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Abstract: In this article, a simple and highly sensitive amperometric immunosensor was developed for
the detection of chlorpyrifos. The immunosensor was prepared by sequentially electrodepositing
prussian blue (PB), dripping composite membrane of chitosan (CTS), gold nanoparticles (GNPs) and
multiwalled carbon nanotubes (MWCNTSs) onto glassy carbon electrode (GCE). The electrochemical
properties of the modified processes were characterized by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV), respectively. Multi-walled carbon nanotubes-gold nanoparticles-
chitosans composite modified electrode surface was characterized by scanning electron microscopy
(SEM). The experimental conditions such as the concentration of antibodies, the incubation temperature,
the incubation time and the pH were examined and optimized. Under the optimal conditions, the current
response was proportional to the concentration of chlorpyrifos ranging from 0.1 ng/mL to 80 ng/mL and
from 90 ng/mL to 200 ng/mL with the detection limit 0.224 ng/mL. The advantages of the
immunosensor were exhibited in its wider linear range, better reproducibility, stability, selectivity and
regeneration. Using cabbages and Chinese chives as model real samples, acceptable recoveries of
97.1 %-103.4 % was obtained. The proposed method was proven to be a feasible quantitative method for
chlorpyrifos analysis, which exhibited high sensitivity, low cost and simplified procedures, for the
detection of pesticides residues in food and environment. It may open a new door for ultrasensitive
detection of chlorpyrifos residues in vegetables and fruits. Copyright © 2012 IFSA.

Keywords: Electrochemical immunosensor, Prussian blue, Chitosan, Gold nanoparticles, Multiwalled
carbon nanotube, Chlorpyrifos.
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1. Introduction

Chlorpyrifos is a broad-spectrum insecticide widely used in modern agriculture to control insects and
nematodes through contact or after ingestion to enhance production and control of insect-borne diseases.
Its highly toxicity and accumulation in living organisms has raised public concern regarding food safety
and human health. Numerous analysis methods for chlorpyrifos such as gas chromatography,
high-performance liquid chromatography, fluorimetry and enzyme-linked immunoassay (ELISA) are
sensitive, reliable and precise. However, these methods require expensive instrumentation, complicated
pretreatment procedure and professional operators, which limit their application for real-time detection.
In this respect, biosensors are considered as suitable complementary tools for the real-time detection of
chlorpyrifos in real samples. In addition immunosensors as the biosensors based on the highly sensitive
and selective nature of the recognition between antigen (Ag) and antibody (Ab) have been used to detect
or quantify specific substances, which is a reliable and promising alternative to classical methods
because of their simple fabrication, easy operation, rapid response, high sensitivity and selectivity.

Many immunoassay methods, based on the measurement of antigen-antibody reactions, have been
developed for the detection of CEA, such as radioimmunoassay (RIA), enzyme-linked immunosorbent
assay (ELISA) and chemiluminescence immunoassay [1-3]. However, these methods exhibit radiation
hazards, involve complicated and time-consuming procedures, have poor precision, require qualified
personnel and sophisticated instrumentation. Among various immunoassay methods [4],
electrochemical immunosensors have attracted considerable interest for its intrinsic advantages such as
good portability, low cost, fast analytical time and high sensitivity [5-6]. To achieve a highly sensitive
electrochemical immunoassay, various analytical signal amplification strategies have been developed.
So far, electrochemical immunosensors, especially amperometric immunosensors, have been attracted a
lot in the sides of clinical diagnosis [7], food analysis [8-9] and environmental inspection [10].
Compared to these conventional immunoassay methods, the electrochemical amperometric
immunosensors showed great potential due to advantages such as simple pretreatment procedure, fast
analytical time, highly sensitive current measurement, lower price and portability [11-13]. As for the
construction of an electrochemical immunosensor, the crucial step is the immobilization of sensing
biomolecules onto the electrode surface, which should be simple, fast and effective [14].

