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electrochemical OP biosensor
based on electrodeposition of Au–Pd bimetallic
nanoparticles onto a functionalized graphene
modified glassy carbon electrode

Haijun Zhan, Jie Li, Zhimin Liu,* Yingying Zheng and Yanfeng Jing

A fast and stable organophosphate pesticide (OP) biosensor with enhanced sensitivity has been developed

for the detection of OPs by using Au–Pd bimetallic nanoparticles and ionic liquid functionalized graphene–

chitosan nanocomposites (Au–Pd/IL-GR–CHI). An electrodeposition method was first applied to form

Au–Pd nanoparticles on the surface of IL-GR–CHI, which were characterized by scanning electron

microscopy and electrochemical methods. The electron transfer resistance of the Au–Pd/IL-GR–CHI

modified electrode was smaller than that of the Au/IL-GR–CHI (or Pd/IL-GR–CHI) modified electrode,

indicating that the presence of Au–Pd/IL-GR–CHI hybrid nanocomposites on the electrode surface

could improve the reactive sites, reduce the interfacial resistance, and make the electron transfer easier.

The Au–Pd/IL-GR–CHI hybrid nanocomposites with excellent conductivity, catalytic activity and

biocompatibility offered an extremely hydrophilic surface for AChE adhesion. Under optimal conditions,

based on the inhibition of organophosphate pesticides (OPs) on the AChE activity, using phorate as a

model compound, the biosensor detected phorate in the linear range from 5.0 � 10�16 to 2.5 � 10�13 M

and from 4.9 � 10�13 to 9.5 � 10�6 M, with a detection limit of 2.5 � 10�16 M (S/N ¼ 3). The developed

biosensor exhibited many advantages such as high sensitivity, acceptable stability and low cost, thus

providing a promising tool for the analysis of OPs.
1. Introduction

Highly sensitive detection of organophosphorus pesticides
(OPs) has attracted increasing attention in the past couple of
decades due to their high toxicity and persistence. To this aim,
different detection technologies were developed.1–4 Among
them, electrochemical biosensors based on the inhibition of
acetylcholinesterase (AChE) are regarded as highly promising
candidates for OP detection because of their advantages of
rapidity, simplicity and economy.5–7 These devices are designed
to complement or replace the existing analytical methods such
as GC and GC/MS by simplifying sample preparation, thus
decreasing the analysis time and cost. However, so far, the
detection limits of AChE biosensors have not been able to reach
the same level as those of analysis instruments. Herein, we are
looking for a way to develop a better AChE electrochemical
biosensor with high sensitivity and selectivity. Therefore, the
selection of materials becomes critical.

In the past few years, graphene (GR) has captured great
interest among scientists owing to its high surface area,
ing, Henan University of Technology, 100

China. E-mail: zhimin@haut.edu.cn; Fax:

hemistry 2015
excellent electrical conductivity and low cost.8,9 Because of its
interesting physical properties, graphene shows excellent
application potential in nanoelectronic devices and sensors.10,11

Recently, the electrochemical biosensing applications of GR
and GR-based hybrid nanomaterials have been explored.12–16

However, due to the existence of strong van der Waals interac-
tions among the reduced graphene sheets, graphene sheets
easily form irreversible agglomerates in solutions.17 Therefore,
chemical modications or non-covalent functionalizations have
been used to improve the solvency of GR. Ionic liquids (ILs) are
green solvents that are composed entirely of cations and anions,
which have aroused tremendous interest in chemical research.
Considerable results demonstrated that ILs could be the supe-
rior solvents for the synthesis of nanostructured materials
because of their unique characteristics, such as wide electro-
chemical window, excellent conductivity and high chemical
stability.18,19 It has been found recently that ILs with imidazo-
lium cations can interact with GR through p–p stacking and
serve as a stabilizer to effectively prevent the aggregation of
graphene sheets.20,21 In addition, other related reports found in
the literature substantiated that the use of IL functionalized
graphene sheets (IL-GR) could increase the sensitivity of the
response and facilitate efficient electron transfer of various
redox biomolecules.22 Thus, IL-GR nanocomposites are
Anal. Methods, 2015, 7, 3903–3911 | 3903
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expected to be useful and powerful materials for enhancing the
electrochemical performance for the detection of different
target molecules in electroanalytical applications.

