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Abstract: A novel amperometric biosensor was developed for the detection of organophosphorus
pesticides (OPs). Acetylcholineesterase (AChE) was immobilized onto poly(diallyldimethylammonium
chloride) (PDDA)/gold nanoparticles (AuNPs)/multi-walled  carbon  nanotubes-chitosans
(MWCNTs-CHIT) composite film modified glass carbon electrode (GCE). The biosensor had good
sensitivity owing to the excellent properties of MWCNTs and AuNPs, which promoted electron transfer
and improved the electrochemical response. PDDA with positive charge was bound electrostatically to
AChE with negatively charge by layer-by-layer (LbL) self-assembly technique, which can increase
AChE loading amount. The morphologies and the sensitive steps of surface modification were
characterized by scanning electron microscopy (SEM), cyclic voltammetric (CV) and electrochemical
impedance spectroscopy (EIS), respectively. Based on the inhibition of OPs on the AChE activity, under
the optimized conditions, the biosensor exhibited a linear response to chlorpyrifos in the concentration
range from 0.8 to 20 pg/L and from 20 to 300 pg/L, with a detection limit of 0.56 pg/L. The biosensor
exhibited good reproducibility and acceptable stability. Moreover, PDDA-AChE/AuNPs/MWCNTs-
CHIT/GCE biosensor can also be used for direct analysis of practical samples, which may open a new
door for pesticide analysis in vegetables and fruits. Copyright © 2012 IFSA.

Keywords: Acetylcholinesterase, Multiwall carbon nanotubes, Gold nanoparticles, Poly
(diallyldimethylammonium chloride), Biosensor.
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1. Introduction

Organophosphates pesticides (OPs) are widely used as insecticides in agriculture due to their high
effectiveness for insects control [1-3]. However, long-term accumulations in environment, OPs could
cause respiratory paralysis and death due to their high toxicity to acetylcholinesterase (AChE), which is
crucial for the function of the central nervous system in humans [4-8]. So it is of great significance to
develop fast, reliable and inexpensive testing devices for pesticides detection. Among various methods
to detect pesticides, AChE biosensors have attracted great attention due to their ability to determine and
quantify trace level of OP compounds in the environment [9]. A significant challenge to develop any
enzyme-based biosensors is the effective immobilization of enzyme on the solid electrode surface
[10, 11]. Therefore, it is necessary in the biosensor field to explore new materials and effective
immobilization methods that can maintain inherent biological activity of biomolecules and enhance the
performance of the biosensors [12].

In this regard the use of multiwall carbon nanotubes (MWCNTSs) for the fabrication of electrochemical
biosensors has attracted considerable attention in the last few years. MWCNTs have advantages of their
special structures, a large edge/basal plane ratio, good mechanical strength, enhanced electronic
properties, rapid electrode kinetics, strong adsorptive ability, and excellent biocompatibility [13-16].
These features have made MWCNTs highly suitable in the biosensor field [17]. However, untreated
MWCNTs are extremely hydrophobic and tend to assemble into bundles, making them tricky to process
[12, 18]. So we need to find effectual dispersants for CNTs to solve this problem. Chitosan (CHIT) is a
biological cationic macromolecule with primary amines. It has been widely used for dispersion because
of its good biocompatibility and film-forming ability [19-23]. Furthermore, CHIT can provide a
favorable microenvironment, load a large amount of enzyme and prolong the enzyme storage life [24].
Here, we used CHIT to disperse MWCNTs for modifying glassy carbon electrode. Recent years, gold
nanoparticles (AuNPs) have drawn people’s wide concern in analytical electrochemistry due to their
high conductivities and high surface to volume ratios. Willner et al., have highly researched the
electrochemical adhibitions of AuNPs and their ability to promote the electron transfer [25-28]. AuNPs
are ideal platforms for biosensors, especially for those with electrochemical detection. Moreover,
AuNPs could combine with -NH, group of CHIT, and then AChE was bound through Au-N [29]. As a
water soluble and linear positively charged polyelectrolyte, poly (diallyldimethylammonium chloride)
(PDDA) has been widely used for the immobilization of biomolecules [30-32]. AChE possessed
negative charge at pH 7.0 due to the isoelectric point (pI) of AChE lying around pH 5.5 [33, 34]. Thus,
AChE was used for adsorbing PDDA with positive charge layer by layer to increase AChE loading
amount.