Nanomaterials have been found important applications in drug discovery and delivery, catalysis,
information storage, environmental analysis, biodetections, and many other fields [15]. As one of the
most popular tracer labels, enzymes, including glucose oxidase (GOD), horseradish peroxidase (HRP),
alkaline phosphatase (ALP) have been immobilized on carbon nanotubes (CNTs) [16-18],
bionanospheres [ 19], nanosilica particles [20-21] and gold nanoparticles (AuNPs) [22-24] for enhancing
the enzymatically catalytical signal. In particular, AuNPs, as a class of nanomaterials with many unique
properties such as colorimetric, conductivity, nonlinear optical properties, have been found many
successful applications in biomolecular detection [25-26]. AuNPs which have good characteristics of
easy preparation, good biocompatibility and highly conductivity with a high surface to volume ratio, are
widely used in design of electrochemical sensors to provide a stable immobilization of biomolecules,
such as DNA, cell and enzyme.

In the present work, the development of an amperometric immunosensor modified by PB and GNPs
multilayer films for chlorpyrifos detection was described. The presence of GNPs could enhance electron
transfer between Ab and electrode surface and provide a favorable microenvironment for
immunoreaction. The PB could make the second GNPs layer immobilized onto the electrode surface
firmly. Compared with other kinds of electrochemical immunosensor design, this method would be
simple, rapid and more sensitive for pesticide determination with much lower detection limit [27-29]. As
a result, the proposed biosensor was overall proofed with simple, selective, sensitive and high stable
analysis feature by real cabbages, Chinese chives and spiked simple with known chlorpyrifos
concentration. To develop more sensitive immunosensors, the incorporation of nanosized materials into
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a sensing device has been extensively investigated [30-31]. Nanoparticles (NPs) can offer many
advantages, such as large surface-to-volume ratio, high surface reaction activity and strong adsorption
ability to immobilize the desired biomolecules [32-33]. Many metal and semiconductor NPs have been
applied to prepare immunosensors [34]. Among these metal NPs, gold nanoparticles are not only better
conductor but also offer good microenvironment for retaining the activity of antibody [35]. They can
bind directly antibody without any biological properties disruption [36]. In addition, GNPs is able to
reduce the insulating effect of the protein shell and thus enhance electron transfer in the reaction
processes [37]. Shen et al. reported a label-free electrochemical immunosensor based on GNPs for the
direct determination of pesticides [38].

2. Experimental
2.1. Materials and Apparatus

Alumina polishing powder was purchased from Tianjin Aida Heng Sheng Technology Development Co.,
Ltd. bovine serum albumin (BSA, 96-99 %), chlorpyrifos and chlorpyrifos antibody from Sigma
Chemical Co. (St. Louis, MO, USA). ethanol, nitric acid ,sulfuric acid ,acetic acid, hydrochloric acid and
K;3Fe(CN)g were purchased from Laiyang Economic Development Zone Fine chemical plant (China).
Multi-wall carbon nanotubes (MWCNTSs) and chitosan were purchased from Shenzhen. Sodium
dihydrogen phosphate, sodium dihydrogen phosphate, potassium nitrate and ferric chloride were
purchased from Tianjin Northern Tian Yi chemical reagent manufacturing Co., Ltd. Sodium citrate was
purchased from the Tianjin Heng Xing chemical reagent manufacturing Co., Ltd. Potassium chloride
was purchased from Tianjin Yong Sheng Fine Chemical Co., Ltd. All other reagents were of analytical
grade. All aqueous solutions were prepared with distilled water.