Recently, GR-based hybrid nanomaterials with metallic nano-
particles have shown potential applications in the area of chem-
ical sensors, energy storage and catalysis.23,24 GR-based hybrids
with metallic composite materials could provide larger electro-
chemically active surface areas for the adsorption of enzymes and
effectively accelerate the electron transfer between the electrode
and detection molecules.25 For example, the Dong group
successfully synthesized graphene/platinum hybrid nano-
structures by alternatively assembling ionic liquid-modied gra-
phene nanosheets and platinum nanoparticles.26 The obtained
hybrid nanomaterials exhibited good electrochemical properties.
Cao and his colleague successfully synthesized platinum–palla-
dium–chitosan–graphene hybrid nanocomposites (PtPd–CS–GS)
for the construction of a cholesterol biosensor. The PtPd–CS–GS
nanocomposites showed a signicant increase of electronic
conductivity.27 Moreover, other related reports indicated that
some graphene-supported bimetallic nanoparticles, such as
Au–Pd/GR and Pd–Ru/GR,28,29 could exhibit excellent catalytic
performance in various reactions. For instance, Wang et al.
studied the catalytic activity of graphene supported Au–Pd bime-
tallic nanoparticles in methanol selective oxidation to methyl
formate, and the results showed that the catalytic performance
was excellent.28 Considering the advantageous properties of IL-GR
and bimetallic nanoparticles, in the present work, we tried to
combine IL-GR with Au–Pd bimetallic nanoparticles for the
preparation of the electrochemical AChE biosensor.

Chitosan (CHI) is an abundant natural biopolymer. It has
been universally used as an immobilization matrix for bio-
fabrication due to its good water permeability, excellent lm
forming ability, good biocompatibility and high mechanical
strength.30 Moreover, some literature reported that CHI could
accumulate metal ions through various mechanisms, such as
electrostatic attraction, ion exchange and chelation.31,32 So in
this study, CHI was combined to IL-GR to form a homogeneous
IL-GR–CHI suspension. Herein, CHI not only acts as an effective
solubilizing agent for dispersing IL-GR, which can have a good
lm-forming ability on the electrode surface, but also as a
polymer for accumulating Au–Pd bimetallic nanoparticles to
obtain a nanostructural Au–Pd/IL-GR–CHI composite
membrane with the further enhancement of surface area and
electron transfer rate.

Accordingly, in this work, a highly sensitive AChE biosensor
based on the Au–Pd/IL-GR–CHI composite membrane has been
developed. Firstly, the IL-GR–CHI nanocomposite lm was
assembled on the surface of the glassy carbon electrode (GCE).
Secondly, Au–Pd bimetallic nanoparticles were electrodeposited
on the IL-GR–CHI/GCE. Finally, AChE was immobilized onto
the nanocomposites to obtain an AChE biosensor for the
detection of OPs. The biosensor has been demonstrated to be a
device with high sensitivity, acceptable stability and reproduc-
ibility for the analysis of phorate. Therefore, the present work
offers a new avenue to broaden the applications of graphene in
electrochemical biosensors.
3904 | Anal. Methods, 2015, 7, 3903–3911
2. Experimental
2.1. Reagents and materials

Acetylthiocholine chloride (ATCl) and AChE (Type C 3389, 500 U
mg�1 from an electric eel) were purchased from Sigma-Aldrich
(St. Louis, USA). Chitosan (CHI), PdCl2 and HAuCl4 were
obtained from SinopharmChemical Reagent Co., Ltd. (Shanghai,
China). Phorate (99.8%) was provided by Beijing Putian Tong-
chuang Biotechnology Co. Ltd. (Beijing, China). Phosphate
buffer solutions (PBS) with different pH values were prepared by
mixing 0.1 M Na2HPO4 and 0.1 M KH2PO4. Distilled water was
used throughout this study. All other chemicals were of analytical
grade and used as received without further purication.

Electrochemical measurements were carried out with a CHI
660E electrochemical analyzer (Shanghai CH Instrument
Company, Shanghai, China). A conventional three-electrode
system was employed with a saturated calomel electrode (SCE)
as the reference electrode, a platinum foil as the counter elec-
trode, and the modied GCE (3 mm diameter) as the working
electrode. Scanning Electron Microscopy (SEM) measurement
was carried out using a JSM-7500F for surface morphology
observations. X-ray diffraction (XRD) patterns were obtained
using an Ultima IV diffractometer. All the measurements were
carried out at room temperature.

