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ABSTRACT

In this paper, we have developed a simple, fast, convenient and sensitive method for determination of
organophosphorus pesticides in real samples based on inhibition mechanism of acetylcholinesterase
(AChE). The biosensor is composed of enzymes (AChE and ChOx (choline oxidase)), QDs and acetylcholine
(ACh), without any complex process of assembly for biosensor. After the experimental conditions are
optimized, the limit of detection (LOD) for dichlorvos (DDVP) is found to be 4.49 nM. Two linear ranges
allow a wide determination of DDVP concentration from 4.49 nM to 6780 nM. Furthermore, a possible
mechanism is put forward to explain the fluorescence quenching of CdTe QDs in the presence of H,0,.
More importantly, the obtained biosensor is proven to be suitable for the detection of residues of
organophosphorus pesticides (OPs) in real examples. The excellent performance of this biosensor will
facilitate future development of rapid and high-throughput detection of organophosphorus pesticides.

Real sample
Simple

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The pesticide is an important management tool to boost
agricultural productivity—increase crop yield and reduce post-
harvest losses, especially in a world facing a hunger crisis and
famine. Due to high efficiency for insect elimination, easy synth-
esis, and low cost, organophosphorous pesticides are the subclass
of pesticides most widely used in agriculture (Masumoto and
Sonobe, 1997). According to Pesticide Action Network North
America, about 70% of the insecticides in current use are OPs in
the United States. As a result of the widespread use of OPs, their
residues can be frequently found in fruits and vegetables. Unfortu-
nately, the residues of OPs could cause serious health problem for
human even at very low concentrations. OPs can induce acute and
chronic neurotoxicity in mammals primarily by inhibiting AChE
(Sarabia et al., 2009; Shenouda et al., 2009), which is important in
helping regulate nerve impulses. After OPs irreversibly react with
AChE, the subsequent accumulation of ACh in the cholinergic clefts
causes overstimulation of the peripheral as well as the central
cholinergic nervous system (Yadav et al., 2012). The symptoms of
organophosphorous poisoning include headache, dizziness,

* Corresponding author. Tel.: +86 10 82543521; fax: +86 10 62554670.
E-mail address: tangfq@mail.ipc.ac.cn (F. Tang).

0956-5663/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bios.2013.03.053

salivation, lacrimation, sweating, vomiting, diarrhea, abrupt tre-
mor, lung edema, coma and even death from respiratory or cardiac
failure. Besides these neurotoxic effects, the oncogenic and terato-
genic risk caused by OPs is another concern (Curl et al., 2002).
To eliminate the abuse of OPs and protect the health of the public,
it is of important significance to develop a simple and sensitive
method for the on-site and real-time detection of OPs residue.
Various conventional instrument-based methods have been
adopted for the detection of OPs, in which chromatographic
techniques are the most accurate quantitative analysis method
for the assessment of OP compounds in real samples. However, the
chromatographic equipment is bulky and expensive, and sample
pretreatment process is rather complicated and strict. The whole
analysis process has to be performed by highly qualified techni-
cians. As a result, they are not suitable for prompt on-site and real-
time detection. In order to circumvent these problems, scores of
OPs biosensors have been proposed based on the inhibition
mechanism of AChE and different transduction technologies (elec-
trochemistry, fluorescence, colorimetric probes etc.) (Andreescu
and Marty, 2006; Constantine et al., 2003; Dondoi et al., 2006;
Hossain et al., 2009; Karnati et al., 2007; Sotiropoulou et al., 2005;
Su et al, 2008; Suwansa-ard et al, 2005; Vamvakaki and
Chaniotakis, 2007). Due to the exceptional photophysical proper-
ties, QDs are gaining interest as fluorescent probe. Based on the
fluorescence switch of QDs, Liu and coworkers prepared a
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Scheme 1. (a) Schematic principle for the detection of OPs; (b) the process for the detection of OPs; (c) the color change with different concentrations of DDVP

(0 uM, 0.45 uM and 6.78 uM) in the detection process .

biosensor for the detection of OPs in real fruit and vegetable
samples, which was fabricated using the layer-by-layer (LBL)
assembly technique (Zheng et al., 2011a). Unfortunately, the tens
layers of films assembled by the LBL technique are associated with
some disadvantages, such as low efficiency, time-consuming and
tedious processing steps for preparing biosensors. Hence, there is
an increasing need to develop simple and sensitive methods
for detecting the residues of OPs in daily-consumed foods and
drinking water.