Cyclic voltammetric experiment (CV) and electrochemical impedance spectroscopy (EIS) were
performed using a CHI660D electrochemical work station (Shanghai CH Instruments Co., China). The
working electrode was glassy carbon electrode (GCE, d=3 mm), an Ag/AgCl (saturated KCI) and
platinum electrode were used as reference and auxiliary electrodes, respectively. If not mentioned, all
potentials given below were relative to Ag/AgCl (saturated KCI) electrode. PH measurements were
made with a pH meter (FE 20K, Shanghai Zhi Guang Instrument Co., Ltd.). Electronic analytical
balance (AL-104) and digital display thermostat magnetic stirrer (GL-3250A) were purchased from
Mettler-Toledo (Switzerland). The scanning electron micrographs were taken with a scanning electron
microscope (SEM).

2.2. Experimental
2.2.1. Preparation of the PB

PB was mixed with aqueous solution containing 2.5 mM FeCls, 2.5 mM K;[Fe(CN)g], 0.1 M KCl, and
0.1 M HCL.

2.2.2. Preparation of the Multi-walled Carbon-nano Gold-chitosan (GNPs-MWCNTs-CTYS)
Composite Membranes

All glasswares used in this experiment were cleaned in freshly prepared aqua regia (3:1 v/v HC1 HNO3),
then thoroughly rinsed with distilled water and dried in an oven before use. Solutions were freshly
prepared when needed. Colloidal Au was prepared by rapidly adding 2.5 mL trisodium citrate to 100 mL
boiling aqueous HAuCly solution with vigorous stirring. The color changed to burgundy. Boiling was
continued for 15 min, and then stirring until the sample had cooled to room temperature. The

123



Sensors & Transducers Journal, Vol. 146, Issue 11, November 2012, pp. 121-132

pretreatment MWCNTs (10 mg) was dissolved in 0.3 mL of ethanol solution sonicated 4 h and jion
10 mL1.0% CTS solution sonicated thoroughly until a black homogeneous suspension (MWNTs-CTS)
was obtained. Then MWCNTs-CTS and nano-gold colloid were mixed at room temperatures with
magnetic stirring. The solution was stored at 4 °C when not in use.

2.2.3. Preparation of the Immunosensor

First, a 7 pLL of the GNPs-MWCNTs-CTS composite film was cast onto pre-treated substrate and dried
in two hours at room temperature. The glassy carbon electrode was immersed in PB solution for 300 s at
0.4 V to obtain electrodepositio PB film modified electrode. After electrodeposition, the modified
electrode was carefully washed with distilled water and placed into a solution containing 0.1 M KCI and
0.01 M HCl with cyclic voltammetry scans ranging from -0.2 to 0.5 V at a scan rate of 50 mV/s for five
cycles until a stable voltammetric response was obtained. Afterwards, the substrate was rinsed with
distilled water and dried under nitrogen. Following that, 7 uLL of the GNPs-MWCNTs-CTS composite
film nanocomposite was cast onto the surface of the substrate for self-assembly for 2 h in a dry chamber
at room temperature. These processes obtain the GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS
composite film. Following that, the electrode was immersed in 10 pg/mL chlorpyrifos antibody
solutions and kept for at least 8 h at 4 °C. Finally, the electrode was incubated with 0.5 % BSA at room
temperature for 0.5 h in order to block nonspecific binding sites. The resulted immunosensor was stored
above the 0.1 M PBS (pH 7.5) at 4 °C when not in use. The schematic illustration of the fabrication
process was shown in Fig. 1.
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Fig. 1. Schematic illustration of the stepwise procedure of the immunosensor preparation: (a) drops coated with
GNPs-MWCNTs-CTS; (b) electrodepositio PB; (c) again drops coated with GNPs-MWCNTs-CTS;
(d) immobilization of anti-chlorpyrifos; (¢) BSA blocking.
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2.2.4. Sample Preparation

The cabbages and Chinese chives were purchased from the supermarket and cleaned three times using
distilled water. Different concentrations of chlorpyrifos solution were sprinkled on the surface of
cabbages and Chinese chives. After 24 h, all the samples weighing 10 g were chopped and meshed. Then
the samples were extracted with 11 mL of extraction solvent (10 mL 0.1 M PBS and 1 mL acetone) by
ultrasonic treatment 20 min. Then the extract was separated from the insoluble materials by
centrifugation for 10 min 10000 rpm and the supernatants were directly detected by CV without
extraction or preconcentration.
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2.2.5. Electrochemical Measurements