2.2. Synthesis of ionic liquid functionalized
graphene (IL-GR)

Ionic liquid 1-(3-aminopropyl)-3-methylimidazolium bromide
(IL-NH2) was prepared following the reported work with slight
modication.33 Under a nitrogen atmosphere, 1-methylimidaz-
ole (4.56 mmol) and 3-bromopropylamine hydrochloride (4.56
mmol) were dissolved into 50 ml of anhydrous ethanol under
stirring. The resulting mixture was reuxed at 65 �C under
nitrogen protection for 24 h. Aer removal of ethanol in a
vacuum, the solid residue was dissolved into water. Then the pH
value of the solution was adjusted to pH 10.0 by the addition of
potassium hydroxide. The obtained solution was concentrated
under vacuum and then extracted with ethanol–tetrahydrofuran
(V/V, 1 : 1). The resulting 1-(3-aminopropyl)-3-methyl-
imidazolium bromide (IL-NH2) was dried at 60 �C overnight.

Graphite oxide (GO) was prepared from graphite powder by
the modied Hummers method. Ionic liquid functionalized
graphene (IL-GR) was synthesized by an epoxide ring-opening
reaction between GO and 1-(3-aminopropyl)-3-methyl-
imidazolium bromide (IL-NH2) according to the literature.34

2.3. Fabrication of the proposed biosensor

Prior to the surface modication, the GCE was polished with 0.3
and 0.05 mm alumina slurry to obtain a mirror-like surface and
sequentially sonicated in ethanol and water.

1.0 mg of IL-GR was added to 1.0 ml of 0.5% CHI (Wt/V,
50 mM acetic acid) solution and sonicated thoroughly until a
homogeneous suspension of IL-GR–CHI was obtained, then 5 ml
of the suspension was coated on the cleaned electrode to
prepare the IL-GR–CHI/GCE, and the modied electrode was
le to dry at room temperature.
This journal is © The Royal Society of Chemistry 2015
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Subsequently, the electrochemical deposition of Au–Pd
nanoparticles onto the IL-GR–CHI/GCE was carried out in
0.25% CHI solution containing 2.5 mM HAuCl4 and 2.5 mM
PdCl2. The deposition time was 80 s and the potential was
�1.0 V. Aer that, the modied electrode was gently washed
with water and dried in air. The obtained electrode was denoted
as the Au–Pd/IL-GR–CHI/GCE. Ultimately, AChE solution was
mixed with 0.5% CHI solution (V/V, 1 : 1), 5 ml of the resulting
solution was cast onto the Au–Pd/IL-GR–CHI/GCE surface using
a syringe, and the modied electrode (noted as AChE/Au–Pd/IL-
GR–CHI/GCE) was moved into a refrigerator and kept at 4 �C to
dry overnight. The preparation process of the modied AChE/
Au–Pd/IL-GR–CHI/GCE is shown in Scheme 1.

2.4. Measurement procedure

The prepared AChE/Au–Pd/IL-GR–CHI/GCE was rst activated
in pH 6.5 PBS by cyclic voltammetric sweeps from �0.2 to 0.8 V
until stable curves were obtained. For the measurement of
phorate, the pretreated AChE/Au–Pd/IL-GR–CHI/GCE was rst
immersed in the PBS solution containing different concentra-
tions of standard organophosphate pesticides for 6 min, and
then transferred to the electrochemical cell of 10 ml pH 6.5 PBS
containing 1.0 mM ATCl to study the electrochemical response
by differential pulse voltammetry.

The apparent Michaelis–Menten constant (Kapp
m ) of the

biosensor, which gives an indication of the enzyme substrate
kinetics for the biosensor, was determined by the analysis of the
slope and intercept of the plot of the reciprocals of the steady-
state current versus ATCl concentration.