In this paper, we developed a simple, rapid, and sensitive
method for optical detection of organophosphorus pesticides,
which is based on inhibition mechanism of AChE (Scheme 1(a)).
This method only composes one step in the detection of OPs,
blending the sample with AChE and the solution containing ACh,
ChOx and QDs (Scheme 1(b)), without complex process of assem-
bly for biosensor. We choose DDVP as an example of organopho-
sphorus pesticides, because DDVP has been widely used
throughout the world in agriculture for controlling insects that
damage crops (Yadav et al., 2012), especially in developing nations
(Sunkaria et al., 2012). The results exhibited a good linear relation-
ship in the range of 4.49-896 nM and 2240-6780 nM. The
obtained biosensor showed low detection limit (4.49 nM). Further-
more, we proposed a possible mechanism of the fluorescence
quenching of CdTe QDs in the presence of H,0,. At the initial stage
of the quenching of QDs, the reason for the quenching was mainly
the detaching of thiolation from the surface of QDs. When the QDs
were seriously quenched, the quenching of QDs was due to the
combination of the detaching of thiolation from the surface of QDs
and the oxidation of Te. Our results also reveal that the proposed
biosensor can be applied in real samples.

2. Experimental

2.1. Materials

AChE (EC 3.1.1.7, from Electrophorus electricus (electric eel.),
425.94 Units/mg), ChOx (EC 1.1.3.17, from Alcaligenes Sp. Lyophilized

powder, 13 Units/mg) and acetylcholine (ACh) were purchased
from Sigma-Aldrich. Mercaptopropionic acid (MPA) was obtained
from Alfa Aesar. Tellurium powder, cadmium nitrate, sodium
borohydride were purchased from Institute of Tianjin Jinke Fine
Chemicals. The standard sample of dichlorvos (1.00 mg/mL in
Methanol) was purchased from National Institute of Metrology.
The reagents such as cadmium nitrate and sodium borohydride
were of analytical grade and used without further purification.
Phosphate Buffer (PB) was prepared: 189.4 mM Na,HPO,4, 10.6 mM
NaH,PO,4, pH 8.0. The ultrapure water (0.22 um) was produced
using a Millipore-Q water system.

The UV-vis absorption spectra were measured using Jasco
V-570 UV-vis spectometer. The fluorescence measurements were
recorded with a Cary Eclipse fluorescence spectrophotometer
(Varian, Inc.). The sample was excited at 400 nm, and emission
spectra were recorded in the wavelength of 520-680 nm. The
exciting slit and the emission slit were both 5 nm. The samples for
the fluorescence measurements were placed in a 10 mm optical
path length quartz fluorescence cuvette.

2.2. Synthesis of water-soluble CdTe QDs

The CdTe QDs were synthesized in the aqueous phase accord-
ing to the reported method with minor modification (Gaponik
et al., 2002). Briefly, freshly prepared NaHTe solution was added to
nitrogen-saturated Cd(NOs), solutions at pH 11.2 (adjusted by
dropwise addition of 1 M NaOH) in the presence of mercaptopro-
pionic acid (MPA) as stabilizing agent. Then the CdTe precursor
solution was heated in 95 °C water bath. The precursor concentra-
tions were [Cd?>*]=10 mM, [MPA]=24 mM, and [Te?*"]=5 mM.