The electrochemical characteristics of the modified electrodes were characterized by cyclic voltammetry
(CV). Electrochemical experiments were performed in a conventional electrochemical cell containing a
three-electrode arrangement. Unless otherwise indicated, the CV scan was taken from -0.2 V to 0.6 V
with a sweeping rate of 50 mV/s in 0.1 M PBS (pH 7.5) containing 0.1 M KCl at 37 °C. Meanwhile, the
steps of the immunosensor fabrication procedures were characterized by EIS in the presence of a 5 mM
[Fe(CN)]® "+ and 0.1 M KCI mixture at room temperature. The chlorpyrifos detection was based on the
variation of current response (Al=Ip—I;) before and after immunoreaction, where I and I, were the
sensors before and after reaction to the chlorpyrifos, respectively.

3. Results and Discussion
3.1. SEM Characterization of GNPs-MWCNTs-CTS Modified GCE Interfaces

SEM was used to get the dynamic image of GNPs-MWCNTs-CTS modified GCE interfaces. As shown
in Fig. 2, the SEM image revealed that MWCNTSs were well distributed on the surface with the form of
small bundles or double tubes. Such small bundles and double tubes assembled homogeneously on the
substrate were believed to be very beneficial for the modified electrode performance because the
well-dispersed MWCNTs were electrochemically accessible. This Figure displayed the typical SEM
images of the nano-Au, which was in the form of many small, white global particles and their sizes were
small. Therefore it could be concluded that nano-Au film had been dispersed on the surface of composite
film successfully.

Fig. 2. SEM image map of fixed complexes of gold nanoparticles on the electrode.

3.2. Cyclic Voltammetry Characterization of the Electrode Modification Process

The cyclic voltammograms (CVs) of differently modified electrodes (0.1 M KCl, 0.1 M PBS pH 7.5)
were presented in Fig. 3. Displays the CV of a bare GCE, it did not exhibit any waves in the working
potential range (Fig 3 a). After plastic composite film of gold nanoparticles was formed on the electrode
surface, no obvious cyclic voltammetric peak was found (Fig. 3 b). A pair of well-defined redox peaks
was appeared (Fig. 3 c), indicating PB possessed excellent redox activity and MWCNTSs improved the
conductivity. Groups with a wealth of gold nanoparticles composite film could provide more amino and
carboxyl groups, the conductivity of the solution increased, thereby enabling the current response curve
peak further increase (Fig. 3 d). However, after the non-electrochemical activity material, SPA and
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anti-chlorpyrifos antibody were immobilized on the GCE, a pair of typical reversible redox decreased
(Fig. 3 e) in sequence, which could be attributed to the non-electrochemical activity material hindering
the shuttle of electrons to the electrode surface. Subsequently, when BSA was used to block the
non-specific sites, the current response significantly decreased (Fig. 3 f), which indicated that the BSA
had been immobilized on the electrode successfully.
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Fig. 3. Cyclic voltammograms of the different modified electrodes: (a) bare electrode; (b) GNPs-MWCNTSs-CTS
sensor; (¢) GNPs-MWCNTs-CTS/PB sensor; (d) GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS sensor;
(e) Ab/GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS sensor;

(f) BSA/Ab/GNPs-MWCNTs-CTS/PB/GNPs-MWCNTSs-CTS sensor.