CHIT could make MWCNTs uniformly disperse onto the surface of GCE, which promoted electron
transfer. AuNPs could combine with -NH; group of CHIT, and then AChE was bound through Au-N,
which improved AChE immobilization effects. Finally, AChE was absorbed electrostatically with
PDDA layer by layer, which increased AChE loading amount. Based on the above consideration, herein,
we developed an electrochemical AChE biosensor, in which AChE was immobilized onto
PDDA/AuNPs/MWCNTSs/GCE. To the best of our knowledge, this kind of AChE biosensor has been
still very less reported. The preparation and assembly of multilayer films and the performance of AChE
biosensors were investigated in detail.

2. Materials and Methods

2.1. Apparatus

A three-electrode system was employed with the modified GCE (d = 3 mm) as the working electrode, a
platinum electrode as the auxiliary electrode and saturated calomel electrode (SCE) as the reference
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electrode. Electrochemical measurements were performed with CHI660D electro-chemical workstation
(Shang-Hai Chenhua Co., China).

2.2. Reagents

Acetylcholinesterase (Type C3389, 500 U/mg from electric eel), acetylthiocholine chloride (ATCl) and
Poly (diallydimethylammonium chloride) (PDDA) (35%, w/w in water) were purchased from Sigma (St.
Louis, USA). MWCNTs were obtained from Nanotech Port Co. (Shenzhen, China). HAuCls was from
Shanghai Sinopharm Chemical Reagent Co. Ltd. (China). 0.1 M pH 7.0 phosphate buffer solutions (PBS)
were prepared by mixing the stock solutions of NaH,PO,4 and Na,HPO,. Chlorpyrifos was standard
product, CHIT (95% deacetylation), ethanol and other reagents were of analytical grade.

2.3. Preparation of Sensor

MWCNTs-CHIT composite was prepared according to the literature with minor modifications [35].
Briefly, 0.5 wt% of CHIT solution was prepared prior by dissolving 0.5 g of CHIT powder in 100 ml of
1.0 % (v/v) acetic acid solution. Then 1 mg of MWCNTSs was put into 1 mL of the above CHIT solution,
ultrasonicated at room temperature until homogenous black suspension obtained, and stored at 4°C
when not in use.

The gold colloidal nanoparticles were prepared as described in the literature with minor modifications
[36]. All glasswares used in the following procedures were cleaned in a bath of freshly prepared
aquaregia (3:1 HCI-HNOs), thoroughly rinsed with distilled water, and dried prior to use. 100 mL of
0.01 % HAuCly solution was taken in a flask, brought to boiling under vigorous stirring, and then 2.5 mL
of ice cold 1 % sodium citrate solution was quickly added with the reduction of gold by citrate to give a
color change from blue to wine red. The solution was kept boiling for 15 min with vigorous stirring, then
cooled down to room temperature, and stored at 4°C in a dark bottle.

Prior to modification, a GCE was polished progressively with 0.3 um and 0.05 um alumina powder, then
sonicated in distilled water, absolute ethanol, 6.0 M HNO; and distilled water 5 min respectively. Before
modification, the electrode was applied a potential scanned from -0.2 to 1.2 V in 0.5 M H,SOj, until a
reproducible cyclic voltammogram (CV) was obtained. Finally, the electrode was thoroughly rinsed
with distilled water, and dried at room temperature. 7 uL of the above prepared MWCNTs-CHIT
nanocomposite was first dropped on the surface of the clean GCE (denoted as MWCNTs-CHIT/GCE),
and allowed to dry at room temperature. Then 7 uLL of AuNPs was coated on the MWCNTs-CHIT/GCE
(denoted as AuNPs/MWCNTs-CHIT/GCE), and dried it in air under natural condition. Mean-while,
AuNPs were immobilized on the electrode through chemisorption and used for immobilizing AChE via
the Au-N bond [29]. And then 10 pL. AChE solution (100 mU) was dropped onto the modified GCE,
incubated at 20 °C for 30 min. Further, 7 uL PDDA (1 %, w/w in water) was spread onto the modified
electrode surface and let stand for 30 min. Finally, the alternate deposition of PDDA (1 %, w/w in water)
and AChE was repeated three times for optimizing AChE loading, which was regarded as
PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE. The prepared biosensor was stored at 4 °C when not in
use. The stepwise fabrication process of the biosensor was shown in Fig. 1.