As shown in Fig. S1(a), a series of QDs with maximum emission
wavelength ranging from 535 nm to 630 nm were obtained with
the reaction time prolonged. When the reaction time was 13 h, the
fluorescence intensity at the maximum emission wavelength
(600 nm) reached a maximum with the same concentration. As a
result, in this work we used QDs with a maximum emission
wavelength of 600 nm. According to Fig. S1(b), the wavelength of
the first excitonic absorption peak is 558 nm, so the size of QDs is
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3.32nm, and the concentration of the QDs was 2x 10> M (Yu
et al,, 2003).

2.3. Detection of DDVP in phosphate buffer

The procedure for DDVP determination was as follows: (1) AChE
was first incubated with Phosphate Buffer (pH=8.0) containing
different concentrations of DDVP at certain temperature for a
period of time; (2) ChOx, QDs and ACh were stepwise added in the
above solution and the fluorescence signal was monitored
over time.

2.4. Measurement and calibration of DDVP residues in apples

DDVP determination procedure in real apple samples was
described as follows: (1) the apple was first chopped and extracted
with 20 mL Phosphate Buffer (pH=8.0) (Zheng et al., 2011a; Zheng
et al,, 2011b); (2) AChE was incubated with the extracted solution
at 37 °C for 15 min; (3)ChOx, QDs and ACh were stepwise added in
the above solution and the fluorescence signal was monitored over
time. The results were compared with the calibration curve, and
the DDVP concentration could be obtained.

3. Results and discussion
3.1. Principle of CdTe QDs fluorescence switch

Scheme 1(a) illustrates the fluorescence switch mechanism for
the detection of DDVP based on CdTe QDs, which are synthesized
in the aqueous phase. It is found that H,0, can efficiently decrease
the fluorescence intensity of QDs (Mancini et al., 2008). The ACh
decomposes to choline and acetric acid through the AChE cata-
lyzed reaction, then the choline can be decomposed to betaine and
H,0, by ChOx catalyzing. Along with the consecutive enzyme
reactions, the fluorescence intensity of QDs decreases gradually.

Fig. 1(a) shows a typical time-dependent fluorescence intensity
of 0.2 uM QDs that are mixed with 125 U/L ChOx, 250 U/L AChE
and 500 uM ACh. As the time is prolonged, the fluorescence
intensity decreases, accompanied with a blue shift of the peak
maxima. That is believed to originate from preferential PL quench-
ing of CdTe QDs with large sizes, because of the close energy levels
between valence bands of large CdTe QDs and the oxidation
potential of H,O, (Andreescu and Marty, 2006; Masumoto and
Sonobe, 1997; Reiss et al., 2009).

We define K; as the retained percentage of fluorescence
intensity (K,=F,/Fo), where Fy and F; are the absolute fluorescence
intensity values recorded at 600 nm before and after addition of
acetylcholine, respectively.

When it is introduced in solution, DDVP can bind selectively to
the active centers of AChE, which causes a reduction in the rate of
AChE catalyzed reaction. Thus, the rate of hydrogen peroxide
formation decreases, which leads to the decrease of the fluores-
cence quenching rate. As an example, Fig. 1(b) shows the change of
K, with different concentration of DDVP (0.45uM, 3.37 pM,
6.78 uM) and K, without DDVP with time in the presence of
250 U/L ChOx, 500 U/L AChE and 500 pM ACh. It can be seen that
the K; value change over time appears to approximate an expo-
nential decay curve. When DDVP (0.45 uM, 3.37 uM, and 6.78 uM)
is added, the decrease rate of K; is inversely proportional to DDVP
concentration. Accordingly, the fluorescence intensity increases
with the increase of the concentration of DDVP. In other words,
when there was more DDVP in the sample, more AChE was
inhibited by DDVP. As a result, the amount of H,0, produced from
the enzyme reaction decreased, which was followed by the
decrease of the quenching degree for QDS.
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Fig. 1. (a) Typical time-dependent fluorescence intensity of 0.2 M QDs in the
presence of 125 U/L ChOx, 250 U/L AChE and 500 pM Ach; (b) the quenching kinetic
of fluorescence intensity without DDVP and with different concentrations of DDVP

(0.45 pM, 3.37 uM, 6.78 pM). Error bars in Fig. 1(b) represent the standard devia-
tions of three independent measurements.