2.5. Analysis of phorate in spiked apple juice samples

The apple juice was purchased from a local supermarket in
China. The pH of juices was adjusted to �6.5 by 0.1 M NaOH.
Several phorate standard solutions were mixed into the apple
juice samples to obtain nal concentrations of 0.0005, 0.005,
0.1, 50 and 100 nM. The apple juice samples were ltered
through a 0.22 mm lter35 and the ltrates were tested using the
as-prepared AChE/Au–Pd/IL-GR–CHI/GCE biosensor.

3. Results and discussion
3.1. Characterization

Fig. 1(A) shows XRD patterns of Au–Pd/IL-GR (curve a) and GO
(curve b). The diffraction peaks of Au–Pd/IL-GR at 38.4�, 44.5�,
Scheme 1 The schematic diagram of the fabrication of the OP
biosensor.

This journal is © The Royal Society of Chemistry 2015
64.7� and 78.2� were assigned to the (1 1 1), (2 0 0), (2 2 0) and
(3 1 1) crystal planes of the Au and/or Pd, respectively. The
diffraction peaks slightly shied and fell in between those of
bulk Au (JCPDS no. 04-0784) and Pd (JCPDS no. 46-1043) in the
standard XRD patterns, showing the formation of the single-
phase Au–Pd bimetallic nanoparticles.36 Additionally, an extra
broad peak emerged at 23� for Au–Pd/IL-GR (curve a), different
from GO only with a sharp peak centered at 11� (curve b), owing
to the removal of oxygen-containing functional groups fromGO,
strongly manifesting the efficient reduction of GO.
Fig. 1 (A) XRD patterns of Au–Pd/IL-GR (curve a) and GO (curve b);
SEM images of IL-GR–CHI/GCE (B) and Au–Pd/IL-GR–CHI/GCE (C).

Anal. Methods, 2015, 7, 3903–3911 | 3905
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The surface morphology of different electrodes was investi-
gated by SEM observation. Fig. 1(B) displays the surface
morphology of the IL-GR–CHI/GCE. It can be seen that a few
layer crumpled sheets of IL-GR were formed on the surface of
the GCE. Then the Au–Pd nano-particles appeared as bright
dots, which occupied almost all of the surfaces of IL-GR–CHI
with fairly even, ordered and close-packed distribution as in
Fig. 1(C), forming an interpenetrating network for favorable
conduction pathways of electron transfer. The average diameter
of the formed randomly dot structures varied from tens to
hundreds of nanometers.
Fig. 2 (A) Electrochemical impedance spectroscopy spectra of a bare
GCE (a), IL-GR–CHI/GCE (b), Au–Pd/IL-GR–CHI/GCE (c) and AChE/
Au–Pd/IL-GR–CHI/GCE (d) in 5.0 mM [Fe(CN)6]

3�/4� containing 0.1 M
KCl. (B) Equivalent electrical circuit comprising the resistance of the
electrolyte (Rs/U), the electron transfer resistance (Ret/U), the Warburg
impedance (Zw/U), and the double-layer capacitance (Cdl/F).
3.2. Electrochemical impedance spectroscopy of different
electrodes

Electrochemical impedance spectroscopy (EIS) is a well-known
effective method for studying the interface properties, which
can give information about the stepwise assembly of the
biosensor based on the impedance changes of the electrode
surface. In a typical EIS plot, the diameter of the semicircular
portion is equal to the electron transfer resistance (Ret) in a
higher frequency range. The obtained Nyquist plots are pre-
sented in Fig. 2A and the equivalent electrical circuit used to t
the electrochemical impedance data is presented in Fig. 2B.
According to the standard complex function representation, the
impedance data can be described as a real Z0(u) and an imagi-
nary part Z00(u) (eqn (1) and (2)):37

Z0(u) ¼ Rs + Ret (1 + u2 � Cdl
2 � Ret

2)�1 (1)

�Z00(u) ¼ u � Cdl � Ret
2 � (1 + u2 � Cdl

2 � Ret
2)�1 (2)

where Rs/U is the resistance of the electrolyte; Ret/U is the
electron transfer resistance; Cdl/F is the double-layer capaci-
tance of the system and u is the angular frequency (u¼ 2� p�
f; f is the ac-frequency).37