2.4. Electrochemical Detection of Pesticide

For the measurement of chlorpyrifos, the prepared PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE was
first immersed in pH 7.0 PBS (0.1 M) containing different concentrations of standard chlorpyrifos
solution for 14 min, then immediately transferred to the electrochemical cell of 3 mL pH 7.0 PBS (0.1 M)
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containing 4.0 mM ATCI to study the electrochemical response. The inhibition was calculated as
follows:

Inhibition (%) = (iP, control_iP, exp)/iP, control X100 % , (1)

where 1ip, control 1S the peak current of ATCl on PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE without
chlorpyrifos inhibition, ip, cxp 1s the peak current after the incubation with inhibitor.
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Fig. 1. The fabricating procedures of the biosensor.

2.5. Preparation and Determination of Real Samples

The pakchoi, lettuce, garland chrysanthemum and Chinese chives bought from a supermarket were
rinsed three times with double-distilled water and then chopped. Then, different concentrations of
chlorpyrifos solution were sprayed on their surfaces. After 24 h of storage at 4 °C, each sample was
mixed with the 10 mL mixed solution of acetone/0.1 M pH 7.5 PBS (1/9, v/v), which was obtained
through 15 min of ultrasonic treatment. After the suspensions were centrifuged (10 min, 10000 rpm), the
acquired supernatants were detected by CV directly without extraction or preconcentration. The content
of chlorpyrifos in the samples can be achieved from the calibration curve.

3. Results
3.1. SEM Characterizations of MWCNTs-CHIT and AuNPs

The morphologies of different composite modified electrodes were characterized by the scanning
electron microscope (SEM), as shown in Fig. 2. It can be clearly seen that the MWCNTs-CHIT
presented a large number of filamentous structure and formed a uniform film. After decorated with
AuNPs, the surface morphology of MWCNTs-CHIT was largely changed. The AuNPs were
well-distributed along the surface of the MWCNTSs-CHIT, which indicated that the AuNPs were well
adsorbed on the surface of the MWCNTs-CHIT.

3.2. Electrochemical Impedance Analysis

Fig. 3 shows some Nyquist diagrams obtained from bare GCE (curve a), MWCNTs-CHIT/GCE
(curve b), AuNPs/MWCNTs-CHIT/GCE (curve c¢), PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE
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(curve d) using 5.0 mM [Fe(CN)]*”* with 0.1 M KCl as the redox probe. As shown in Fig. 3, the bare
GCE (curve a) had a very big Rct. When MWCNTs-CHIT nanocomposites were deposited on the GCE
(curve b), the Rect was decreased obviously. This phenomeno suggested that the MWCNTs-CHIT
nanocomposites greatly improved the conductivity of the modified electrode due to their excellent and
unique electronic properties. After AuNPs were coated on the surface of MWCNTs-CHIT/GCE, the Ret
further decreased to a very small value (curve c), implying that AuNPs are good electron conducting
materials. However, when AChE was immobilized on the electrode, the Ret increased sharply (curve d),
confirming the immobilization of enzyme. The reason maybe that with the increase of the thickness of
the interface, the conductive support was insulated and the electron transfer between anionic [Fe(CN)g]
3% and GCE was reduced [13, 37, 38].

(a) (b)
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Fig. 3. EIS of (a) bare GCE; (b) MWCNTs-CHIT/GCE; (¢c) AuNPs/MWCNTs-CHIT/ GCE;
(d) PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE recorded in pH 7.0 PBS
containing 5.0 mM [Fe(CN)¢]*™* and 0.1 M KCI.

3.3. Cyclic Voltammetry Analysis

Fig. 4 illustrated the cyclic voltammetry (CV) of 5.0 mM [Fe(CN)6]3'/4' with 0.1 M KCl at different
modified electrodes. As shown in Fig. 4, the immobilization of MWCNTs-CHIT nanocomposites on the
bare GCE (curve b) leaded to a significant increase in peak current of the redox probe, compared with
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the bare GCE (curve a). After AuNPs were coated on the surface of MWCNTs-CHIT/GCE (curve ¢), the
response of the system was higher than before. When AChE was immobilized on the surface of
AuNPs/MWCNTs-CHIT/GCE (curve d), an obvious decrease in the amperometric response was
observed, which indicated that AChE was successfully immobilized. All these indicated that the CVs of
different electrodes were consistent with those of EIS results.

200

=100 +

0.6 0.4 0.2 0.0 -0.2
E/V

Fig. 4. CV of (a) bare GCE; (b) MWCNTs-CHIT/GCE; (¢) AuNPs/MWCNTs-CHIT/GCE;
(d) PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE recorded in pH 7.0 PBS
containing 5.0 mM [Fe(CN)s]*’* and 0.1 M KCl.