3.2. Optimization of the experimental conditions

The sensitivity of the proposed biosensor is related to many
factors, such as the pH of the solution, the concentration of
enzyme, the temperature and time for the incubation of DDVP
and AChE, so the experimental conditions are optimized for
determination of concentration of DDVP. The optimum pH values
of AChE and ChOx are pH 8.0-9.0 and 7.0-8.0, respectively (Gao
et al., 2012). As a result, all the following experiments were carried
out in the pH 8.0 PB solution. Furthermore, all the following
experiments were performed in the presence of 4.5 M DDVP,
0.2pM QDs and 500 pM Ach, which presented in an excess
amount.

We use Influence Coefficient of OPs (I;) as a signal for the
detection of OP compounds.

L=K¢ with pove/Ke withour pove, Where K win ppyp is the retained
percentage of fluorescence intensity (K;) with different concentra-
tions of DDVP and K; withour ppvp iS the retained percentage of
fluorescence intensity (K;) without DDVP. (See Fig. 1(b)).

We first investigated the influence of the enzyme concentration
on I; values (Fig. 2(a)). The AChE concentrations adopted in this
study were 0.25, 0.5, and 0.75 U/ml. The incubating time and
temperature were constant. The results clearly indicated that the
optimum concentration of AChE required for effective Influence
Coefficient of OPs was 0.5 U/ml. It was observed that, if AChE
concentration was decreased below or increased above 0.5 U/ml,
there was significant decrease in I, values. It can be seen that in
Fig. 2(a), the maximum I, value of 3.26 is obtained using 0.5 U/ml
AChE concentration.

Furthermore, the incubating temperature of AChE and DDVP
were optimized. The temperature adopted in this study were 25 °C
and 37 °C. The AChE concentration of 0.5U/ml and constant
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Fig. 2. Influence coefficient of OPs ( I; ) at 600 nm as a function of (a) the concentration of enzyme; (b) the incubating temperature of AChE and DDVP; (c) the incubating time
of AChE and DDVP. Error bars represent the standard deviations of three independent measurements.

incubating time were used. The variation in the incubating
temperature versus I, values is shown in Fig. 2(b).The results
clearly indicated that the maximum I; value was obtained at 37 °C
when the time is 6 min.

Lastly, we investigated the influence of the incubating time on
Influence Coefficient of OPs. In order to optimize the incubating
time, different incubating times selected for the study were 5, 10,
15, and 20 min. The AChE concentration of 0.5 U/ml and incubat-
ing temperature of 37 °C were maintained constant. It could be
seen that the I; value increased gradually up to a maximum value
with the increasing of incubating time to 15 min, followed by a
decrease for further increasing the incubating time. The maximum
I; value was obtained at 15 min as shown in Fig. 2(c).

In summary, the optimum experimental conditions are as
follows: 250 U/L ChOx, 500 U/L AChE and 500 uM ACh, AChE
reacted with DDVP at 37 °C for 15 min.

3.3. Detection of DDVP in phosphate buffer

Under the optimum experimental conditions established in the
above studies, calibration plots were generated for DDVP (Fig. 3).
The results exhibited a good linear relationship in the range of
4.49-896 nM and 2240-6780 nM with different slopes, and the
slope of low concentration (4.49-896 nM) was bigger than that of
the high concentration (2240-6780 nM). Such situation was also
observed by several other groups (Chen et al., (2011); Zhang et al.,
2010)).