According to the equivalent model circuit, the observed Ret
value was 287.2 U for the bare GCE (curve a). Aer the GCE
was modied with IL-GR–CHI, the Ret value decreased sharply
(Ret¼ 188.5U, curve b), suggesting that the IL-GR layer promoted
the redox probe to diffuse toward the electrode surface due to the
inherent conductivity of IL-GR. When Au–Pd nanoparticles were
deposited on the IL-GR–CHI membrane (curve c), it can be seen
that the Ret value (122.4 U) of the Au–Pd/IL-GR–CHI/GCE elec-
trode was smaller than that of the IL-GR–CHI/GCE electrode,
which indicated that the presence of Au–Pd nanoparticles on the
electrode surface could play an important role similar to the
electron conducting tunnel, which made the electron transfer
easier to take place. Aer AChE was successively loaded onto the
electrode surface, the Ret value increased due to the formation of
a hydrophobic protein layer which insulated the conductive
support and the interfacial electron transfer (curve d).
3.3. Electrochemical behavior of different electrodes

CVs of ATCl and enzymatic product thiocholine were investi-
gated on ve different biosensors. As shown in Fig. 3, no
amperometric response could be observed at the GCE (curve a)
3906 | Anal. Methods, 2015, 7, 3903–3911
and the AChE/Au–Pd/IL-GR–CHI/GCE (curve b) in 0.1 M PBS
(pH 6.5). However, when 1.0 mM ATCl was added into the PBS
(pH 6.5), an obvious amperometric response was observed at the
AChE/Au–Pd/IL-GR–CHI/GCE (curve e), meanwhile no ampero-
metric response could be observed at the Au–Pd/IL-GR–CHI/GCE
(curve c). Obviously, these amperometric responses were attrib-
uted to the oxidation of thiocholine produced by the hydrolysis of
ATCl, which were catalyzed by immobilized AChE. At the AChE/
Au–Pd/IL-GR–CHI/GCE (curve e), the oxidation peak current was
higher than that of the AChE/IL-GR–CHI/GCE (curve d). It indi-
cated that Au–Pd could greatly improve electron transfer, thus
increasing the peak current and the sensitivity of the biosensor.

3.4. The superiority of the Au–Pd/IL-GR–CHI/GCE

In order to evaluate the conductivity of different nano-
composites (IL-GR–CHI, Pd/IL-GR–CHI, Au/IL-GR–CHI and
Au–Pd/IL-GR–CHI), four kinds of different modied GCEs were
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (A) Electrochemical impedance spectroscopy spectra of the IL-
GR–CHI/GCE (a), Pd/IL-GR–CHI/GCE (b), Au/IL-GR–CHI/GCE (c) and
Au–Pd/IL-GR–CHI/GCE (d) in 5.0 mM [Fe(CN)6]

3�/4� containing 0.1 M
KCl. (B) The differential pulse voltammogram of the AChE/IL-GR–CHI/
GCE (a), AChE/Pd/IL-GR–CHI/GCE (b), AChE/Au/IL-GR–CHI/GCE (c)
and AChE/Au–Pd/IL-GR–CHI/GCE (d) in 0.1 M PBS (pH 6.5) containing
1.0 mM ATCl.

Fig. 3 Cyclic voltammogram of the GCE (a), AChE/Au–Pd/IL-GR–CHI/
GCE (b) in 0.1M PBS (pH 6.5) without ATCl and Au–Pd/IL-GR–CHI/GCE
(c), AChE/IL-GR–CHI/GCE (d), and AChE/Au–Pd/IL-GR–CHI/GCE (e) in
0.1 M PBS (pH 6.5) containing 1.0 mM ATCl, scan rate 50 mV s�1.
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prepared. Fig. 4(A) shows the electrochemical impedance
spectroscopy spectra of the respective modied GCE, and the
equivalent electrical circuit used to t the electrochemical
impedance data is the same as in Fig. 2B. The observed Ret value
of the IL-GR–CHI/GCE electrode was 188.5 U (curve a). When
the electrodeposition of Pd (or Au) nanoparticles was performed
on the IL-GR–CHI/GCE (curve b and curve c), the Ret value of the
modied electrode was smaller than that of the IL-GR–CHI/GCE
electrode, the reason may be due to the excellent conductivity of
Pd (or Au) nanoparticles, which was benecial for the electron
transfer to take place. Moreover, when the IL-GR–CHI/GCE was
covered by the electrodeposition of Au–Pd bimetallic nano-
particles (curve d), the smallest Ret value obtained owing to
Au–Pd nanoparticles may act as a bridge of electron transfer and
promote the electron transfer. The results showed that hybrid
nanoparticles displayed superior electrochemical performance
in comparison with that of nanoparticles alone.