3.3. Electrochemical Impedance Spectroscopy of the Electrode Modification Process

As shown in Fig. 4. the detailed electron-transfer behaviors of BSA/GNPs-MWCNTs-CTS/PB/GNPs
-MWCNTs-CTS were also performed by EIS in the presence of 0.1 M PBS containing 5 mM

[Fe(CN)s]*"* and 0.1 M KCL. The results of current response were in agreement with the conclusion
obtained from the CV.
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Fig. 4. Electrochemical impedance spectroscopy of the different modified electrodes in 0.1 M PBS containing
5 mM [Fe(CN)]>™ and 0.1 M KCI: (a) Bare electrode; (b) GNPs-MWCNTs-CTS sensor;
(¢) GNPs-MWCNTs-CTS/PB sensor; (d) GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS sensor;
(e) Ab/GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS sensor;
(f) BSA/Ab/GNPs-MWCNTs-CTS/PB/GNPs-MWCNTSs-CTS sensor.
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3.4. Electrochemical Characterization of the Immunosensor

Fig. 5 showed the CVs of the proposed immunosensor in PBS (pH 7.5) at scan rates ranging from 10 to
350 mV/s. With the scan rate increasing, the peak currents increased gradually. In addition, the peak
current versus the square root of the sweep rate plot, shown in the inset, exhibited a linear relationship,
indicating that the reaction was a diffusion-controlled process.
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Fig. 5. CVs of the modified electrode at different scan rates (from inner to outer):
from 10 to 350 mV/s in PBS (pH 7.5).

3.5. Optimization of Assay Conditions

The operating pH, incubation temperature, incubation time and concentration of optimize analytical
performance. The concentration of anti-chlorpyrifos antibody incubated onto the electrode bound to the
immunosensor surface to bring about the change of impedance response. As shown in Fig. 6 a, the
increase of the anti-chlorpyrifos antibody concentration seemed to be beneficial for obtaining an
increased impedance response. When the concentration of the antibody was higher than 10 pg/mL, the
impedance response became sluggish, which might be attributed to the interaction between the
macromolecules and the limitation of the active binding sites for protein. Thus, in the experiment, an
antibody concentration of 10 ug/mL was used. The effect of incubation temperature was investigated in
the range of 4 °C to 50 °C. As shown in Fig. 6 b of the supplementary section, the response increased
obviously with the temperatures increasing to 35 °C. However, while temperatures were over 35°C, a
deterioration of the response signals has been observed. The reason might be that the high temperature
might decrease the activity of the biomolecules. Considering the lifetime and the response characteristics
of the immunosensor, the temperature of 35 °C was chosen as a compromise. At this temperature, the
influence of the immunochemical incubation time was also investigated. As shown in Fig. 6 ¢ of the
supplementary section, the current of the amperometric response decreased rapidly with the incubation
time of up to 20 min. After that the variation slowed, indicating the saturated formation of the
immunocomplex. Thus, the incubation time of 20 min was adopted as the optimal incubation condition.
The pH of the working buffer had a great effect on the performance of the amperometric immunosensor.
In order to evaluate the influence of the pH, immunosensors were tested in a series of PBS buffers at
various pH values ranging from 4.5 to 8.5. In our test, it was found that the maximum response occurred
at pH 7.5 (Fig. 6 d), and considering the activity of the protein and lifetime of the immunosensor, a PBS
of pH 7.5 was selected for further experiment.
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Fig. 6. The optimization of experimental parameter: (a) the influence of anti-chlorpyrifos antibody;
(b) the influence of the incubation temperature; (c) the influence of the incubation time;
(d) the influence of pH of working.

3.6. Performance of the Immunosensor

Fig 7 showed the calibration curve of immunosensor, illustrating that a linear response has been obtained
within the range from 0.1 to 240 ng/mL. The results obtained from the methods showed a good
correlation with the regression equation of y=0.2276x+4.3801 (x-axis, by concentration of chlorpyrifos;
y-axis, by Al) and a correlation coefficient of 0.9927. The detection limit of this label-free impedance
detection assay was about 0.224 ng/mL. Thus, the immunosensor has been satisfactorily applied to the
determination of chlorpyrifos.

