, curve c, d). Compared with that of the previously reported Mn: ZnS QDs in aqueous-phase synthetic
method, the defect related fluorescence emission band of
430 nm was greatly suppressed in present case (Fig. 2a,
curve a). Thus, the pure doped emission of Mn: ZnS QDs
was obtained. The QY of the synthesized Mn: ZnS QDs in
aqueous solutions was determined to be 20.1 %. As shown
in Fig. 2b, the phosphorescence lifetime of GSH capped

Fig. 2 a Fluorescence (curve a,
c) and phosphorescence (curve b,
d spectra of Mn: ZnS QDs (curve
a, b), and ZnS QDs (curve c, d).
Inset is the photograph of Mn:
ZnS QDs under visible (cuvette 1)
and UV (cuvette 2) light. b The
decay curve of phosphorescence
emission of Mn: ZnS QDs
aqueous solution

Mn: ZnS QDs at the emission of 580 nm was as long as
2 ms, which was consistent with the values in previous
reports [23, 33]. The as-prepared Mn: ZnS QDs with long
lifetime was propitious for optical sensing as a phosphorescence probe.
Mechanism of phosphorescence probe for OPs detection
The luminescence properties of Mn-doped ZnS QDs are much
more fruitful than their undoped counterparts. Because of the
ms-scale lifetime of the Mn2+ 4 T1 to 6A1 emission, the QDs
are widely used as a phosphorescent probe in recent years
[20]. Time-resolved fluorometry possesses many advantages
over the conventional fluorescence method. As shown in
Fig. 3a, the long-lived phosphorescence allows an appropriate
delay time, so that the background fluorescence emission and
scattering light typically encountered in complex environmental matrixes can be easily avoided.
According to the report by Yan’s group, H2O2 can effectively quench the phosphorescence of Mn: ZnS QDs [25].
Base on this principle, the Mn: ZnS QDs can act a probe for
the biocatalyzed generation of H2O2. Figure 3b illustrates the
mechanism of phosphorescence probe for organophosphates
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Fig. 3 a Principle of
phosphorescence detection, and b
Schematic illustration of
phosphorescent probe for OPs
detection based on Mn-doped
ZnS QDs/bi-enzyme system

pesticides detection based on Mn: ZnS QDs/bi-enzyme system. AChE catalyzes the hydrolysis of ACh into choline. The
resulting choline is oxidized by O2 in the presence of ChOx as
biocatalyst to yield betaine with the concomitant generation of
H2O2. Then, the enzyme-generated H2O2 quenches the phosphorescence of the Mn: ZnS QDs. However, in the presence of
OPs, the enzymatic activity of AChE is inhibited and less
H2O2 is produced resulting in the weaker quenching efficiency of the phosphorescence. The phosphorescence intensities
of the Mn: ZnS QDs will be controlled by the concentrations
of the organophosphates pesticides.
The effect of organophosphates pesticides on the responsiveness of the probe can be further quantified by comparing
the percentage of enzyme inhibition I (%). The percentage of
enzyme inhibition can be calculated from the equation below:
I ð%ÞðPwith OPs –Pwithout OPs Þ=ðP0 –Pwithout OPs Þ100%
Where Pwith OPs and Pwithout OPs are the RTP intensity
values of the first 15 min after addition of ACh with and
without OPs at certain concentration, respectively; P0 is the
phosphorescence intensity values recorded before addition of
ACh. The limit of detection (LOD) is set to be the concentration of pesticide that causes 10 % inhabition [34].

Then, the influences of pH and temperature on the phosphorescence quenching of Mn: ZnS QDs-AChE-ChOx system in
the presence of ACh were optimized. As shown in Fig. 5a, the
quenched phosphorescence intensity (ΔRTP=P0–P, P0 and P
refer to the phosphorescence intensity values recorded at
580 nm of Mn: ZnS QDs/bi-enzyme system before and after
the addition of ACh, respectively) at pH=8.0 was the highest,
which indicated that the quenching effect of ACh on the
fluorescence of Mn: ZnS QDs/bi-enzyme system was much
greater in alkaline medium than acidic or neutral medium. This
was caused by the enzyme pH-dependent activity. The optimum pH values of AChE and ChOx are pH 8.0–9.0 and 7.0–
8.0, respectively [10]. The lower pH value will affect the
phosphorescence intensity of Mn: ZnS QDs and the protein
denaturation of AChE in the higher pH (>9.0) may contribute
to its lower activity. Therefore, all the following experiments
were carried out in phosphate buffer solution with the pH=8.0.
The thermal stability of Mn: ZnS QDs/bi-enzyme system was
also investigated in the range of 25–40 °C. As shown in Fig. 5b,
the maximum enzymatic activity was obtained at 35 °C. So we
chose 35 °C as the optimal incubation temperature for organophosphates pesticides sensing.
In order to get better reaction activity of AChE to produce
choline and sufficient activity of ChOx to convert all the
choline, the influence of the enzyme concentrations on the