3.4. Cyclic Voltammetric behavior of ATCI

Fig. 5A illustrated the CVs of different fabricated electrodes in absence and presence of ATCI. As shown
in Fig. 5A, no peak was observed at bare GCE (curve a) and PDDA-AChE/AuNPs/MWCNTs-
-CHIT/GCE (curve b) in pH 7.0 PBS without ATCl. CV of PDDA-AChE/AuNPs/MWCNTs-
-CHIT/GCE (curve d) showed an irreversible oxidation peak in the presence of 4.0 mM ATCI, whereas
no detectable signal was observed for AuNPs/MWCNTs-CHIT/GCE (curve c). Conspicuously this peak
arose from the oxidation of thiocholine, hydrolysis product of ATCI, catalyzed by the immobilized
AChE. The peak current produced by the oxidation of thiocholine was used as an indicator for
quantitative measurement of the enzyme activity, which could reflect the biological effect of
chlorpyrifos involved in the inhibition action.

For comparison, as shown in Fig. 5B, the CV behaviors of ATCI at PDDA-AChE/GCE (curve a),
PDDA-AChE/MWCNTs-CHIT/GCE (curve b), PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE (curve c)
were further studied. PDDA-AChE/GCE (curve a) showed a small peak current, which may be due to
the low enzyme loading, because of the weak combination between AChE and GCE. While the
oxidation peak at PDDA-AChE/MWCNTs-CHIT/GCE (curve b) was larger than that at
PDDA-AChE/GCE owing to the excellent properties of MWCNTs, which possessed inherent
conductive properties and catalytic behavior. Whereas much larger peak current was obtained at
PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE (curve c), this was due to the presence of AuNPs in
nanocomposite film, which possessed the ability to promote the electron transfer. In addition, the
response of PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE also indicated that the combination of
MWCNTs and AuNPs further improved the electronic transport due to their synergistic effects.
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Fig. 5. (a) CV of (a) bare GCE; (b) PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE in the blank PBS
(0.1 M, pH 7.0); and (c) AuNPs/MWCNTs-CHIT/GCE; (d) PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE
in 0.1 M PBS (pH 7.0) containing 4.0 mM ATCI. (B) CV of (a) PDDA-AChE/GCE;

(b) PDDA-AChE/MWCNTs-CHIT/GCE; (¢c) PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE
in the presence of 4.0 mM ATCl in 0.1 M PBS (pH 7.0).

3.5. Optimization of Experimental Parameters
3.5.1. Influence of PDDA-AChE Layers

The effect of the layers of PDDA-AChE multilayer films on the peak current as an important parameter
to the proposed biosensor was studied in 0.1 M PBS (pH 7.0) containing 4.0 mM ATCI. As shown in
Fig. 6A, the peak current of the resulting biosensor increased from one to three layers of PDDA-AChE
multilayer films, while the response decreased by further increasing the number of the PDDA-AChE
layers. Before modified three layers, it can be explained that as a result of an insufficient loading of
AChE, the current depends on the rate of the hydrolysis reaction of ATCI catalyzed by AChE [9].
However, when the number of PDDA-ACHhE layers exceeding three would result in a negative change of
current response, which might be caused by the excessive compactness film obstructing electron transfer
tunnels. Therefore, three layers were selected throughout this study.

3.5.2. Influence of Incubation Time on Inhibition

The incubation time was an important factor for capturing chlorpyrifos. As shown in Fig. 6B, the
steady-state current increased sharply with an increase of incubation time up to 14 min in the 20 pg/L
chlorpyrifos solution, and then it trended to a stable value. However, the maximum value of inhibition of
chlorpyrifos was not 100 %. It can be explained that the binding sites between pesticides and enzymes
could reach an equilibration state [39]. As a result, the optimum incubation time was set at 14 min for the
subsequent experiments.

3.5.3. Influence of Detection Solution pH

The sensitivity and stability of the biosensor was greatly influenced by the pH of the detection solution
(0.1 M PBS containing 4.0 mM ATC]) from 6.0 to 8.0 range. The maximum peak current measured at the
PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE was obtained at pH 7.0 (Fig. 6¢). It is easy to lose the
activity of AChE irreversibly at the lower or higher pH values. In order to get the highest sensitivity,
pH 7.0 was used in the detection solution.
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Fig. 6. (a) Effect of the number of PDDA-AChE layers on the amperometric response;
(b) Relationship between inhibition rate and inhibition time;
(c) Effect of the pH of the detection solution on the amperometric response.