The proposed method shows good sensitivity for the detection
of DDVP. The LOD of 4.49 nM (~1 pug/L) for dichlorvos is 500 times
lower than that of AChE biosensors (Dondoi et al., 2006), the same
order of magnitude with that of the GC/MC method (1 pg/L)
(Amendola et al.,, 2002) and that from the three-electrode bio-
sensor (R-DmAChE, MWCNTs and Prussian blue) (0.5 pg/L) (Tang
et al, 2011). Thus, the sensitivity of the proposed method is
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6 20I00 40I00 GUIOO
C__(nM)

DDVP

Fig. 3. The plot of influence coefficient of OPs vs. DDVP concentration of the
proposed biosensor. Error bars represent the standard deviations of five indepen-
dent measurements.

acceptable. According to the EC 149-2008 (Residue Standard of
the European Union), the detectable pesticide concentration in
imported fruits and vegetables should be lower than 100 pg/L
(0.45 pM) for dichlorvos. The LOD of the proposed method is
enough to satisfy current detection requirement. Scheme 1(c)
shows the corresponding fluorescence picture of QDS excited at
254 nm with different concentrations of DDVP (Without DDVP,
0.45 uM DDVP, 6.78 uM DDVP) and it could be distinguished with
the naked eye. Hence the proposed methods in this paper achieve
a multidimensional sensing of DDVP.

3.4. The anti-interference ability and reproducibility

The interference study is one of the most important evaluations
of the biosensor. Fig. S2(a) shows the Igy;, of 4.48 uM DDVP (see
“D” in Fig. S2(a)). Then the additions of 10 mM lactic acid (see “D+
LA” in Fig. S2(a)), 100 M ascorbic acid (see “D+AA” in Fig. S2(a)),
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Fig. 4. (a) The fluorescence intensity of 0.2 uM QDs with different quenching degree; (b) zeta potential of water-soluble CdTe QDs with different quenching degrees;
(c) photoemission spectra of Te(3d) levels of QDs with different quenching degrees. A, pristine QDs; B, QDs quenched by 1 mM H,0;; C, QDs quenched by 4 mM H;0,.

15 mM KCI (see “D+KCI” in Fig. S2(a)), and 15 mM sodium citrate
(see “D+SC” in Fig. S2(a)) did not cause any observable changes in
the Ignin of the system. The results proved that the proposed
biosensor can provide credible anti-interference ability.

In addition, the reproducibility of the biosensor fabrication
procedure was evaluated by comparing the different days
response of the determination of 2.24 uM DDVP (see Fig. S2(b)).
The relative standard deviation (RSD) was 2.24% for 6 assays with
an average response of 2.61.

3.5. Study the quenching mechanism of enzyme reaction
on the fluorescence of QDs

The control experiment of DDVP detection (Fig. S3) showed
that there was no significant interference on the fluorescence of
QDs observable from the 15 pM DDVP, which is higher than the
range of detection (4.49-6780 nM). Furthermore, it was also
proven that no observable interference on the fluorescence of
QDs was observed in the presence of AChE, ChOx and ACh (Chen
et al,, (2011)). All these results proved that the formation of H,0,
(shown in Scheme 1(a)) is essential to quench the emission
maximum of the QDs.

In terms of the quenching mechanism of H,O, on the fluores-
cence of QDs, there are two possible courses. Some papers assume
that the MPA tagged on the surface of the QDs through Cd-S
bonding are detached from the surface of QDs and oxidized to
form a disulfide product (RS-SR) in the presence of H,O, (Dasog

and Scott, 2007; Shiang et al., 2009). Others put forward an
alternative explanation of the quenching of QDs, stating that the
quenching mechanism of QDs was the oxidation of tellurium in
QDs (Chen et al., (2012)).