Optimization of the experimental conditions
To achieve sensitive detection of OPs, there are many factors,
such as the concentration of enzyme, the pH of the solution,
the temperature and time for the incubation of OPs and AChE,
which may influence the enzyme-substrate interactions. So the
experimental conditions were optimized for OPs detection.
First of all, a typical time-dependent RTP intensity of Mn:
ZnS QDs in the prescence of ChOx, AChE and ACh was
studied. As shown in Fig. 4, as the incubation time increases,
the phosphorescence intensity of the probe at 580 nm decreases. The quenching balance of ACh on the RTP of Mn:
ZnS QDs/bi-enzyme system was reached within 30 min and
the phosphorescence intensities were stable after 20 min incubation. Thus, we chose 20 min as the incubation time in the
following experiments.

Fig. 4 Typical time-dependent phosphorescence intensity of Mn: ZnS
QDs in the presence of 250 U·L−1 AChE, 125 U·L−1 ChOx, and 1 mM
ACh. Inset shows the time-dependent phosphorescence change of Mn:
ZnS QDs in the first 30 min
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Fig. 5 The effect of a pH and b
temperature on the quenched
phosphorescence intensity of the
Mn: ZnS QDs/bi-enzyme system
in the presence of ACh

ACh determination was investigated. The concentrations of
AChE and ChOx adopted in this work were 125 and 62.5
U L−1, 250 and 125 U L−1, 500 and 250 U L−1, respectively.
Figure 6a shows the relationship between RTP intensity ratio
P/P0 and ACh concentration under different concentrations of
AChE and ChOx at a fixed time interval of 20 min. It was
observed that the phosphorescence intensity of Mn: ZnS QDs/
bi-enzyme system decreased with the increasing ACh concentration. The quenching effect of the probe reached a maximum
level when the concentration of AChE and ChOx was 250
U L−1 and 125 U L−1, respectively. Thus, we used 250 U L−1
AChE and 125 U L−1 ChOx in the further experiment.
Figure 6b shows the phosphorescence spectra of Mn: ZnS
QDs in the presence of 250 U L−1 AChE and 125 U L−1 ChOx
upon interaction with different concentrations of ACh. The
linear relationship of ACh was entirely attributed to the
amount of H2O2 production, and the generation of H2O2
was a step-by-step catalytic reaction via bi-enzymes. The
results exhibited a good linear relationship between the
quenched phosphorescence intensity and the concentration
of ACh in the range of 0.010–500 μM and 600–5000 μM.
Moreover, the Michaelis-Menten constant Km′ of our probe
calculated from the Lineweaver-Burke plot was to be
0.21 mM, which was lower than the reported Km (0.3 mM)

[35]. The results indicated that the enzyme remained high
activity in the Mn: ZnS QDs solution.

Fig. 6 a The relationship between phosphorescence intensity ratio P/P0
and ACh concentration in the presence of varying concentrations of
AChE and ChOx. b Phosphorescence spectra of Mn: ZnS QDs in the
presence of 250 U L −1 AChE, 125 U L −1 ChOx, and varying

concentrations of ACh. The inset displays plots of the relative phosphorescence intensity of QDs versus the concentration of ACh. (P0 and P
refer to the phosphorescence intensity of Mn: ZnS QDs/bi-enzyme system in the absence and presence of ACh)

Detection of paraoxon in phosphate buffer solution
In the presence of organophosphates pesticides, the serine
hydroxyl group in the active site of the AChE is irreversibly
phosphorylated, forming a stable complex that inhibits enzyme activity. This leads to a decrease in H2O2 production and
thus the phosphorescence quenching of the probe should be
weakened. Under the optimized experimental conditions, the
present probe was used for the detection of the pesticide, and
the inhibition curves of such probe were obtained based on the
following analytical protocol. All the probe was first preincubated with OPs (using paraoxon as a model) for 15 min
and then the phosphorescence response towards 1 mM ACh
solution was measured. Figure 7a showed the phosphorescence intensity of Mn: ZnS QDs/bi-enzyme system after
incubation with variable concentrations of paraoxon. The
decay of phosphorescence intensity at 580 nm gradually slows
down with the increase of OPs concentration, which means
the quenching rates decrease with the increase of OPs
concentration.
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Fig. 7 a Phosphorescence intensity of Mn: ZnS/bi-enzyme system in the
present of 1 mM ACh after incubation with variable concentrations of
paraoxon: a 0 M, b 10−12 M, c 10−11 M, d 10−10 M, e 10−9 M, f 10−8 M, g
10−7 M, h 10−6 M. b The relationship between the enzyme inhibition

percentage and the paraoxon concentration. All measurements were
performed in a 20 mM phosphate buffer solution, pH=8.0. The concentration of AChE and ChOx were 250 U L−1 and 125 U L−1, respectively