i y=02276x143801
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Fig. 7. The calibration curve of immunosensor.
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3.7. Selectivity, Stability and Reproducibility of the Immunosensor

To test the selectivity of this sensing strategy, a few possible interferents, such as monocrotophos,
carbaryl, malathion and carbofuran were used to evaluate the selectivity of the immunosensors. The
immunosensor was incubated in interferences containing 1 ug/mL monocrotophos, 1 pg/mL carbaryl,
1 pg/mL malathion, 1 pg/mL carbofuran and the mixture of above four kinds of pesticides and
100 ng/mL chlorpyrifos, respectively. According to the experiments, the Al of CVs respectively showed
in Fig. 8. The result indicated that the selectivity of the as-prepared immunosensor was acceptable within
experimental error.
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Fig. 8. Specificity of immunosensor in interferences included monocrotophos (1 ug/mL),
carbaryl (1 pg/mL), malathion (1 pg/mL), carbofuran (1 pg/mL) and the mixture
of chlorpyrifos (100 ng/mL) and the above four kinds of interferences stated above.

After the proposed immunosensor was incubated in 100 ng/mL chlorpyrifos for 20 min, it was dipped
into a glycine-HCI buffer (pH 2.8) for about 5 min, removed and washed with distilled water. The
relative standard deviation was 6.31 % for 5 independent determinations. The experimental results
indicated good reproducibility of the immunosensor. The operational stability and storage stability were
also examined as important parameters for the practical application of immunosensor. Under optimal
conditions, the immunosensor was measured by CV for a 60-cycles successive scan, and a 3.03 %
deviation of the initial response was observed. When the sensor was stored in a refrigerator at 4 °C, the
electrode retained more than 90.8 % of its original signal after 20 days of storage, showing good
stability. These observations might be attributed to the fact that the antibody was attached firmly to the
GCE via SPA molecules.

3.8. The Detection of the Real Samples

In order to investigate the ability of the immunosensor to detect chlorpyrifos accurately, the recovery test
was carried out by detectining two different chlorpyrifos concentrations in real samples of cabbages and
Chinese chives using BSA/GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS sensor. The recoveries
(shown in the Table 1) were satisfactory with a range of 95.6 %-107.6 %, confirming that the prepared
immunosensor was reliable to detect chlorpyrifos in the working buffer. Which indicated the present
method might be applied for determination of chlorpyrifos.
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Fig. 9.The stability analysis of immunosensor.

Table 1. The detection of real samples of cabbages and Chinese chives by BSA/GNPs-MWCNTs-CTS
/PB/GNPs-MWCNTs-CTS sensor.

The amount of The amount
chlorpyrifos of chlorpyrifos
Sample sprinkled on detected by the RSD_ Recovery
- (%, n=5) (%)
the vegetables modified electrode
(ng/mL) (ng/mL)
0 0.056
10 10.76 3.2 107.6
Cabbages 50 53.20 4.4 106.4
0 0.039
Chinese chives 10 9.56 4.7 95.6
50 49.21 3.6 98.42

4. Conclusion

In this work, a new amperometric immunosensor was described for the determination of chlorpyrifos
with good sensitivity and high stability based on the GNPs-MWCNTs-CTS/PB/GNPs-MWCNTs-CTS
multilayer film. The nano-gold colloid complexes were easier dispensed on the electrode surface than
electrodeposited gold nanoparticles complexes and it saved complexes and time. The films offered a
larger surface area, allowed an increased immobilization amount of anti-chlorpyrifos on the electrode
surface, which indicated that the resulting sensor offered relatively high sensitivity and a wide linear
detection range for the determination of chlorpyrifos. The developed immunosensor had several
attractive advantages such as high stability of this multilayer film, easily adsorptive immobilization of
antibody on gold nanoparticle composite films. The results also indicated that it might be applied not
only in the laboratory but also in the field for detecting the pesticide residues in food or environments.
Further studies are in progress to improve the performance of the immunosensor.
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