Herein, it is observed that both of the explanations are involved
in the quenching of QDs. The detaching of MPA is accompanied
with the decrease of ~-COOH on the surface of QDs, which will lead
to the increase of the Zeta potential of QDs during the process.
We tested the Zeta potential of QDs with different quenching
degree, whose fluorescence emission spectra are shown in Fig. 4
(a). The pristine QDs show well fluorescence intensity at 600 nm.
By quenching the QDs with 1 mM H,0,, the fluorescence intensity
decreases by 69%. When the concentration of H,0, is increased to
4 mM, the fluorescence intensity decreases by 93.4%. The change
of the Zeta potential of the different QDs can be seen from
Fig. 4(b). The successive increase of the Zeta potential is obviously
observed during the QDs quenching process, which is result of the
increase of MPA detaching from the QDs surface.

X-ray photoemission spectroscopy (XPS) stands out as a useful
tool for investigating the local binding properties in materials
science. In this way, a characterization of the chemical environ-
ment of QDs specific atoms can be given. Fig. 4(c) is the char-
acteristic XPS region spectra (Te 3ds;,; and Te 3dsj, peaks) for QDs
with different quenching degrees (see Fig. 4(a)). The Te 3ds), peak
at a binding energy of 572.4 eV corresponds to Te-Cd bonds, and
the Te 3dsj, peak at a binding energy of 575.6 eV corresponds to
Te-O bonds. When the QDs are quenched by 4 mM H,0,, the
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Table 1
Recovery ratios of DDVP in fruit samples.

Sample Ismin Results of RSD  Actual Recovery
experiment (uM) (%) amount (pM) (%)

Apple 1.04 + 0.04

Apple with 1.95+0.01 0.76 +0.01 134 078 97.07

DDVP

Apple with 2.87 +0.02 3.14+0.11 348 312 100.87

DDVP

oxidation of Te can be observed. What is more, the relative atomic
percentage of Sy, can be calculated from the XPS results. The
relative atomic percentages of S, for QDs with different quench-
ing degrees are 9.25%, 8.89% and 8.16%, which decreases with the
increase of quenching degree. The result demonstrates the change
of the amount of MPA tagged on the surface of the QDs can track
the progress of quenching.

In summary, the coincidence of the detaching of MPA and the
oxidation of Te is observed during the QDs quenching. At the initial
stage of the quenching of QDs, the reason for the quenching was
mainly the detaching of thiolation from the surface of QDs. After
that, the quenching of QDs was due to the combination of
thiolation detaching and oxidation of Te.

3.6. Determination of DDVP content in fruit samples

Sample pretreatment is a complex multiple-step procedure for
pesticide determination in real samples for chromatography
methods. The pesticide needs to be extracted by organic media
and concentrated afterwards, which are time-and cost-consuming
and are prone to pesticide loss. Liu et al. proposed a new method
for fruits pretreatment without using organic solvents and tedious
preconcentration steps (Zheng et al., 2011a; Zheng et al., 2011b).
Using this method, the apple was first chopped and extracted with
20 mL Phosphate Buffer (pH=8.0). The apple with a low I;
(1.04 +0.04) was used as reference sample. Further experiments
were carried out with the intentional addition of dichlorvos. We
found that the recovery of DDVP is almost 100%. As a result, the
proposed method has good performance in detection of dichlorvos
in fruit samples.

4. Conclusions

In this paper, a novel biosensor in liquid phase was constructed
based on inhibition mechanism of AChE. The biosensor was
composed of enzyme (AChE and ChOx), QDs and substrate (ACh),
without any complex process of assembly for biosensor. With the
developed biosensor we successfully detected organophosphorus
pesticides in real samples. What is more, a possible mechanism is
put forward to explain the fluorescence quenching of CdTe QDs in
the presence of H,0,. The quenching of QDs is due to the
coincidence of the detaching of MPA and the oxidation of Te. The
proposed biosensor offers many advantages, such as easy sample
treatment, simple process of detection, high sensitivity and low
cost. By a combination with automatic biochemistry analyzer, the
biosensor will be possible to develop a method for rapid high-
throughput detection of organophosphorus pesticide residues.
Table 1
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