3.6. Detection of Chlorpyrifos

Fig. 7A shows the CV of the proposed biosensor immersed in various concentrations of chlorpyrifos
under the optimal conditions, the produced current decreased drastically with increasing chlorpyrifos
concentrations. It may be due to the fact that chlorpyrifos as one of the OPs pesticides reduced the
enzymatic activity to its substrate and exhibited irreversible inhibition action on AChE. The peak current
changes observed in Fig. 7A reflected the activity of immobilized enzyme, which provided a simple
method for determination of chlorpyrifos. Under the optimal experimental conditions, the inhibitions of
chlorpyrifos on PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE were proportional to its concentrations in
two ranges, from 0.8 to 20 pg/L and from 20 to 300 pg/L (Fig. 7B), the regression equation was
1% =1.6376¢+14.23 and 1%=0.1394c¢+46.213, with the correlation coefficients of 0.9982 and 0.9949,
respectively. The detection limit was calculated to be 0.56 ng/L (S/N = 3).

A comparison of analytical characteristics of the present biosensor with other reported sensors for the
detection of chlorpyrifos was summarized in Table 1.
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Fig. 7. (a) The CVs of PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE after inhibition by chlorpyrifos of different
concentrations (from a to d): 0, 1.0, 5.0, 10 ug/L under the optimal conditions; (b) Relationship between inhibition
rates and chlorpyrifos concentrations. Inset: linear relationship between low inhibitions and low concentrations.

Table 1. Comparison of analytical characteristics with other reported biosensors for the detection of chlorpyrifos.

Electrode Liner range (ug/L) | Detection limit (ng/L) | References
AChE-[BMIM][BF,-MWCNT/CP 3.5-350 1.4 [40]
AChE-BTB/sol-gel film 50-2000 40 [41]
PATP membranes/AuNPs/GCE 180-3500 100 [42]
PDDA-AChE/AuNPs/MWCNTs-CHIT/GCE | 0.8-20, 20-300 0.56 This work

3.7. Evaluation of the Biosensor and Analysis of Real Samples

The inter-assay precision was estimated at 6 different electrodes for the determinations to 4.0 mM ATCIl
after being treated with 10 pg/L chlorpyrifos solutions for 14 min. Similarly, the intra-assay precision of
the biosensor was evaluated by analyzing chlorpyrifos levels for six replicate measurements at one
enzyme electrode. The RSD values of inter-assay and intra-assay were found to be 5.4 % and 6.8 %,
respectively, indicating acceptable precision and replicability. The enzyme electrode was stored at 4 °C
in dry condition for 7 days when not in use, and no obvious decrease in the response of ATCl was
observed. The sensor still retained 87 % of its initial current response after a 30-day storage period,
indicating satisfactory stability of biosensor.

In order to evaluate the feasibility of the proposed biosensor, it was evaluated by processing real samples.
We performed the recovery tests by adding different concentrations of chlorpyrifos into pakchoi, lettuce,
garland chrysanthemum and Chinese chives samples, summarized as Table 2. The recoveries were from

87 % to 109 %, suggesting that the proposed biosensor can be feasible for direct analysis of relevant
samples.

4. Conclusions

In this work, we have developed a sensitive and efficient biosensor, PDDA-AChE/AuNPs/MWCNTs
—CHIT/GCE, for the detection of chlorpyrifos. The assembled MWCNTs-CHIT and AuNPs increased
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the sensitivity of the sensor. In addition, AuNPs deposited onto the electrode created a more favorable
surface for the attachment of the AChE. In order to optimize the loading of AChE and enhance the
detection sensitivity, the alternate deposition of PDDA and AChE was repeated three times by LBL
self-assembly technique. The proposed amperometric biosensor showed satisfactory results for OPs
determination such as high sensitivity, good precision and long-term stability. The proposed system has
a high potentiality in detection of other toxic compounds against to AChE.

Table 2. Recovery studies of chlorpyrifos in real samples.

Sample Taken (ng/L) Found (pg/L) Recovery (%)
Pakchoi ;8 égi 19012
Lettuce ;8 381' .72 18074
Garland chrysanthemum ;8 ;gg 19035
Chinese chives ;8 392'.67 19069
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