To prove the advantage of the AChE/Au–Pd/IL-GR–CHI/GCE,
DPV responses on different electrodes were also studied in
pH 6.5 PBS containing 1.0 mM ATCl, and the results are shown
in Fig. 4(B). It can be seen that the oxidation peaks appeared on
the AChE/IL-GR–CHI/GCE (a), AChE/Pd/IL-GR–CHI/GCE (b),
AChE/Au/IL-GR–CHI/GCE (c) and AChE/Au–Pd/IL-GR–CHI/GCE
(d). Obviously, these peaks came from the oxidation of thio-
choline, the hydrolysis product of ATCl, catalyzed by the
immobilized AChE. The oxidation peak current of thiocholine
was 1.88 mA at the AChE/IL-GR–CHI/GCE electrode (curve a).
When the electrode was modied by the AChE/Pd/IL-GR–CHI/
GCE (curve b) or the AChE/Au/IL-GR–CHI/GCE (curve c), the
oxidation peak current of thiocholine was greater than that at
the AChE/IL-GR–CHI/GCE, which indicated that Au or Pd
nanoparticles could enhance the sensitivity of the biosensor in
the detection of pesticides. Pd/IL-GR–CHI (or Au/IL-GR–CHI)
nanocomposite-modied electrodes, possessing good conduc-
tivity and catalytic activity, could provide an extremely hydro-
philic surface for AChE adhesion. As expected, the maximum
oxidation peak current was obtained at the AChE/Au–Pd/IL-GR–
This journal is © The Royal Society of Chemistry 2015
CHI/GCE (curve d), which dramatically exceeded the current
obtained at the AChE/Pd/IL-GR–CHI/GCE and the AChE/Au/IL-
GR–CHI/GCE. The sharp increase could be attributed to the
joint contribution of IL-GR and Au–Pd. The conductivity of
IL-GR, the big surface area and the electrochemical catalytic
properties of Au–Pd had a synergistic effect on promoting AChE
adhesion, which led to the signicant enhancement of the
current response.
3.5. Optimization parameters of the biosensor performance

The effect of solution pH on the peak current response was
studied in a series of PBS containing 1.0 mM ATCl with the pH
from 6.0 to 8.5 by DPV. As shown in Fig. 5A, the maximum
Anal. Methods, 2015, 7, 3903–3911 | 3907
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Fig. 6 Typical current–time plot for the biosensor on successive
addition of ATCl to pH 6.5 PBS under stirring at an applied potential of
0.70 V. The inset shows the calibration plot for the ATCl sensor (upper
right) and the reciprocal relationship between the ATCl concentration
and the current response (bottom left).

Fig. 5 Effect of pH (A), deposition time (B), AChE loading (C) and
inhibition time (D) on the response of the biosensor.

3908 | Anal. Methods, 2015, 7, 3903–3911
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response peak current appeared at pH 6.5. Therefore, pH 6.5
was selected in the detection solution.

It is reported that the deposition time can control the
distribution of Au–Pd nanoparticles. The relationship between
the peak current and the deposition time of Au–Pd nano-
particles was also investigated (Fig. 5B). With the deposition
time from 40 s to 140 s, the response peak current increased and
reached the maximum at 80 s. So we selected 80 s as the
deposition time in this study.

Fig. 5C displays the effect of AChE loading on the biosensor
response. It was noticed that the DPV peak current increased
with increasing amount of AChE and reached the maximum at
0.2 U. Further increase of AChE led to an obvious decrease of
Fig. 7 The DPV (at 50 mV s�1) of the AChE/Au–Pd/IL-GR–CHI/GCE
biosensor in 0.1 M PBS (pH 6.5) containing 1.0 M ATCl after incubation
in different concentrations of phorate (a–f: 0, 4.9 � 10�14, 2.5 � 10�13,
4.9 � 10�12, 4.9 � 10�10, and 4.8 � 10�8 M) for 6 min. The inset shows
the inhibition of the AChE/Au–Pd/IL-GR–CHI/GCE biosensor versus
the logarithm of the phorate concentration.