The relationship between inhibition percentage and
paraoxon concentration are illustrated in Fig. 7B. It can
be seen that there is a good linear relationship between the
inhibition percentage and the negative logarithm of paraoxon concentration ranging from 1.0 × 10 −12 to 1.0 ×
10−6 M, with a LOD down to 1.02×10−13 M. The regression equation is I (%)=150.80+11.60log [paraoxon] (R2 =
0.99, n = 6). The results suggested that the established
probe could be used for the determination of organophosphates pesticides.

Determination of paraoxon in spiked vegetable and cucumber
samples

Evaluation of anti-interference ability
The components that exist in vegetable and cucumber
samples are complex, which mainly include minerals,
carbohydrates, organic acids and other biological macromolecules [36]. To assess the selectivity of the developed
Mn: ZnS QDs/bi-enzyme probe for organophosphates
pesticides detection, we selected some representative coexistence substances in environmental samples for the
interference test. Table S1 shows the interference of metal
ions, glucose, nitrophenol, ascorbic, sodium citrate and
the extracts of the vegetable matrixs on the determination
of 1×10−7 M paraoxon, an error of ±5.0 % in the relative
phosphorescence intensity was considered tolerable. Then
the addition of 105-fold excess of K+ and Na+, 103-fold
excess of Ca2+, Zn2+, Cd2+ and Mg2+, 104-fold excess of
glucose, nitrophenol, ascorbic, glycerol and sodium citrate
did not cause any observable changes of the phosphorescence intensity for the Mn: ZnS QDs/bi-enzyme probe.
Moreover, it was also found that there was little interference from the extracts such as chlorophyll. Thus, all the
results proved that the probe displays high selectivity for
the determination of paraoxon in the complicated system
and can give credible phosphorescence signal even with
high concentrations of the interfering species.

In order to evaluate the accuracy and selectivity of the present
method, the developed probe was further applied to determinate paraoxon in spiked vegetable and cucumber samples. In
present work, the two real samples were simply pretreated
without using organic solvents and tedious preconcentration
steps. As shown in Figure S3, no phosphorescence background from vegetable and cucumber samples was observed
although the fluorescence background was significant. Thus,
complicated pretreatments such as purification and centrifugation typically required for the analysis of environmental
samples were avoided. The different concentrations of paraoxon in the spiked vegetable and cucumber samples were
determined. As shown in Table 1, the recoveries of the two
real samples were found to be in the range of 91–105 %, and
the RSDs were less than 5 %. The results demonsrated that it
was an applicable method for OPs-contaminated environmental samples. Furthermore, a comparison of paraoxon determination between this method and other reported enzymatic
catalytic methods was summed up in Table S2, and it clearly
verified that the sensitivity of the method was better. In contrast to other fluorescent biosensors, the phosphorescent probe
could avoid the interference of the background fluorescence
Table 1 Determination of paraoxon in real vegetable and cucumber
samples (n=6)
Samples

Spiked Value (nM) Found (nM) Recovery (%) RSD (%)

Vegetable 1.0
10.0
50.0
Cucumber 1.0
10.0
50.0

0.91
10.1
49.2
0.96
10.5
48.2

91.0
101.0
99.4
96.0
105.0
97.6

2.0
1.9
1.4
2.6
1.7
3.0
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and scattering light in the real samples under fluorescence
model. Therefore, the Mn: ZnS QDs/bi-enzyme probe has a
good performance in the detection of organophosphates pesticides in complex environmental matrixes.

Conclusions
In summary, we constructed a new phosphorescent probe for
detection of organophosphates pesticides based on Mn: ZnS
QDs/bi-enzyme system. The developed phosphorescent probe
favored application in complex environmental samples since
the interference from background fluorescence and scattering
light was greatly eliminated. With this probe, the determination of organophosphates pesticides in real samples has been
realized. The present probe displays many advantages, such as
easy sample treatment, high sensitivity and good selectivity.
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