This journal is © The Royal Society of Chemistry 2015
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Table 1 Performance comparison with other reported biosensors for OP detection

Electrode material Linear range (M) Detection limit (M) Analyte Reference

AChE-nanoCaCO3-CS
a/GCE 1.9 � 10�8–7.5 � 10�7 and 2.8 � 10�6–1.4 � 10�5 3.8 � 10�9 Methyl parathion 40

AChE/Au-PPyb-rGOc/GCE 1.0 � 10�9–5.0 � 10�6 5.0 � 10�10 Paraoxon-ethyl 41
NFd/AChE-CS/Pt-CGRe-NF/GCE 1.0 � 10�12–1.0 � 10�10 and 1.0 � 10�10–1.0 � 10�8 5.0 � 10�13 Carbofuran 42
AChE/AgNPs-CGR-NF/GCE 1.0 � 10�12–1.0 � 10�8 5.5 � 10�13 Carbaryl 43
NF/AChE-CS/ZnO-CGR-NF/GCE 1.0 � 10�13–1.0 � 10�8 5.0 � 10�14 Chlorpyrifos 44
NF/AChE-CS/SnO2-CGR-NF/GCE 1.0 � 10�13–1.0 � 10�10 and 1.0 � 10�10–1.0 � 10�8 5.0 � 10�14 Methyl parathion 45
AChE/Au–Pd/IL-GR–CHI/GCE 5.0 � 10�16–2.5 � 10�13 and 4.9 � 10�13–9.5 � 10�6 2.5 � 10�16 Phorate This work

a Chitosan. b Polypyrrole. c Reduced graphene oxide. d Naon. e Carboxylic graphene.
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the current response. This may be due to the fact that the
superabundant AChE possibly increased the electrode resis-
tance of the modied electrode and was unstable. Thus, 0.2 U of
AChE was chosen as the optimal enzyme concentration for the
fabricated biosensor.

The effect of inhibition time on the biosensor response was
also discussed. The AChE/Au–Pd/IL-GR–CHI/GCE biosensor
was incubated in 1.0 � 10�9 M phorate standard solution for
different periods of time. As shown in Fig. 5D, the inhibition
rate showed an obvious increase with the increase of inhibition
time within 6 min, however, when the inhibition time was
longer than 6 min, there was no obvious increase, indicating an
equilibration state. Thus, the optimum inhibition time of 6 min
was used for the incubation steps in this study.
3.6. Detection of ATCl at the AChE/Au–Pd/IL-GR–CHI/GCE
biosensor

Under the optimized experimental conditions, the AChE
biosensor was explored by amperometric measurements. Fig. 6
shows a typical amperometric current–time response of the
biosensor aer the successive addition of ATCl to pH 6.5 PBS. As
the inset of Fig. 6 shows, the current linearly increased with the
increase of ATCl concentration over the range from 0.11 to 1.54
mM.

At higher ATCl concentrations, the shape of the ampero-
metric response was indicative of a Michaelis–Menten process.
The apparent Michaelis–Menten constant Kapp

m of the biosensor
was calculated to be 0.78 mM from the Lineweaver–Burk
equation. The value was much lower than 1.75 mM obtained
from the carbon nanotube modied electrode38 and 1.5 mM
obtained from the polyethyleneimine modied electrode,39

indicating the good affinity of AChE to the substrate.
Table 2 Recovery of phorate in spiked apple juice samples (n ¼ 3)

Sample Added (M) Found (M) Recovery (%) RSD (%)

1 5.0 � 10—13 4.9 � 10�13 98.0 3.4
2 5.0 � 10—12 5.4 � 10�12 108.0 2.8
3 1.0 � 10—10 9.1 � 10�11 91.0 3.2
4 5.0 � 10—8 5.2 � 10�8 104.0 2.9
5 1.0 � 10—7 1.1 � 10�7 110.0 3.8
3.7. Detection of pesticides

Aer incubation of the biosensor with different concentrations
of phorate, DPV responses of the biosensor were determined
and are shown in Fig. 7. It shows that the peak currents (curves
b–f) dramatically decreased compared with that of the control
(curve a), and the decrease in peak current increased with the
increasing concentration of phorate. The calibration plot of
inhibition percentage (I%) versus phorate concentration is
shown in the inset of Fig. 7. Linear equations of phorate were I
(%) ¼ 3.340 log c + 69.74 (r ¼ 0.994) from 5.0 � 10�16 to
This journal is © The Royal Society of Chemistry 2015
2.5 � 10�13 M and I (%) ¼ 0.986 log c + 43.02 (r ¼ 0.990)
from 4.9 � 10�13 to 9.5 � 10�6 M, with a detection limit of
2.5� 10�16 M (S/N¼ 3). The results indicated that the biosensor
was more sensitive for detecting low concentrations of pesti-
cides than high concentrations of pesticides.

The comparison between the performance of the proposed
biosensor and other reported AChE biosensors in the literature
is summarized in Table 1. Compared with the reported
biosensors,40–45 the AChE/Au–Pd/IL-GR–CHI/GCE showed a
lower detection limit and wider linear range, which may be due
to the exciting electronic properties of Au–Pd nanoparticles and
the excellent bioactivity of IL-GR–CHI hybrids.

3.8. Interference study

The interfering signal due to the most common electroactive
species was investigated in our experiment. The signal for
0.5 mM ATCl was compared with the signal obtained in the
presence of the interfering species. The results showed that no
noticeable changes in DPV responses were observed in the
presence of Ca2+ (0.5 mM), Mg2+ (0.5 mM), Fe3+ (0.5 mM), SO4

2�

(0.5 mM), NO3
� (0.5 mM), glucose (0.5 mM), citric acid (0.5 mM)

and oxalic acid (0.5 mM). However, 0.5 mM of phenol, 0.5 mM
of p-nitrophenol, 0.5 mM of p-nitroaniline and 0.5 mM of
catechol severely interfered with the determination. In addition,
the interference study of other OPs such as malathion (or
parathion) was also discussed; the results indicated that equal
concentrations of malathion (or parathion) and phorate inter-
fered with each other for the determination.

3.9. Reproducibility and stability of the AChE/Au–Pd/IL-GR–
CHI/GCE

The reproducibility of the AChE/Au–Pd/IL-GR–CHI/GCE
biosensor was evaluated by analyzing phorate for six replicate
measurements in 1.0 mM ATCl aer being treated with
Anal. Methods, 2015, 7, 3903–3911 | 3909
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2.0 � 10�10 M phorate for 6 min. Similarly, the inter-assay
precision was estimated at ve different electrodes for the
determination. The coefficient of variation of intra-assay and
inter-assay was 3.35% and 4.51%, respectively, which indicated
that the AChE/Au–Pd/IL-GR–CHI/GCE biosensor was reproduc-
ible and precise. The prepared AChE/Au–Pd/IL-GR–CHI/GCE
biosensor was stored at 4 �C when not in use. Aer a 15 day
storage period, the biosensor retained 95.4% of its initial
current response, proving the acceptable stability.
3.10. Analysis of phorate in spiked apple juice samples

Apple juices were spiked with varying concentrations of phorate
as described in the Experimental section, and were measured to
evaluate the reliability of the proposed AChE/Au–Pd/IL-GR–CHI/
GCE biosensor. As shown in Table 2, the recoveries were found
to be between 91.0% and 110.0% for phorate detection. The
results indicated that the proposed biosensor is acceptably
accurate and precise, and can be used for the analysis of
samples from a real environment.
4. Conclusion

The present study demonstrates a new approach toward
advanced development of a highly sensitive electrochemical
assay of OPs by using Au–Pd bimetallic nanoparticles and the
ionic liquid functionalized graphene–chitosan hybrid nano-
composite (Au–Pd/IL-GR–CHI) modied glassy carbon elec-
trode. Using Au–Pd/IL-GR–CHI hybrid nanocomposites not only
accelerated direct electron transfer from the enzyme to the
electrode surface, but also enhanced the amount of AChE
immobilized, which greatly improved the electrochemical
properties of the biosensor interface. Moreover, the sensitivity
of the biosensor could be enhanced greatly. The biosensor also
demonstrated excellent stability. The satisfactory results
obtained in apple juice sample analysis demonstrate that the
biosensor has great potential for practical applications.
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